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Massively parallel experimental analysis of missense mutations in
BRCAT1 for interpreting clinical variants of uncertain significance.
L.M. Starita’, M. Islam?, J. Gullingsrud', S. Fields’, J.D. Parvin®3, J. Shen-
dure’. 1) Department of Genome Sciences, University of Washington,
Seattle, WA; 2) Department of Biomedical Informatics, The Ohio State
University, Columbus, OH; 3) The Ohio State University Comprehensive
Cancer Center, The Ohio State University, Columbus, OH.

Women inheriting a pathogenic mutation in the BRCA genes are at
increased risk for developing breast and ovarian cancer. However, a
substantial proportion of women who undergo BRCA1/2 testing learn
that they carry a variant of uncertain significance (VUS), whose conse-
quences for BRCA1/2 activity and therefore cancer risk are unknown.
Individuals harboring a VUS must make decisions about cancer preven-
tion without clear information. A path towards addressing this failure in
cancer-risk assessment and prevention is to experimentally measure the
functional consequences of all possible mutations in BRCA1/2, and to
make these measurements publicly available as a resource for guiding
variant interpretation. To this end, we are applying “deep mutational
scanning” (Fowler et al. Nature Methods 2010), a method in which the
effects of thousands of mutations in a single gene can be concurrently
measured, to BRCA1. For example, we comprehensively evaluated the
effects of >1,300 amino acid substitutions on the biochemical functions
of the RING domain of BRCA1 (Starita et al. Genetics 2015) as well as
the effects of nucleotide substitutions in exon 18 of BRCA7 on mRNA
splicing (Findlay et al. Nature 2014). However, these studies were limited
in that they incompletely assessed the function of BRCA1 that is most
physiologically relevant to its role in cancer risk. BRCAT1 is required for
homology-directed repair (HDR) of double strand DNA breaks and this
function is required for tumor suppression. We have adapted a cellular
assay to test the HDR function of the full-length BRCA1 protein for deep
mutational scanning. Preliminary results show that we can distinguish
HDR-functional from nonfunctional BRCA1 variants a multiplexed for-
mat. We have now integrated thousands of BRCA1 missense variants
into an HDR reporter cell line and are presently performing a large-scale
experiment that will quantify the impact of each of these mutations on
HDR activity. Based on the complexity of this library, we anticipate that
this experiment will elucidate the functional consequences of >3,000
BRCAT1 protein variants.The sum of our results-to-date show that pre-
dictions based on massively parallel experimental analysis markedly out-
perform commonly used computational tools in predicting BRCA1 func-
tion. As such, we anticipate that these measurements will facilitate the
prospective interpretation of BRCA1 mutations when they are observed
for the first time in a clinical setting.

2

Matrix metallopeptidase 21 (MMP21) is mutated in human hetero-
taxy and is an essential determinant of vertebrate left-right asym-
metry. A. Guimier” 2, G.C. GabrieP, F. Bajolle?, M. Tsang® H. Liu®, A.
Noll® 7, L.D. Smith®7, S. Lyonnet" 2°, L. de Pontual’?, S.A. Murray?, D.
Bonnet?*, S.F. Kingsmore® 7, J. Amiel" 29, P. Bouvagnet®, C.W. Lo%, C.T.
Gordon™2. 1) Laboratory of embryology and genetics of congenital mal-
formations, INSERM UMR1163, Institut Imagine, Paris, France; 2) Paris
Descartes-Sorbonne Paris Cité University, Institut Imagine, Paris, France;
3) Department of developmental biology, University of Pittsburgh School
of Medicine, Pittsburgh, PA, USA; 4) Unité Médico-Chirurgicale de Car-
diologie Congénitale et Pédiatrique, Centre de référence Malformations
Cardiaques Congénitales Complexes - M3C, Hopital Necker-Enfants
Malades, APHP, Paris, France; 5) Laboratoire de cardiogénétique - Hos-
pices Civils de Lyon, Bron, France; EA 4173 Université Lyon 1 et Hopital
Nord Ouest, Lyon, France; 6) Center for Pediatric Genomic Medicine,
Departments of Pediatrics and Pathology, Children’s Mercy - Kansas
City, Kansas City, MO, USA; 7) University of Missouri - Kansas City
School of Medicine, Kansas City, MO, USA; 8) The Jackson Laboratory,
Bar Harbor, Maine, USA; 9) Service de Génétique, Hopital Necker-En-
fants Malades, AP-HP, Paris, France.

Heterotaxy (HT) results from a failure to establish normal left-right
asymmetry (LRA) early in embryonic development and comprises vis-
ceral malformations among which congenital heart defects (CHDs) are
the major cause of morbidity and mortality. Mutations in several genes
controlling early left-right patterning have been implicated in HT but ac-
count for a minority of cases.We performed whole exome or genome
sequencing in 2 families with recurrence of complex CHDs associated
with laterality defects of abdominal organs. We identified compound
heterozygous mutations (stop and missense or frameshift and exonic
deletion) in matrix metallopeptidase 21 (MMP21) in both families. MMP
family members are involved in extra-cellular matrix turnover. Interest-
ingly, mice homozygous for ENU-induced missense mutations in Mmp21
exhibit CHDs and HT. We then performed next generation sequencing of
MMP21 in a cohort of 264 index cases comprising a group of HT cases
(n=154) and a group of cases with CHDs (such as tetralogy of Fallot or
truncus arteriosus) but without HT (n=110). From this cohort we identified
7 other families with one or more affected siblings exhibiting biallelic vari-
ations in MMP21, including a homozygous missense affecting the start
codon in one family and a homozygous frameshift in another. All these
cases were found in the HT subgroup. Based on these findings, MMP21
mutations account for 5.9% of non-syndromic HT cases. Also, we
knocked down mmp21 expression in zebrafish using a splice-blocking
or a translation-blocking morpholino, which resulted in abnormal cardiac
looping, a consequence of disrupted left-right patterning. Whole mount
in situ hybridization for mmp21 in zebrafish embryos revealed expression
only in the region of Kupffer’s vesicle, a ciliated organ that generates LRA
in fish. We then used CRISPR/Cas9 mediated genome editing in mouse
zygotes to knock-in a missense mutation identified in one of the affected
families, and phenotyping of mutation-positive embryos revealed CHDs
and laterality phenotypes. Altogether our results indicate that MMP21 is
a novel disease-causing gene for heterotaxy in humans and that MMP21
is an essential component of the pathway specifying LRA.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Meta-analysis of OncoArray, iCOGS and GWAS data for more than
220,000 women identifies more than 50 novel breast cancer sus-
ceptibility loci. K. Michailidou’, S. Lindstrom?, J. Dennis’, D.J. Hunter?,
Z. Wang?, S. Chanock®, J. Simard*®, P. Kraft?, D.F. Easton'® on behalf
of BCAC, DRIVE and PERSPECTIVE. 1) Centre for Cancer Genetic Ep-
idemiology, Department of Public Health and Primary Care, University
of Cambridge, Cambridge, United Kingdom; 2) Program in Genetic Ep-
idemiology and Statistical Genetics, Harvard School of Public Health,
Boston, MA, USA; 3) Division of Cancer Epidemiology and Genetics,
National Cancer Institute, Bethesda, MD, USA; 4) Centre Hospitalier Uni-
versitaire de Québec Research Center, Quebec City, Quebec, Canada;
5) Laval University, Quebec City, Quebec, Canada; 6) Centre for Can-
cer Genetic Epidemiology, Department of Oncology, University of Cam-
bridge, Cambridge, United Kingdom.

Genome-wide association studies (GWAS) have identified 94 loci
associated with breast cancer susceptibility in the general population.
If combined multiplicatively, these loci explain approximately 15% of
the familial relative risk of the disease. To identify novel breast cancer
susceptibility loci we conducted a GWAS involving 119,000 European
Ancestry cases and 101,000 European Ancestry controls, including: 9
GWAS (11,000 breast cancer cases and 12,000 controls); 47,000 cases
and 43,000 controls from 41 studies genotyped on a 200K SNP cus-
tom array (iCOGS); and 61,000 cases and 46,000 controls genotyped on
the OncoArray, a 570K SNP custom array that included a 260K GWAS
backbone (http://epi.grants.cancer.gov/oncoarray/), together with SNPs
identified through previous GWAS, fine-mapping and sequencing stud-
ies in multiple cancer types. The GWAS, iCOGS and OncoArray sam-
ples were imputed using the October 2014 release of the 1000 genomes
project data as reference. Association results on more than 15M SNPs
were combined across platforms using inverse variance fixed effect me-
ta-analysis. Of the 94 previously identified loci, 89 showed evidence for
association in the Oncoarray for either overall, ER-positive or ER-neg-
ative breast cancer (P<0.07). After exclusion of the regions surround-
ing previously associated variants (+ 500 kb of the top hit) we identified
more than 50 novel independent variants associated with overall breast
cancer at P<5x10%. The new loci combined explain a further ~5% of the
familial relative risk of breast cancer. Seven additional loci were specifi-
cally associated with ER-negative disease at P<5x10®. Possible candi-
date genes within close proximity of the newly identified variants include
APOBEC3A/B, involved in viral immunity and hypermutation, FAM175A,
encoding BRCAT interacting protein HIVEPS, a transcription factor reg-
ulating kappaB mediated transcription and MCMS8, involved in genome
replication. The heritability due to SNPs in regulatory features was 6-10
fold enriched relative to the genome-wide average; these features includ-
ed histone methylation marks, DNase | hypersensitive sites, transcription
factor binding sites and enhancers. The heritability due to coding SNPs
was three-fold enriched. These results provide further insight into the
mechanisms driving breast carcinogenesis and will improve the utility of
genetic risk scores for targeted prevention and screening.

4
Exome sequencing to identify new genes underlying early-onset
breast cancer susceptibility. D. Koboldt', K. Kanchi', J. Ivanovich? R.
Fulton’, I. Borecki®, P. Goodfellow?, R. Wilson’, E. Mardis’. 1) The Mc-
Donnell Genome Institute, Washington University, Saint Louis, MO; 2)
Department of Surgery, Washington University, Saint Louis, MO; 3) De-
partment of Genetics, Washington University, Saint Louis, MO; 4) Col-
lege of Medicine, Ohio State University, Columbus, OH.

In 2015, an estimated 230,000 American women will be diagnosed
with breast cancer and 40,000 will die from it. Inherited genetic factors
play a considerable role in this malignancy, particularly among women
diagnosed at a young age. At least 20% of early-onset cases harbor
mutations in the best-understood breast cancer susceptibility genes
(BRCAT1, BRCA2, and TP53). While others may have germline mutations
in other established susceptibility genes (CHEK2, PALB2, NBS1, RAD51,
ATM, BRIP1, and others), the genetic factors contributing to cancer risk
for the majority of early-onset cases remain to be determined.We set out
to identify additional early-onset breast cancer predisposition alleles by
exome sequencing in an enriched cohort: 375 women diagnosed with
breast cancer before the age of 40 who had a positive family history but
were negative for BRCA1/2 mutations. As a population control, we ob-
tained exome data for 557 women enrolled in the Women’s Health Initia-
tive of the NHLBI Exome Sequencing Project. We identified 1,251 genes
enriched for rare deleterious variants in early-onset cases. For complete-
ness, we expanded this set with another 237 genes implicated in breast
cancer by other studies.Using a custom capture reagent, we sequenced
the exons of these ~1,500 candidate genes in 952 additional early-on-
set cases, 269 first-degree relatives, and 218 cancer-free controls. We
also included exome data from an additional 500 WHI participants.Taken
together, our dataset encompasses sequencing data for 1,500 genes
in 2,800 samples. Our analysis reveals that 10% of early-onset cases
harbor loss-of-function mutations in DNA repair genes including CHEK2
(2.7%), ATM (1.8%) and others. Genes involved in chromatin remodel-
ing (ARID1A, ARID1B), cellular signaling (AR, PTPN21, PTEN), and other
pathways were enriched for rare damaging mutations and offer new can-
didates for early-onset breast cancer susceptibility genes.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Five independent 6g25 breast cancer risk variants regulate ESR1
and RMND1 and display genotype-phenotype correlations. S. Ed-
wards’, A. Dunning? K. Michailidou®, K. Kuchenbaecker®, D. Thomp-
son?, J. French’, J. Beesley', C. Healy? S. Kar?, K. Pooley?, E. Dicks?, D.
Barrowdale®, N. Sinnott-Armstrong®, R. Cowper-Sallari*®, K. Hillman’, S.
Kaufmann', H. Sivakumaran’, M. Moradi Marjaneh’, E. Lopez-Knowles®’,
M. Dowsetté?, P. Pharoah®®, J. Simard®, P. Hall°, M. Garcia-Closas’®"", C.
Vachon'?, G. Chenevix-Trench’, A. Antoniou?, D. Easton?°. 1) Department
of Genetics, QIMR Berghofer Medical Research Institute, Australia; 2)
Department of Oncology, University of Cambridge, UK; 3) Department
of Public Health and Primary Care, University of Cambridge, UK; 4) The
Broad Institute of MIT and Harvard, Cambridge, USA; 5) The Princess
Margaret Cancer Centre-University Health Network, Canada; 6) Breast
Cancer Research, Breakthrough Breast Cancer Research Centre, UK; 7)
Academic Biochemistry, Royal Marsden Hospital, UK; 8) Centre Hospi-
talier Universitaire de Québec Research Center, Laval University, Cana-
da; 9) Department of Medical Epidemiology and Biostatistics, Karolinska
Institutet, Sweden; 10) Division of Cancer Studies, Breakthrough Breast
Cancer Research Centre, Institute of Cancer Research, UK; 11) Division
of Genetics and Epidemiology, Institute of Cancer Research, UK; 12) De-
partment of Health Sciences Research, Mayo Clinic, Rochester, USA.
Single nucleotide polymorphisms (SNPs) at 6925 are reported to
be associated with breast cancer susceptibility, breast cancer risk for
BRCAT1 mutation carriers and breast density. To date, however, attempts
to identify the causal SNPs underlying the associations have been incon-
clusive. Here, we analysed 3872 SNPs across the 6g25 locus in 118,816
subjects from three international consortia and found evidence for five
independent sets of correlated, highly trait associated variants (iCHAVs).
The iCHAVSs are distributed upstream, within introns, and downstream of
ESR1 - the most obvious target gene in the region. At all five sites, the
minor allele of the candidate causal SNPs increased risks of ER- tumors
and, with one exception, all are more strongly associated with risk of de-
veloping ER- than ER+ tumor-subtypes. We also identified associations
with mammographic density, human ERB2 (HER2) tumor status and with
high-grade breast cancer. The strongest candidate causal SNPs within
each iCHAV lay in cis-regulatory elements and chromosome conforma-
tion capture assays confirmed they physically interact with the promot-
ers of ESR1, RMND1, C6orf211 and CCDC170. Allele-specific expres-
sion analyses identified significant associations between iCHAV1-3
SNPs and the allelic ratio of ESR7 and RMND1 transcripts. Furthermore,
IHC in 150 normal breast samples showed iCHAV1 risk alleles to be as-
sociated with reduced ER levels. Reporter assays demonstrated that
cis-elements within iCHAVs 1,2,4 and 5 act as transcriptional enhancers
and one element within iCHAV3 acts as a silencer on target genes. Con-
sistent with expression analyses, constructs including the risk alleles
decreased ESR1 and RMND1 promoter activity. Electrophoretic mobility
shift assays on representative SNPs displayed allele-specific transcrip-
tion factor binding. Of these, the iCHAV4 risk allele disrupts a CTCF
binding site and displays allele-specific chromatin looping, suggesting
this contributes to reduced ESR1 expression. This study provides defin-
itive evidence for genetic control of both major breast tumour subtypes
by genetic variants in the 6925 locus. We also provide the first evidence
of genetic risk factors for developing two rarer classes of tumor: the ER-/
PR-/HER2+ subtype (responsive to Herceptinf) and ER+/high-grade tu-
mors. Our functional data implicate ESR7 as the main target gene driving
the associations, and highlights the potential importance of ER in estab-
lishing both ER- and ER+ breast cancer.

6

Breast cancer risk at the 5p12 locus is mediated through chroma-
tin looping and regulation of FGF10 and MRPS30. M. Ghoussaini'®,
J. French?®, K. Michailidou®, S. Nord? J. Beesley? J. Dennis®, K. Hill-
man?, S. Kaufmann?, E. Dicks® S. Ahmed', M. Maranian’, C.S. Healey’,
C. Baynes’, C. Luccarini', M. Bolla®, J. Wang?, V.N. Kristensen®*, P.D.P.
Pharoah'3, G. Chenevix-Trench? D.F. Easton’s, A.M. Dunning’® S.L.
Edwards?®, Breast Cancer Association Consortium. 1) Centre for Can-
cer Genetic Epidemiology, Department of Oncology, University of Cam-
bridge, Cambridge, UK; 2) Department of Genetics, Queensland Beg-
hofer Institute of Medical Research, Brisbane, Australia; 3) Centre for
Cancer Genetic Epidemiology, Department of Public Health and Primary
Care, University of Cambridge, Cambridge, UK; 4) Department of Ge-
netics, University of Oslo, Oslo, Norway; 5) These authors contributed
equally to the work.

Genome wide association studies (GWAS) have previously identified
multiple breast cancer susceptibility loci on 5p12. In an effort to identify
the likely causal variant(s), we performed fine-scale mapping of this re-
gion by genotyping 545 single nucleotide polymorphisms (SNPs) across
a 1 Mb region in 89,050 subjects of European ancestry and 12,893 sub-
jects of Asian ancestry from 50 case-control studies in the Breast Cancer
Association Consortium (BCAC). Genotypes for 2,820 SNPs were imput-
ed using the 1000 genomes project as a reference. Using forward step-
wise logistic regression, we identified three independent risk signals; In
the first signal, a single SNP (rs10941679 A/G) explained the association
with breast cancer and the risk was restricted to ER-positive (ER+) breast
tumours (per-G allele OR ER+=1.15, 95% CI 1.13-1.18 ; P=x107%). In
signals two and three, 37 and 86 SNPs respectively could not be exclud-
ed from causality at odds>1:100 relative to the best SNP in each peak.
Using chromatin conformation studies, we identified a long-range phys-
ical interaction between the enhancer/flanking sequence encompassing
rs10941679 and the promoters of FGF10 (Fibroblast Growth Factor 10)
and MRPS30 (Mitochondrial Ribosomal Protein S30). We then conduct-
ed expression quantitative trait (¢€QTL) analysis in normal breast tissue
samples from 219 women and breast tumors from 1,019 women in the
Norwegian Breast Cancer Study and the TCGA project. SNP rs10941679
was associated with a significant increase in the expression levels of
MRPS30 and FGF10 in both normal and breast cancer tissues. We also
measured the endogenous levels of FGF10 and MRPS30 mRNA in four
ER+ breast cancer cell lines either homozygous for the protective A allele
of rs10941679 (AA) or heterozygous (A/G). FGF10 and MRPS30 mRNA
levels were significantly increased in heterozygous compared to homo-
zygous cell lines. FGF10 is a member of the fibroblast growth factors and
specifically binds to FGFR2 to control cell differentiation, proliferation,
apoptosis and migration. FGF10 acts as an oncogene and is over-ex-
pressed in ~10% of human breast cancers. MRPS30 plays a key role in
apoptosis. Taken together, these data suggest that breast cancer sus-
ceptibility at the 5p12 locus is likely to be mediated by over-expression
of FGF10 and MRPS30, two candidate genes for cancer pathogenesis.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Cross-cancer genome-wide pleiotropy analysis based on GAME-
ON and GECCO across five common cancers: lung, ovary, breast,
prostate and colon cancer. R.J. Hung’, G. Fehringer', P. Kraft?, C.A.
Hiaman?®, P. Pharoah on behalf of OCAC* "7, R. Eeles on behalf of PRAC-
TICAL® '8, N. Chatterjee®, D. Seminara®, S. ChanockS, F. Schumacher?, S.
Lindstrém?, K. Stefansson’, D.C. Christiani?, H. Shen®, K. Shiraishi®, A.
Takahashi'®, AABC. AAPC, JAPC, LABC, LAPC', Y. Bosse'', M. Obei-
dat’?, M.L. Freedman', U. Peters on behalf of GECCQ'®%°, S. Gruber on
behalf of CORET? 2", C.I. Amos on behalf of TRICL/ILCCO™ 22, TA. Sell-
ers on behalf of FOCI'> 23, D. Easton on behalf of BCAC* %4, D.J. Hunter
on behalf of DRIVE? 25, B.E. Henderson on behalf of ELLIPSE® %5, Genetic
Associations and Mechanisms in Oncology (GAME-ON) Network. 1) Lun-
enfeld-Tanenbaum Research Institute of Mount Sinai Hospital, Toronto,
Ontario, Canada; 2) Harvard T.H. Chan School of Public Health, Boston
MA,; 3) University of South California, Los Angeles, USA; 4) University of
Cambridge, Cambridge, UK; 5) Institute of Cancer Research, London,
UK; 6) National Cancer Instititute, Bethesda, USA; 7) deCODE genet-
ics, Amgen, Reykjavik, Iceland; 8) Nanjing Medical University School of
Public Health, Nanjing, China; 9) Division of Genome Biology, National
Cancer Center Research Institute. Tokyo, Japan; 10) Laboratory for Sta-
tistical Analysis, RIKEN Center for Integrative Medical Sciences, Yokoha-
ma, Japan; 11) Institut universitaire de cardiologie et de pneumologie de
Québec, Department of Molecular Medicine, Laval University, Québec,
Canada; 12) University of British Columbia Centre for Heart Lung Inno-
vation, St. Paul’s Hospital. Vancouver, Canada; 13) Dana-Farber Cancer
Institute, Boston, USA; 14) Geisel School of Medicine, Dartmouth Col-
lege, Lebanon; 15) Moffitt Cancer Center, Tampa, USA; 16) Fred Hutchin-
son Cancer Research Center, Seattle, USA; 17) OCAC, Ovarian Cancer
Association Consortium; 18) PRACTICAL, Prostate Cancer Association
Group to Investigate Cancer Associated Alterations in the Genome con-
sortium; 19) AABC, American Breast Cancer Consortium; AAPC, African
Ancestry Prostate Cancer Consortium; JAPC, Japanese American Pros-
tate Cancer Consortium ; LABC, Latino American Breast Cancer Consor-
tium; LAPC, Latino American Prostate Cancer Consortium; 20) GECCO,
Genetic and Epidemiology of Colorectal Cancer Consortium; 21) CORET,
Colorectal Transdisciplinary study; 22) TRICL/ILCCO, Transdisciplinary
Research for Cancer of Lung and International Lung Cancer Consortium;
23) FOCI, Transdisciplinary Cancer Genetic Association and Interacting
Studies; 24) BCAC, Breast Cancer Association Consortium; 25) DRIVE,
Discovery, Biology, and Risk of Inherited Variants in Breast Cancer; 26)
ELLIPSE, Elucidating Loci in Prostate Cancer Susceptibility.
Background. Identifying genetic variants with pleiotropic associations
can uncover common pathways influencing multiple cancers and enable
further understanding of cancer susceptibility. Method. We conducted
a genome-wide cross-cancer pleiotropy analysis across five common
cancers: lung, ovary, breast, prostate and colon cancer from the GAME-
ON/GECCO Network with a total of 61,851 cases and 61,820 controls
of European ancestry using the association analysis based on subsets
(ASSET) method. Results were validated in additional independent stud-
ies from Harvard, deCODE and Collaborative Oncological Gene-Environ-
ment Study (iCOGS) with a total of 55,789 cases and 330,490 controls
of European ancestry. We have also evaluated the generalizability in Chi-
nese, Japanese, Latinos and African Americans. Expression quantitative
trait loci (eQTL) analyses were conducted for validated loci based on
data derived from lung, ovary and prostate tissues.Results: We identi-
fied a novel pleiotropic association at 1922 with a variant associated with
breast and lung squamous cell carcinoma (overall P-value for both can-
cers combined=8.9 x 10%) in European descendants and the results were
validated in the replication set. The eQTL analysis of this region showed
a consistent association with ADAM15/THBS3 gene expression in lung
tissues in three independent studies. New pleiotropic associations were
also found at previously known cancer loci: variants at a known BRCA2
locus for lung and breast cancer were associated with serous ovarian
cancer (overall p-value=4.0 x 10-%); a known breast cancer locus, CASP8/
ALS2CR12, with a variant associated with prostate cancer (overall P-val-
ue=1.9 x 10%), and a known breast cancer locus, COKN2B-AS1, where
one variant was associated with lung adenocarcinoma (overall P-val-
ue=1.0 x 10 and a second was associated with prostate cancer (overall
P-value=9.5 x 107).Conclusions: Our results provide important insights
into common carcinogenesis across multiple major cancers and high-
light the value of pleiotropy analysis.

8
Common genetic variants modify breast and prostate cancer risks
for male BRCA1 and BRCA2 mutation carriers: implications for
risk prediction. L. Ottini’, J. Lecarpentier?, K. Kuchenbaecker?, K. Of-
fit’, F. Couch?, J. Simard®, M. Thomassen®, R. Schmutzler’, G. Chene-
vix-Trench®, D. Easton? A.C. Antoniou? on behalf of CIMBA. 1) Depart-
ment of Molecular Medicine, Sapienza University of Rome, Rome, Italy;
2) Centre for Cancer Genetic Epidemiology, Department of Public Health
and Primary Care, University of Cambridge, Cambridge, UK; 3) Clinical
Genetics Research Laboratory, Department of Medicine, Cancer Biology
and Genetics, Memorial Sloan-Kettering Cancer Center, New York, NY,
USA,; 4) Department of Laboratory Medicine and Pathology, Mayo Clin-
ic, Rochester, MN, USA; 5) Centre Hospitalier Universitaire de Québec
Research Center and Laval University, Quebec City, Quebec, Canada;
6) Department of Clinical Genetics, Odense University Hospital, Odense
C, Denmark; 7) Center for Hereditary Breast and Ovarian Cancer, Med-
ical Faculty, University Hospital Cologne, Germany; 8) Cancer Division,
QIMR Berghofer Medical Research Institute, Brisbane, QLD , Australia.
BRCA1 and BRCA2 mutations confer increased risks of developing
male breast and prostate cancer. More than 100 common variants are
now known to be associated with breast cancer risk in women and more
than 80 common variants are associated prostate cancer risk. No study
to date has investigated the associations of common genetic variants
and breast or prostate cancer risk for men with mutations in BRCA7 and
BRCAZ2. In our study, we used data on 1802 male BRCA71 and BRCA2
mutation carriers (288 diagnosed with breast cancer, 243 diagnosed
with prostate cancer) from the Consortium of Investigators of Modifiers
of BRCA1/2 (CIMBA) who were genotyped using the custom lllumina
Oncoarray to perform a GWAS in male BRCA1/2 mutation carriers. We
also investigated the combined effects of known breast and prostate
cancer susceptibility variants on cancer risk for male mutation carriers
by constructing polygenic risk scores (PRS). No variant was associated
with risk of prostate or male breast cancer at genome-wide significance
(P<5x108). However, a PRS constructed on the basis of 77 known female
breast cancer susceptibility variants was associated with male breast
cancer risk for both BRCA1 and BRCA2 mutation carriers (Hazard Ra-
tio (HR) per standard deviation (SD) of PRS: 1.32 (95%Cl: 1.15-1.52,
p=7x10?). A stronger association was observed with a PRS based on
SNPs that are associated with female estrogen receptor (ER) positive
breast cancer (HR per SD of ER-positive PRS: 1.33, p= 4x10-°VS HR per
SD of ER-negative PRS: 1.13, p= 0.05). Similarly, the PRS based on 81
known prostate cancer susceptibility variants was strongly associated
with prostate cancer risk for male BRCA1/2 mutation carriers (HR per SD
of PRS: 1.48 (95%Cl: 1.28-1.69, p= 7x10®). These analyses demonstrate
that the breast and prostate cancer risks for male BRCA1/2 mutation
carriers are modified by common genetic variants, and could have impli-
cations for the cancer risk management and screening in male mutation
carriers. For example, the predicted prostate cancer risk by age 80 for
the 5% of male BRCA1 mutation carriers with the lowest prostate can-
cer PRS is <11%, but it is greater than 40% for the 5% of men with the
highest PRS.
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Whole exome sequencing in 75 high-risk families identifies eight
previously unknown prostate cancer susceptibility genes. D.M. Kary-
adi’, M.S. Geybels?, E. Karlins', B. Decker', L. Mcintosh? S. Kolb? S.K.
McDonnelP, S. Middha®, L.M. FitzGerald*, M.S. DeRycke®, D.J. Schaid®,
S.N. Thibodeau?®, J.L. Stanford?®, E.A. Ostrander’. 1) Cancer Genetics
and Comparative Genomics Branch, NHGRI/NIH, Bethesda, MD; 2)
Division of Public Health Sciences, Fred Hutchinson Cancer Research
Center, Seattle, WA; 3) Department of Health Sciences Research, Mayo
Clinic, Rochester, MN; 4) Cancer Epidemiology Centre, Cancer Coun-
cil Victoria, Melbourne, Victoria, Australia; 5) Department of Laboratory
Medicine and Pathology, Mayo Clinic, Rochester, MN; 6) Department of
Epidemiology, School of Public Health, University of Washington, Seat-
tle, WA.

Prostate cancer (PCa) is the most common non-cutaneous tumor
in men from the United States with 220,800 estimated new cases and
27,540 expected deaths in 2015. Epidemiological studies suggest that
PCa has a strong genetic component with approximately 42% to 58%
of risk attributed to genetic factors. The disease is genetically hetero-
geneous and predicted to be caused by a continuum from common,
low-penetrant to rare, high-penetrant variants. While genome-wide as-
sociation studies have been successful in confirming at least 100 loci as-
sociated with PCa risk in Europeans, these loci likely represent common,
low-penetrant variants and, to date, only a few moderately to highly pen-
etrant susceptibility variants have been consistently implicated in PCa.
In an effort to identify low-frequency, moderately penetrant variants, we
leveraged whole exome sequence (WES) data with array-based SNP
haplotypes from 75 hereditary PCa families. WES data was available for
160 affected men in the 75 families with one to six affected sequenced
per family and 31 families with multiple WES men. Array-based SNP hap-
lotypes were generated for 508 individuals including all 373 affected men
with DNA available. Integrating the WES and haplotype data allowed us
to predict the affected carrier frequency for each variant, which is key
in identifying moderately penetrant variants. We then performed rigor-
ous disease model-based variant filtering taking into account the likely
genetic heterogeneity and incomplete penetrance of PCa susceptibility
variants. Analysis of 341 of the most compelling candidate risk variants
in a population-based, case-control study of 2,495 individuals confirmed
nine variants significantly associated with PCa risk, which have pre-
dicted protein consequences in SWSAP1, HOXB13, D2HGDH, CHAD,
EPHA8, TANGO2, BRD2, PPP6R2 and OR5H14. Eight of the variants
are in genes not previously implicated in PCa susceptibility with BRD2
ABO5P having the strongest association (OR = 4.99, 95% confidence
interval, 1.09 - 22.86). Inheriting at least one of the nine susceptibility
alleles increased risk 2.5-fold (95% confidence interval, 1.81 — 3.36) and
can explain 13% of familial risk for PCa in the population. The results of
this study support that exome sequencing of a limited number of indi-
viduals within hereditary cancer families combined with haplotype data
offers a robust strategy for identifying low-frequency, moderate-pene-
trance risk variants contributing to PCa susceptibility.

10

Population and evolutionary genomics of prostate cancer-associ-
ated variants: implications for health disparities in men of African
descent. J. Lachance’, C. Hanson', M.E.B. Hansen? S.A. Tishkoff?, T.R.
Rebbeck®. 1) School of Biology, Georgia Institute of Technology, Atlanta,
GA; 2) Departments of Biology and Genetics, University of Pennsylvania,
Philadelphia, PA; 3) Dana-Farber Cancer Institute, Harvard T.H. Chan
School of Public Health, Boston, MA.

Prostate cancer is a highly heritable disease that disproportionate-
ly affects African and African-American men. To determine the genetic
architecture of differences in prostate cancer risk across populations,
we integrated GWAS results and scans of selection with whole genome
sequencing and genotype array data from 45 African and 19 non-African
populations. Risk alleles with elevated frequencies in African populations
were identified, as were GWAS hits in genomic regions that are highly di-
vergent across continents (e.g. rs2660753, rs17023900, and rs9284813).
Although the majority of prostate cancer-associated loci are in neutrally
evolving genomic regions, we found multiple instances where alleles at
prostate cancer-associated loci have hitchhiked with linked alleles that
are under selection. For example, a protective allele at 2gq37.3 appears
to have risen to high frequency in Europe due to selection for lighter pig-
mentation, and a risk allele at 19g13.2 may have risen to high frequency
in Africa due to selection for resistance to tropical diseases. Genetic risk
scores correctly predict elevated prostate cancer risk in African-Ameri-
cans over Europeans, and genetic risk scores suggest that prostate can-
cer risk is highest in West African populations and lowest in non-African
populations. Despite the polygenic nature of prostate cancer (over 100
loci are known to contribute to disease risk), we find that a small num-
ber of loci of major effect drive the difference in predicted risk across
populations (e.g. rs17631542, rs10505483, rs4242382, rs1447295, and
rs10505477).

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Integrative approaches for large-scale transcriptome-wide asso-
ciation studies. A. Gusev'? A. Ko*¢, H. Shi®°, G. Bhatia? W. Chung’,
B.W.J.H. Penninx'®, R. Jansen'®, E.J.C. de Geus'¢, D.I. Boomsma’®, F.A.
Wright'”, P.F. Sullivan™, E. Nikkola®, M. Alvarez®, M. Civeleks, A.J. Lu-
sis®S, T. Lehtimaki’, M. Kahonen?®, I. Seppala’, O.T. Raitakari®'°, J. Kuusis-
to'’, M. Laakso'', A.L. Price'?, P. Pajukanta®*, B. Pasaniuc®>'2, 1) Depart-
ments of Epidemiology and Biostatistics, Harvard T.H. Chan School of
Public Health, Boston, Massachusetts, USA; 2) Medical and Population
Genetics, Broad Institute, Cambridge, Massachusetts, USA; 3) Depart-
ment of Human Genetics, David Geffen School of Medicine at UCLA,
Los Angeles, California, USA; 4) Molecular Biology Institute at UCLA, Los
Angeles, California, USA; 5) Bioinformatics Interdepartmental Program,
UCLA, Los Angeles, California, USA; 6) Department of Medicine, David
Geffen School of Medicine at UCLA, Los Angeles, California, USA; 7)
Department of Clinical Chemistry, Fimlab Laboratories and University of
Tampere School of Medicine, Tampere, Finland; 8) Department of Clin-
ical Physiology, Pirkanmaa Hospital District and University of Tampere
School of Medicine, Tampere, Finland; 9) Research Centre of Applied
and Preventive Cardiovascular Medicine, University of Turku, Turku,
Finland; 10) Research Centre of Applied and Preventive Cardiovascular
Medicine, University of Turku and Department of Clinical Physiology and
Nuclear Medicine, Turku University Hospital, Turku, Finland; 11) Depart-
ment of Medicine, University of Eastern Finland and Kuopio University
Hospital, Kuopio, Finland; 12) Department of Pathology and Laboratory
Medicine, David Geffen School of Medicine at UCLA, Los Angeles, Cal-
ifornia, USA; 13) Departments of Genetics and Psychiatry, University of
North Carolina, Chapel Hill, NC, 27599, USA; 14) Department of Medical
Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, 171 77,
Sweden; 15) Department of Psychiatry, VU Medical Center, Amsterdam,
The Netherlands; 16) Department of Biological Psychology, VU Univer-
sity, Amsterdam, The Netherlands; 17) Bioinformatics Research Center,
Department of Statistics, Department of Biological Seicnes; North Caro-
lina State University, Raleigh, North Carolina, USA.

Many genetic variants influence complex traits by modulating gene
expression, but the mechanistic steps between genetic variation, expres-
sion, and trait are generally not well understood. Studies of this relation-
ship using direct measurements of expression and disease have been
limited in scope due to specimen availability and cost. Here we introduce
a powerful strategy that integrates gene expression measurements with
large-scale genome-wide association studies (GWAS) to discover novel
genes whose cis-regulated expression is associated with trait. We use a
reference panel of individuals with both genotype and gene expression
data to quantify the cis-genetic component of expression and impute it
into a large cohort of individuals with genotype data but no measured
expression, empowering us to test for expression-trait association and
conduct a transcriptome-wide association study (TWAS). By using a ref-
erence panel of LD, this method can also impute the TWAS associa-
tion from publically available GWAS association statistics. Simulations
show that the TWAS is substantially more powerful at identifying ex-
pression-trait relationships than either traditional GWAS or association
informed by individually significant expression associations (eQTLs),
especially in the presence of multiple variants effecting expression (in-
creasing power from 18% for GWAS to 92% for TWAS). In contrast to
previous methods, TWAS does not require the presence of a significant
association at the locus but instead aggregates all of the cis effects.
We applied this approach to SNP and expression data from blood and
adipose tissue measured in ~3,000 individuals imputed into summary
statistics from multiple large GWAS totaling >900,000 individual pheno-
types, performing the first TWAS of this size. At previously known loci,
we find that the TWAS identified genes that explain significantly more
variance than the best eQTL. By imputing into two lipid GWAS with in-
creasing sample size, we show that the novel genes identified by our
method are highly predictive of genome-wide significant SNP associa-
tions in larger studies (hypergeomtric P=1x10%%). Overall, we identified
676 significant gene-trait associations, of which 70 were novel and did
not overlap a genome-wide significant SNP. We replicated many of the
genes using two external expression studies. Our results showcase the
power of integrating genotype, gene expression and phenotype to gain
insights into the genetic basis of complex traits.

12
Improved identification of the genetic basis of disease by integrated
analysis of RNA-seq together with whole-genome and exome-based
sequencing data. D.W. Craig, S. Szelinger, A.M. Claasen, |. Schrauwen,
R.F. Richholt, M. De Both, B.E. Hjelm, S. Rangasamy, A.L. Siniard, A.L.
Courtright, M.J. Huentelman, V. Narayanan. Center for Rare Childhood
Disorders, Translational Genomics Research Institute, Phoenix AZ, USA.
Recent advancements in genomic technologies have markedly in-
creased our ability to genetically diagnose of rare childhood disorders
through whole-exome and whole-genome sequencing of genomic DNA.
Many groups now report that whole-exome sequencing can lead to a
genetic diagnosis in approximately 25-35% of undiagnosed cases. Ad-
vancing these approaches further, generation and integrative analysis
of RNA-seq data with genomic exome sequencing data may be able to
improve our ability to diagnose and understand the genetic basis of rare
childhood disorders. With a few key exceptions, reduction to practice of
integrative analysis of RNA and DNA for diagnosis of rare childhood dis-
orders has largely not been reported. Within this study, we report on the
development of integrated methods for joint RNA/DNA analysis and their
utility within our clinical research protocols focused on genetic diagno-
sis of rare childhood disorders. Within our study, RNA-seq and exome/
whole-genome sequencing was conducted on whole-blood lymphocytes
from 75 individuals encompassing 25 family trios where a rare childhood
condition was presented. We describe a framework for non-parametric
multivariate outlier analysis, such that multiple analyses approaches for
of RNA-seq data are considered together, and can be used quantitative-
ly to better prioritize candidate genetic variants from whole-exome and
genome sequencing. We show how our approach allows joint integration
of gene abundance, differential gene expression, exon abundance, and
alternative exon usage data in the context of rare, private or de novo
candidate variants. We demonstrate how re-prioritized variants utiliz-
ing integrated RNA/DNA analysis both corroborated previously identi-
fied causal variants where the genetic basis of disease was known. We
also highlight where new candidate variants, clearly functional in nature,
were found in cases where the genetic diagnosis was unknown. In these
cases, we identified novel functional elements (e.g. cryptic splice-site
variants in genes relevant to disease), inferred false negative variants im-
pacting transcription, and observed altered transcription due epigenetic
modifiers (e.g. methylation) that were relevant in the manifestation of dis-
ease. Overall, our results show how integrative genomic analysis of RNA
and DNA aid in the diagnosis of disease and help provide novel insight
into molecular underpinnings of un-characterized conditions.
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Comprehensive transcriptome analysis using synthetic long read
sequencing reveals molecular co-association and conservation of
distant splicing events. H. Tilgner, F. Jahanbani, M. Rasmussen, M.
Snyder. Genetics, Stanford University, Stanford, CA.

RNA molecules may contain several variable sites (TSS, splice sites,
polyA-sites, RNA-editing), which allow for complex combinatorial pat-
terns. Genome annotations contain many of these isoforms but do not
exhaustively describe all isoforms and the dependencies between dis-
tant variable sites. To overcome this and the limitations of short-read
RNA sequencing, we have invested considerable energy into long-read
approaches, employing the 454, the Pacific Biosciences platform (Pac-
Bio)>®, and most recently the lllumina based SLR-RNA-Seqg*. Using
variable length and (quasi-) single molecule approaches like PacBio or
SLR-RNA-Seq, we find between 14 and 19.5% of all spliced molecules
to be inconsistent with all annotated isoforms. We then aimed to test
for dependencies between distant variable sites on RNA-molecules.
Using PacBio we could in a limited number of cases of allele-specific
splicing, irrespectively of the distance between the SNP and the exon.
Using SLR-RNA-Seg* in a sample of human brain RNA, we constructed
~5 million long reads of ~1.9kb average length. Gene expression mea-
surements in molecules per million (MPM) correlate highly with short
read FPKMs, apart from an underrepresentation of very short genes and
Percent-Isoform (Pl)-values for major isoforms correlate highly between
two mouse brains. We discovered 70-160 (depending on datasets and
FDR) distant molecularly associated pairs (dMAPs) of alternative exons
that are separated by one or more constitutive exon. Many of these ex-
on-pairs were entirely coding, which strongly suggests the existence of
a phased proteome, in which distant peptides are included into protein
molecules in a coordinated manner. With shallower sequencing in two
mice brains, we find 16 such dMAPs, 9 of which are conserved between
human and mouse — suggesting their importance for cellular function.
Deep long-read sequencing such as the approach presented here will be
very useful in completely describing transcriptomes and the proteomes
they encode. Furthermore the existence of long-distant coordinated
variable pairs raises many questions about the molecular mechanisms
causing coordination.references1. Tilgner H et al. G3 (Bethesda). 2013
doi: 10.1534/g3.112.004812.2. Sharon D*, Tilgner H*, Grubert F, Snyder
M. Nat Biotechnol. 20133. Tilgner H*, Grubert F*, Sharon D*, Snyder MP.
PNAS. 20144. Tilgner H*, Jahanbani F* et al. Nat Biotechnol. 2015; doi:
10.1038/nbt.3242.

14

Comprehensive genome and transcriptome structural analysis of a
breast cancer cell line using PacBio long read sequencing. M. Nat-
testad’, K. Ng?, S. Goodwin', T. Baslan', J. Gurtowski', F. Sedlazeck’, E.
Hutton’, E. Tseng®, J. Chin® T. Beck? Y. Sundaravadanam? M. Kramer,
E. Antoniou’, J. Hicks', M. Schatz', W.R. McCombie’. 1) Quantitative Bi-
ology, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY; 2) Ontario
Institute for Cancer Research, Toronto, Ontario Canada; 3) Pacific Bio-
sciences, Menlo Park, CA.

Genomic instability is one of the hallmarks of cancer, leading to
widespread copy number variations, chromosomal fusions, and other
structural variations in many cancers. The breast cancer cell line SK-
BR-3 is an important model for HER2+ breast cancers, which are among
the most aggressive forms of the disease and affect one in five cases.
Through short read sequencing, copy number arrays, and other tech-
nologies, the genome of SK-BR-3 is known to be highly rearranged with
many copy number variations, including an approximately twenty-fold
amplification of the HER2 oncogene, along with numerous other ampli-
fications and deletions. However, these technologies cannot precisely
characterize the nature and context of the identified genomic events
and other important mutations may be missed altogether because of
repeats, multi-mapping reads, and the failure to reliably anchor align-
ments to both sides of a variation. To address these challenges, we have
sequenced SK-BR-3 using PacBio long read technology. Using the new
P6-C4 chemistry, we generated more than 70X coverage of the genome
with average read lengths of 9-13kb (max: 71kb). Using Lumpy as well
as our novel assembly-based algorithms for analyzing split-read align-
ments, we have developed a detailed map of structural variations in
this cell line. Taking advantage of the newly identified breakpoints and
combining these with copy number assignments, we have developed an
algorithm to reconstruct the mutational history of this cancer genome.
From this we have characterized the amplifications of the HER2 region,
discovering a complex series of nested duplications and translocations
between chr17 and chr8, two of the most frequent translocation part-
ners in primary breast cancers. We have also carried out full-length tran-
scriptome sequencing using PacBio’s Iso-Seq technology, which has re-
vealed a number of previously unrecognized gene fusions and isoforms.
Combining long-read genome and transcriptome sequencing technol-
ogies enables an in-depth analysis of how changes in the genome af-
fect the transcriptome, including how gene fusions are created across
multiple chromosomes. This analysis has established the most complete
cancer reference genome available to date, and is already opening the
door to applying long-read sequencing to patient samples with complex
genome structures.
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Tissue-specific transcriptome-wide networks reflect joint regula-
tion of alternative splicing and gene expression. A. Saha’, Y. Kim', D.
Knowles?, S. Mostafavi®, A. Battle’, The GTEx Consortium. 1) Department
of Computer Science, Johns Hopkins University, Baltimore, MD, USA; 2)
Department of Radiology, Stanford University, Stanford, CA, USA; 3) De-
partment of Statistics, University of British Columbia, Vancouver, British
Columbia, Canada.

Alternative splicing plays an important role determining cellular func-
tion in eukaryotes; its causal role in human diseases including cancer
is well established. However, the regulation of alternative splicing is not
fully understood, including the factors that lead to tissue-specific control
of alternative splicing. Unraveling the regulation of alternative splicing
in the form of a network has the potential to elucidate complex biolog-
ical mechanisms. Until recently, well-studied regulatory network infer-
ence methods predominantly used total gene expression data. However,
with the advent of RNA-sequencing, we are now able to simultaneously
quantify a diverse range of transcription phenotypes, including alterna-
tive splicing, non-coding transcripts, and allele-specific expression. We
can discover new regulatory relationships by using these phenotypes
during network construction. Here we build transcriptome-wide net-
works (TWN) over both gene expression and alternative splicing from
RNA-seq data using sparse Gaussian Markov random fields. We identify
multiple types of candidate regulatory relationships where i) gene ex-
pression regulates alternative splicing, ii) alternative splicing regulates
gene expression, iii) gene expression of a gene regulates that of other
genes, and iv) alternative splicing of a gene regulates that of other genes.
We learn TWNSss for 23 different human tissues using RNA-seq data from
the GTEXx project. Our networks are enriched with edges between known
transcription factors and their target genes, demonstrating our model’s
effectiveness to find true regulatory relationships. Further, candidate
splicing regulator genes identified by learned TWNs include many known
RNA-binding proteins (RBPs), reflecting the role of RBPs in splicing. We
integrate expression quantitative trait loci and allele-specific expressions
to validate potentially causal relationships in TWNs, and demonstrate
improved power to detect trans expression quantitative trait loci. Numer-
ous tissue-specific regulatory relationships are identified by the TWNs,
and are informative in characterizing context-specific behavior of regula-
tory elements. Our transcriptome-wide networks provide an opportunity
to understand tissue-specific regulatory mechanisms for both alternative
splicing and gene expression.

16

Massively parallel quantification of the regulatory effects of
non-coding variation reveals functional variants associated with fe-
tal adiposity. C. Guo'? C.M. Vockley?®, W.H. Majoros?*, M. Nodzenski®,
D.M. Scholtens®, M.G. Hayes®, W.L. Lowe®, T.E. Reddy*’. 1) Universi-
ty Program in Genetics & Genomics, Duke University, Durham, NC; 2)
Center for Genomic & Computational Biology, Duke University Medical
School, Durham, NC; 3) Department of Cell Biology, Duke University
Medical School, Durham, NC; 4) Program in Computational Biology &
Bioinformatics, Duke University, Durham, NC; 5) Department of Preven-
tive Medicine, Division of Biostatistics, Northwestern University Feinberg
School of Medicine, Chicago, IL; 6) Division of Endocrinology, Metab-
olism & Molecular Medicine, Department of Medicine, Northwestern
University Feinberg School of Medicine, Chicago, IL; 7) Department of
Biostatistics & Bioinformatics, Duke University Medical School, Durham,
NC.

Recent evidence strongly supports the hypothesis that non-coding
mutations that alter gene expression are a major contributor to the het-
erogeneity of heritable, complex human traits. To test this hypothesis,
we develop a novel high-throughput approach to measure the effects
of non-coding variants on gene expression across human populations.
We take advantage of the previously developed STARR-seq assay and
adapt it at the population scale by assaying candidate regulatory ele-
ments captured from the genomes of a GWAS cohort. By assaying DNA
directly from donor genomes, we measure regulatory effects of rare and
private variants that are not present in existing databases of human ge-
netic variation; and are also able to determine the cumulative effects of
regulatory variants empirically. We apply our assay to 3925.31, a locus
we previously found to be associated with adiposity at birth in a GWAS
of 4281 newborns. Because none of the associated variants reside in
protein coding exons, we hypothesize that they instead alter expres-
sion of nearby genes. We identify ~100 candidate regulatory elements
across the associated locus using genome-wide measurements of open
chromatin across ~50 different cell types including pre-adipocytes, liver,
and islet B cells. The elements span 250 kb of the genome surrounding
the lead GWAS SNP rs900400. The region encompass all variants in LD
(r?>0.5) with rs900400. We capture the candidate regulatory elements
from 760 newborns at the extreme tails (90" and 10™ percentiles) of birth
weight; and use high-throughput reporter assays to identify ~300 regula-
tory variants, most of which were rare (MAF<0.01). Associating variation
in regulatory activity with newborn adiposity reveals regulatory regions
that independently associated with sum of skinfolds, suggesting an un-
derlying regulatory mechanism that contributes to phenotype. We also
identify features of non-coding variants that are enriched in those with
regulatory element activity. Because the approach developed relies only
on donor DNA and a relevant cell model, it can be broadly applied to
uncover regulatory mechanisms contributing to various human traits and
disease.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.



ASHG 2015 Abstracts

17

Detection of trans and cis splicing QTLs through large scale cancer
genome analysis. K. Lehmann’, A. Kahles', C. Kandoth', N. Schultz’, O.
Stegle?, G. Rétsch’. 1) Computational Biology, Memorial Sloan Kettering
Cancer Center, New York, NY, USA; 2) European Bioinformatics Institute,
Cambridge, UK.

The comprehensive survey of molecular characteristics provided by
The Cancer Genome Atlas (TCGA) enables large scale analyses across
multiple cancers. However, sophisticated tools for the joint analysis of
the thousands of samples that tackle the cancer specific challenges
are needed. In an effort to enable joint analysis, we have re-aligned and
re-analyzed RNA and whole exome sequencing data of ~4,000 individ-
uals across 11 cancer types in a uniform manner. We used the newly
developed open source SplAdder pipeline to count gene expression
as well as annotate and quantify a comprehensive set of alternative
splicing events. We identified threefold more high confidence alterna-
tive splicing events than annotated in the GENCODE annotation which
reflect cancer-specific and tissue-specific splicing variation. Compari-
sons to matching tissue normal samples confirm a ~20% increase of
splicing complexity in tumor samples. We have identified sets of genes
with splicing changes that recurrently occur in tumor samples (>10%)
but are virtually never observed in normal samples or ENCODE cell lines
(<0.5%) and could be possible targets for new drugs. While population
structure is one of the most severe confounding factors in the analysis of
quantitative trait loci (QTL), tumor samples open up many new additional
challenges. Tumor-specific somatic mutations and recurrence patterns
as well as sample heterogeneity can lead to spurious associations. Thus,
we have developed a new strategy to perform a common variant asso-
ciation study using linear mixed models on tumor samples enabling us
to account for tumor specific genotypic and phenotypic heterogeneity in
addition to population structure. Due to sample size constraints, many
previous QTL studies have been limited to the analysis of cis-associat-
ed variants. The large sample size available from TCGA enables us to
overcome this limitation and discover trans-associated variants as well.
We can demonstrate that we find cis-associations for ~10% of the ana-
lyzed genes, of which a large fraction replicates across tissue and cancer
types. We also confirm recently reported trans-associations in the splice
factors U2AF1 as well as SF3B1.

18
The landscape of X inactivation across human tissues: from single
cells to population sequencing. T. Tukiainen'?, A. Villani?3, M. Rivas?, A.
Kirby'2, D. DelLuca?, R. Satija?*, A. Byrnes'?, J. Maller?, T. Lappalainen*®,
A. Regev?, N. Hacohen?3, K. Ardlie?, D. MacArthur'?, The GTEx Project
Consortium. 1) Analytic and Translational Genetics Unit, Massachusetts
General Hospital, Boston, MA; 2) Broad Institute of Harvard and MIT,
Cambridge, MA; 3) Center for Immunology and Inflammatory Diseases,
Massachusetts General Hospital, Charlestown, MA; 4) New York Ge-
nome Center, New York, NY; 5) Columbia University, New York, NY.
Incompleteness and skewing of X chromosome inactivation (XCl) can
result in biases in disease susceptibility and presentation between sex-
es and across individuals, but the full extent and heterogeneity of XCI
remains unclear. We have deployed several complementary approaches
based on high-throughput RNA sequencing to comprehensively profile
the landscape of XCl across multiple human tissues.Using gene expres-
sion data from the GTEx consortium, including more than 30 tissue types
and over 350 individuals, we show that a large majority of previously
reported escape genes demonstrate male/female expression differenc-
es detectable at population-level. For many of these genes sex-biased
expression is present and directionally similar across the various tissues
studied, a pattern distinct from autosomal sex-biased expression, sug-
gesting XCl is tightly and uniformly regulated across human tissues. No-
tably, however, escape genes close to a boundary of an escape domain
(e.g. KAL1T) show more tissue heterogeneity and subtle sex-bias.By as-
sessing the degree of allelic imbalance across the X chromosome from
deep sequencing of 16 tissues from a female presenting with completely
skewed XCI we further confirm the observation of largely consistent gene
inactivation status across tissues, with KAL7 being a notable exception
showing tissue-specific escape. Additionally, such data allows for the
interrogation of the inactivation state of multiple genes, therefore for
instance replicating candidates from the population-level analysis (e.g.
ZRSR2).To complement these observations we have analyzed single-cell
RNA-seq data from a total of 384 dendritic and lymphoblastoid cells from
four deeply sequenced females, allowing us to directly assess the in-
activation state of 150 X-chromosomal genes. These analyses highlight
well-known escape genes (e.g. USP9X), suggest novel candidates and
confirm variable escape genes (e.g. TIMP1) and elaborate the underlying
dynamics. In line with the known incomplete and variable nature of XClI,
we find in total that approximately 20% of the assessed genes appear
to fully or partially escape from inactivation.Together these analyses pro-
vide a comprehensive view of the landscape of escape from XCl in adult
tissues, essential for understanding the impact of this process on sex
differences, sex chromosome aneuploidies and inter-female variability.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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The contribution of the cysteinyl leukotriene 1 (CysLT1) gene and
other genetic loci to atopic asthma in the Tristan da Cunha popula-
tion. M.D. Thompson', J. Stankova?, M. Clunes?®, G.E. Rovati*, D.E. Cole’,
M.C. Maj®, V. Capra®, D.L. Duffy’. 1) Department of Laboratory Medicine
and Pathobiology, University of Toronto, Toronto, ON, Canada; 2) Divi-
sion of Immunology and Allergy, Department of Pediatrics, Faculty of
Medicine and Health Sciences, Université de Sherbrooke, Sherbrooke,
QC, Canada; 3) Department of Physiology/Neuroscience, School of
Medicine, Saint George’s University, PO. Box 7, St. George’s, Grenada;
4) Dipartimento di Scienze Farmacologiche e Biomolecolari, Universi-
ta degli Studi di Milano, Milano, Italy; 5) Department of Biochemistry,
School of Medicine, Saint George’s University, PO. Box 7, St. George’s,
Grenada; 6) Department of Health Sciences, University of Milan, San
Paolo Hospital, Italy; 7) QIMR Berghofer Medical Research Institute, 300
Herston Road, Herston, Queensland 4006, Australia.

We present an analysis identifying at least three genes that contribute
to the atopic asthma phenotype found in the Tristan da Cunha popula-
tion. This remote island in the South Atlantic has an approximately 45%
prevalence of atopy and a 36% prevalence of asthma. The population
represents a unique opportunity for genetic study since it derives from
only seven founders. We previously described a rare coding cysteinyl
leukotriene 1 receptor gene (CysLT1, CYSLTR1, Xq13-21.1) variant that
is associated with disease on the island. The CysLT1 mutation encodes a
Gly300Ser variant not seen in any sequences from the Exome Aggrega-
tion Consortium collection, and may be the first example of an X-linked
private mutation that confers risk for asthma. We no estimate that at
least one-quarter of asthma and atopy in female Tristanians could be
attributed to the CysLT1 Gly300Ser variant. In addition, a 601A>G vari-
ant in the cysteinyl leukotriene 2 receptor gene (CYSLTR2, 13q14.2),
601A>G that encodes a Met201Val change was also seen at high fre-
quency in the population (14.2% in Tristan da Cunha, versus 2.6% in
persons of European descent) and could account for over 10% of the
risk for asthma in this population. The CYSLTR2 variant may therefore be
necessary but not sufficient for the development of asthma. Our in vitro
work showed that the disruptions we identified in both receptors are like-
ly to be physiologically relevant. While the CysLT1 variant was found to
be activating with respect to ligand binding, Ca?* flux and inositol phos-
phate (IP) generation, the CysLT2 variant was found to be inactivating:
suggesting that atopy pathogenesis may be exacerbated by the loss of
CysLT2 negative regulation of CysLT1 signalling. Although risk for atopic
asthma was heightened when variants of both receptors were inherited,
these variants do not account for all of the risk — suggesting that at least
one more gene, in addition to environmental factors such as smoking,
may contribute to the phenotype. Results are interpreted with respect to
their relevance to other island and mainland populations. It is interest-
ing to note that the exacerbation of CysLT1 signalling by the Gly300Ser
Tristan da Cunha mutation may be blocked selectively by antagonists
such as Montelukast. The advances in asthma research discussed will
lead to improved diagnosis and treatment of patients in the context of
global health.

20
Utilizing an African specific genotyping array for a large-scale GWAS
for Asthma in African Americans. H.R. Johnston’, N. Rafaels? D. Hu?®,
D. Torgerson®, S. Chavan?, J. Gao’, G. Abecasis?, M. Hansen®, R. Mathi-
as?, Z.S. Qin’, K. Barnes?, Y.J. Hu', CAAPA Consortium. 1) Department
of Biostatistics and Bioinformatics, Emory University Rollins School of
Public Health, Atlanta, GA; 2) Department of Medicine, Johns Hopkins
University, Baltimore, MD; 3) Department of Medicine, University of Cal-
ifornia at San Francisco, San Francisco, CA; 4) University of Michigan
School of Public Health, Ann Arbor, MI; 5) lllumina, Inc. San Diego, CA.
The Consortium on Asthma among African-ancestry Populations in
the Americas (CAAPA) includes high coverage whole genome sequence
data (~30x depth) on ~1,000 subjects of African ancestry and extends
the patterns of variation catalogued in the Thousand Genomes Project
and Exome Sequencing Project to a spectrum of populations represent-
ing a wide range of African ancestry in the Americas. An interim data
freeze (N=643) of CAAPA includes: 329 African Americans; 125 African
Caribbeans; 164 African ancestry samples with a notable Latino compo-
nent; and 25 samples from Nigeria. One of the primary goals of CAAPA is
to develop an ‘African Diaspora Power Chip’ to address the concern that
current commercially available GWAS chips have made a limited effort
to tag African specific variation. The African Diaspora Power Chip utilizes
sequence variants from within CAAPA to tag as much African specific
variation as possible. The successful design of design of the ADPC, with
projected imputation coverage of greater than 85% down to a minor
allele frequency of 0.5% in 1000 Genome Project African populations,
gives us the best available coverage of African variants available on the
market. This level of coverage is accomplished by significantly skewing
the MAF spectrum of the ADPC toward low-frequency variants. Pairing
the ADPC with a standard GWAS array, such as OmniExpress, allows
for comprehensive coverage of the entire allele frequency spectrum.
The CAAPA Asthma GWAS study includes 9230 individuals from three
populations: African Americans, Puerto Ricans and Barbadians. Utilizing
genotypes from the ADPC alone, we have identified eight suggestive
association results. These results have been found on chromosomes 1,
8, 9, 11, 16, 20 and X. The result at chr9:6144332 is in close proximi-
ty to previously identified associations near the IL33 gene. Given that
this initial analysis includes only the SNPs on the ADPC but no imputed
SNPs, this is a solid start from which to move forward, but was never
intended to deliver comprehensive results. The next step will involve the
combination of standard GWAS array data with the ADPC array data for
each individual. This combined data set will then be used as the scaffold
for imputation with both the 1000 Genomes Project African population
and CAAPA sequencing results as reference panels. This will enable
much finer scale analysis of potential associations with Asthma within
the CAAPA study.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Integration of genome-wide association data and human protein in-
teraction networks identifies a gene sub-network underlying child-
hood-onset asthma. Y. Liu" 2, M. Brossard" ?, C. Sarnowski" 3, P. Mar-
garitte-Jeannin™ 2, F. Llinares*, A. Vaysse' 2, M.H. Dizier" 2, E. Bouzigon"?2,
F. Demenais™ 2, GABRIEL asthma consortium. 1) UMR-946, INSERM,
Paris, France; 2) Université Paris Diderot, Paris, France; 3) Université
Paris Sud, Paris, France; 4) ETH, Basel, Switzerland.

Genome-wide association studies (GWASs) have identified 21 loci
associated with asthma. However, these loci account for a small part
of asthma susceptibility. These GWASs, which focused on single-SNP
analysis, are underpowered to detect SNPs with small effect. Alternative
approaches, such as network-based analysis that uses information from
the Human Protein Interaction Network (HPIN) to search for groups of
genes which may jointly contribute to disease risk, have been proposed.
To identify new asthma genes, we performed an integrated analysis of
HPIN and GWAS data of childhood-onset asthma.We used two datasets
from the GABRIEL Asthma Consortium that consisted of the outcomes
of two meta-analyses of 9 childhood asthma GWASs each (including
3,031 cases/2,893 controls and 2,679 cases/3,364 controls, respective-
ly). GWAS signals were overlaid to HPIN by assigning SNPs to genes and
using gene-wise P-values obtained through circular genomic permuta-
tions (CGP). Modules enriched with childhood asthma-associated genes
were generated by a dense module search (DMS) strategy. We selected
the gene modules that showed the highest pairwise similarity between
the two datasets. These modules were further evaluated for their asso-
ciation with asthma using CGP and for their biological relevance through
pathway analysis using DAVID.We identified 10 gene-module pairs that
had high similarity (from 0.4 to 0.6) between the two datasets. By merg-
ing the selected modules within each dataset and intersecting the two
gene lists, we identified a sub-network consisting of 91 genes and 106
connections among them. Among these genes, 14 were reported asso-
ciated with asthma by previous GWASs and 22 with nominally significant
gene-wise P-values were novel candidates. The identified sub-network
was significantly associated with childhood asthma (P<10-* using 10,000
CGP). Moreover, the number of connections (14) among known and nov-
el candidate genes was significantly higher than expected by chance
(P=3x10"). Three KEGG pathways were found significantly enriched in
genes from the identified network: cytokine-cytokine receptor interaction
(Bonferroni-corrected P=3x10%), chemokine signaling pathway (Bonfer-
roni-corrected P=5x10%), natural killer cell mediated cytotoxicity (Bon-
ferroni-corrected P=3x10). This study shows the benefit of integrating
GWAS data and HPIN to identify novel functionally related genes un-
derlying childhood asthma. Funding: FP7-316861, ANR-11-BSV1-027,
ANR-USPC-2013.

22

The Utility of Real World Data for Performing Genetic Target Valida-
tion: TRPV4 and Lung Edema. D. Waterworth’, L. Warren?, M. Hurle®, D.
Behm?, J. Pulley®, E. Bowton®, J. Denny’8, D. Sprecher®, M. Ehm™. 1) Ge-
netics, GlaxoSmithKline, King of Prussia, PA; 2) PAREXEL International
(previously employed by GSK; work performed on this publication done
while employed by GSK); 3) Computational Biology, GlaxoSmithKline,
King of Prussia, PA; 4) Heart Failure Discovery Performance Unit, Met-
abolic Pathways & Cardiovascular Therapy Area Unit, GlaxoSmithKline,
King of Prussia, PA; 5) Department of Medical Administration, School
of Medicine, Vanderbilt University, Nashville, TN; 6) Institute for Clinical
and Translational Research, School of Medicine, Vanderbilt University,
Nashville, TN; 7) Department of Medicine, School of Medicine, Vander-
bilt University, Nashville, TN; 8) Department of Biomedical Informatics,
School of Medicine, Vanderbilt University, Nashville, TN; 9) Metabolic
Pathways and Cardiovascular Therapy Area Unit, GlaxoSmithKline, King
of Prussia, PA; 10) Genetics, GlaxoSmithKline, Research Triangle Park,
Durham, NC.

Transient receptor potential vanilloid 4 (TRPV4) is a Ca2+ permeable,
nonselective cation channel that is thought to be involved in the regu-
lation of systemic osmotic pressure. A TRPV4 blocker (GSK2798745) is
in early clinical development within GlaxoSmithKline for pulmonary ede-
ma. The majority of mechanistic insight is derived from preclinical data;
revealing influence on lung edema resulting from poor cardiac function.
Therefore we set out to see if we could use human genetic data to val-
idate this indication in humans and also provide insight into potential
alternative indications. Rare mutations in TRPV4 result in a range of neu-
romuscular disorders and skeletal dysplasias (OMIM 605427), but more
frequent variants have not thus far been robustly associated with any
trait or disease within the GWAS literature. A search of the 1000 Ge-
nomes Project catalog identified two coding variants in the 0.5 to 2%
frequency range, also present on the exome chip (V5621 and E840K),
that could potentially yield insights into drug effects. The E840K vari-
ant was also predicted to be functional by SIFT.A PheWAS study was
performed using over 29,000 patients from BioVU, a hospital electron-
ic health record (EHR) and biobank at Vanderbilt University. Over 1500
traits were defined using ICD9 codes for association analysis (multiple
testing threshold was p < 1.6e-5). No associations with either variant
were statistically significant, though there were twice as many p<0.05
associations for the E840K than the V562I. However, within the top 20
results for the E840K, the second most significant association was pul-
monary edema and hypostasis (OR 1.97, p=4e-4) as well as five lung
infection traits (OR range 1.7-3.1, p<0.01). The same variant was also
nominally associated with renal failure as well as a cluster of menstrua-
tion-linked phenotypes. These results align well with TRPV4 expression,
which is highest in the kidney and bronchial epithelia and has been re-
ported within the endometrium. Replication of these results is planned
and characterization of the variant is ongoing. Should these results be
confirmed, they suggest that the E840K is a good tool variant for investi-
gating TRPV4 in human disease and that renal failure and endometriosis
have potential as alternative indications for the TRPV4 blocker. They also
illustrate the value of real world data as the majority of these phenotypes
are not available within cohort studies that constitute the majority of the
GWAS literature.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Quantifying heritability explained in inflammatory bowel disease us-
ing 18,000 GWAS and 9,000 next generation sequencing data. Y. Luo,
K. de Lange, UK. IBD Genetics Consortium, C.A. Anderson, J.C. Barrett.
Human Genetics, Wellcome Trust Sanger Institute, Cambridge, United
Kingdom.

Crohn’s disease (CD) and ulcerative colitis (UC) are two main forms
of inflammatory bowel disease (IBD). They both have been found to be
highly heritable in twin studies (~60%) and have had substantial success
in GWAS (201 loci in the most recent meta-analysis). Nonetheless, the
total fraction of risk explained by common variants is only a fraction of
the total heritability. In the recent study using genetic-relationship-matri-
ces (GRM) estimated 26% of CD and 19% of UC risk to be captured by
HapMap3 imputed data. However, whether or not rare variants with MAF
<1% and of relatively high penetrance explain a large fraction of unex-
plained variance in IBD remains unanswered. Here, we try to address
these questions by creating an imputation panel using one of the largest
low-coverage whole genome sequencing projects of complex disease to
date.We genotyped 8336 IBD cases and 9495 controls not part of any
previous GWAS on the Human Core Exome platform (290,510 SNPs) and
imputed them using a reference panel that consists of 4915 IBD samples
at whole genome sequenced at 3x, 3910 control samples at 6x, and
2504 1000Genomes Phase 3 samples at 5x. 7 out of 19 million variants
with MAF>0.1% remain after stringent quality control (r2>0.6 and miss-
ing rate<1%) post imputation to avoid the spurious estimation of genetic
co-variance from genotype errors. We then applied joint variance com-
ponent models with and without LD-adjusted GRM to dissect the genetic
contribution to risk of CD and UC across various MAF spectrum. In total,
we report 27% (SE 0.013) and 21% (SE 0.012) of variation in liability can
be explained for CD and UC respectively. The total SNP-heritabilities
estimated based on univariate analysis, MAF-bin partitioning analyses,
with and without LD-adjusted approaches were consistent and similar to
those from previously published studies, suggesting that our estimates
are robust and reliable.Overall, the total amount of heritability explained
did not substantially change (~1% increase) after introducing four million
extra rare variants. This suggests that while common variants of individ-
ually small effect explain a significant proportion of heritabilty en masse,
SNPs in the 0.1%-1% frequency range have less of an impact. However,
from this study we cannot rule out the existence of truly rare variants
(with moderate effect sizes) that are not imputed well even using the
larger imputation panel.

24

The X-factor of complex disease: Methods, software, and extensive
application for studying the X chromosome in association studies.
A. Keinan on behalf of the XWAS Consortium. Biological Statistics &
Computational Biology, Cornell University, Ithaca, NY.

The X chromosome plays an important role in human disease, es-
pecially those with sexually dimorphic characteristics. Analysis of X
requires special attention due to its unique inheritance pattern leading
to analytical complications that have resulted in the majority of GWAS
either not considering or mishandling it with tools designed for non-sex
chromosomes. We overcame many of the analytical complications by
developing an array of X-specific methods that span all stages of GWAS,
from genotype calling, through imputation and extensive QC, and to
statistical association testing. Specifically, we developed four types of
association tests for X-linked variants: (1) the standard test between a
SNP and disease risk or quantitative trait, including after first stratifying
individuals by sex, (2) a test for a differential effect of a SNP between
males and females, (3) motivated by X-inactivation, a test for higher vari-
ance of a trait in heterozygous females as compared to homozygous
females, and (4) for all tests, a version that allows combining evidence
from all SNPs across a gene. We implemented the analysis pipeline and
all methods as part of a publicly available software, XWAS (chromosome
X-Wide Analysis toolSet). We applied these to conduct X-wide associ-
ation studies in ~45 GWAS, with focus on autoimmune diseases and
risk factors of coronary artery disease. We discovered and replicated
many novel significant X-linked associations, e.g. (i) variants in CENPI
as contributing, with different effect sizes in males and females, to the
risk of three different autoimmune diseases, the risk of all of which is
highly different between sexes. Other, autosomal genes in the same
family as CENPI have previously been associated to other autoimmune
diseases; (i) ARHGEFG6 to Crohn’s disease, and replicated in ulcerative
colitis, another inflammatory bowel disorder. ARHGEF6 has been shown
to interact with a gastric bacterium that has been associated to IBD.
(iii) Significantly increased variance of systolic blood pressure in females
that are heterozygous for a variant that might regulate ATRX, a gene that
has been previously associated with alpha-thalassemia. We also showed
that several previously reported associations are false positives due to
ignoring the unique nature of X. In conclusion, XWAS will provide the
tools for many to incorporate the X chromosome into GWAS, enabling
discoveries of novel loci implicated in many diseases and in their sexual
dimorphism.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Imputation of low-frequency variants identifies novel Alzheimer’s
disease loci in the IGAP Consortium. K. Hamilton-Nelson’, B. Greni-
er-Boley?34, B.W. Kunkle', M. Vronskaya®, V. Chouraki®, M. Butkiewics’,
S.V. Van der Lee?, R. Sims®, A.M. Toglehofer®, J. Jakobsdottir'®, B. Dom-
broski'!, O. Valladeres', J. Bis™?, E.R. Martin’, R. Mayeux™'* L.A. Far-
rer's1617.1819 G Duijn®, J.L. Haines’, P. Holmans?’, J.C. Lambert?34, J.
Williams®, S. Seshadri’®?', P. Amouyel?®% G.D. Schellenberg’’, M. Peri-
cak-Vance' For The IGAP Consortium. 1) Human Genomics, University
of Miami Miller School of Medicine, Miami, Fl., USA; 2) Institut Pasteur
de Lille, Lille, France; 3) INSERM, U744, Lille, France; 4) Universite Lille
2, Lille, France; 5) Institute of Psychological Medicine and Clinical Neu-
rosciences, MRC Centre for Neuropsychiatric Genetics & Genomics,
Cardiff University, Cardiff, UK; 6) Boston University School of Medicine,
Boston, MA, USA; 7) Department of Epidemiology & Biostatistics, Case
Western Reserve University, Cleveland, OH, USA; 8) Deparment of Epi-
demiolgy, Erasmus Medical Centre, Rotterdam, NL; 9) Institute of Molec-
ular Biology and Biochemistry, Centre for Molecular Medicine, Medical
University of Graz, Graz, AT, 10) Icelandic Heart Association, Kopavogur
201, IS; 11) Department of Pathology and Laboratory Medicine, Uni-
versity of Pennsylvania Perelman School of Medicine, Philadelphia, PA,
USA; 12) Cardiovascular Health Research Unit, Department of Medicine,
University of Washington, Seattle, WA, USA; 13) Taub Institute on Alz-
heimer’s Disease and the Aging Brain, Department of Neurology, Colum-
bia University New York, NY, uSA; 14) Gertrude H. Sergievsky Center,
Department of Neurology, Columbia University, New York, NY, USA; 15)
Department of Biostatistics, Boston University School of Public Health,
Boston, MA, USA; 16) Department of Medicine (Biomedical Genetics),
Boston University School of Medicine, Boston, MA, USA; 17) Depart-
ment of Ophthalmology, Boston University School of Medicine, Boston,
MA, USA; 18) Department of Epidemiology, Boston University School of
Public Health, Boston, MA, USA; 19) Department of Neurology, Boston
University School of Medicine, Boston, MA, USA; 20) Institute of Psy-
chological Medicine and Clinical Neurosciences, MRC Centre for Neuro-
psychiatric Genetics & Genomics, Cardiff University, Cardiff, UK; 21) The
Framingham Heart Study, Framingham, MA, USA.

In 2013 the International Genomics of Alzheimer’s Project (IGAP)
published the largest Alzheimer disease (AD) Genome-wide Association
Studies (GWAS) to date. This analysis identified 19 susceptibility loci, in
addition to APOE, for Late-onset Alzheimer disease (LOAD). Following
up these analyses, IGAP conducted a GWAS using updated 1000 ge-
nomes imputation of 38 datasets (including 17 new datasets), increasing
our discovery sample to 21,433 cases and 44,340 controls. All data-
sets were imputed to a 1000 Genomes reference panel (Phase 1 v3,
March 2012) of over 37 million variants, many of which are low-frequen-
cy (MAF<=5%) single nucleotide variants (SNV) and indels. Single-vari-
ant-based association analysis was conducted adjusting for age, sex
and population substructure. Individual datasets were analyzed with the
score test for case-control datasets and general estimating equations
(with generalized linear mixed model for rare variants) for family-based
analyses. Within-study results were meta-analyzed in METAL. Gene-
based testing was conducted on summary statistics using VEGAS.
Pathway analyses were performed with ALIGATOR and PARIS. Twen-
ty-two loci were genome-wide significant at P<5x10-8, including pre-
viously reported rare and low-frequency variants in TREM2 and SORL1
and two novel associations of common intergenic variants between the
genes USP6NL and ECHDC3 at Chr10: 10:11720308 (P=2.91x10°) and
the genes CYYR17 and ADAMTS1 at Chr21: 28,156,856 (P=1.44x10%).
Low-frequency SNVs in the common loci BIN1 (MAF=0.026) and CLU
(MAF=0.029) show suggestive significance (P<5x10-7), while twelve ad-
ditional loci produced signals with suggestive significance, seven driven
by low-frequency or rare variants and five driven by common variants.
Genotyping to confirm imputation quality, and replication genotyping
using the Sequenom MassArray are underway. Gene-based analyses
identified 13 significantly associated genes (Bonferroni P<2.83x10-6),
four of which are novel loci driven by nominally significant low-frequency
variants. Pathway analyses confirmed previously associated enrichment
of immune-related, endocytocytic, and lipid pathways. Using updated
imputation and an increased sample size we identified novel candidate
loci for LOAD, including several low-frequency variant associations.

26

A new locus of genetic resistance to severe malaria is associated
with a locus of ancient balancing selection. G. Band on behalf of the
MalariaGEN consortium. Wellcome Trust Centre for Human Genetics,
Roosevelt Drive, Oxford OX3 7BN UK.

We describe a genome-wide association study of severe malaria sus-
ceptibility using DNA from over 10,000 individuals from across sub-Sa-
haran Africa with replication in a further 15,000. We identify a new lo-
cus of association near the glycophorin gene cluster on chromosome 4,
which encodes red cell surface proteins previously shown to interact with
malaria parasite surface receptors during invasion, and determines the
MNS blood group. A single haplotype at this locus, common in parts of
East Africa, confers 33% protection against severe malaria, and is linked
to variation displaying signatures of ancient balancing selection. We de-
scribe attempts to elucidate the possible causal mutations, including
imputation into an African-enriched reference panel and the refinement
and imputation of large structural variants in the region. This association
brings the number of loci confirmed by GWAS to be associated with
severe malaria to four, all of which are involved in red blood cell function
or morphology, and at least three of which display unambiguous signals
of balancing selection. These analyses bring important new insights into
malaria biology and may have implications for genome-wide association
studies of infectious diseases more generally.

27

Long read single-molecule real-time (SMRT) full gene sequencing
of cytochrome P450 2D6 (CYP2D6). Y. Yang', W. Qiao’, R. Sebra'?, G.
Mendiratta’, A. Gaedigk®*, R. Desnick’, S. Scott’. 1) Department of Ge-
netics and Genomic Sciences, Icahn School of Medicine at Mount Sinai,
New York, NY; 2) Icahn Institute for Genomics and Multiscale Biology,
Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA,;
3) Division of Clinical Pharmacology, Toxicology & Therapeutic Innova-
tion, University of Missouri-Kansas City, Kansas City, MO 64108, USA;
4) School of Medicine, University of Missouri-Kansas City, Kansas City,
MO, USA.

The CYP2D6 enzyme metabolizes ~25% of common medications, yet
homologous pseudogenes and copy number variation make interrogat-
ing the polymorphic CYP2D6 gene with short-read sequencing challeng-
ing. Moreover, accurate prediction of CYP2D6 metabolizer status neces-
sitates direct analysis of the duplicated copy when an increased copy
number is detected, particularly when identified concurrently with normal
activity and loss-of-function alleles in compound heterozygosity. Given
the importance and polymorphic nature of CYP2D6 and the paucity of
available CYP2D6 next-generation sequencing assays, we developed
a novel long-read, full gene CYP2D6 single-molecule real-time (SMRT)
sequencing method using the Pacific Biosciences platform. Long-range
PCR and CYP2D6 SMRT sequencing of 10 previously genotyped posi-
tive control samples identified expected star (*) alleles, but also enabled
suballele resolution, diplotype refinement, and discovery of the novel
CYP2D6*107 allele. Coupled with an optimized variant calling pipeline
and a novel long-read sequencing error correction script, CYP2D6 SMRT
sequencing was highly reproducible as triplicate intra- and inter-run test-
ing resulted in completely concordant non-reference genotype calls. Im-
portantly, gPCR coupled with targeted SMRT sequencing of upstream
and downstream CYP2D6 copies using specific long-range PCR prim-
ers characterized the duplicated gene copy in 15 CYP2D6 copy number
variant controls. The utility of CYP2D6 SMRT sequencing was further
underscored by testing 14 samples with discordant or unclear CYP2D6
configurations from previous targeted genotyping, which resulted in sub-
allele resolution, genotype refinement, duplicated allele characterization,
and discovery of a novel tandem arrangement, CYP2D6*36-*41. Taken
together, these data indicate that long-read CYP2D6 SMRT sequencing
is an innovative, reproducible, and validated method for full gene charac-
terization, duplication-specific analysis and novel allele discovery, which
will likely improve CYP2D6 metabolizer phenotype prediction for both
research and clinical testing applications.
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An NGS-based Carrier Screen for Congenital Adrenal Hyperplasia
with 95% Detection Rate. D. Muzzey, M.R. Theilmann, K.M. D’Auria,
H.H. Lai, C.S. Chu, I.S. Haque, E.A. Evans, H.P. Kang, J.R. Maguire.
Counsyl, South San Francisco, CA.

INTRODUCTION: There are two strong arguments for including con-
genital adrenal hyperplasia (CAH) on expanded carrier screen (ECS) pan-
els: (1) with a carrier rate of 1 in 60, it is one of the ten most common re-
cessive diseases, and (2) screening only ten variants in CYP21A2 affords
a 95% detection rate. However, CAH is absent from most ECS panels—
or at best detected at a rate <20% —because 98% homology between
the coding sequences of CYP21A2 and its pseudogene CYP21A1P
complicates variant identification. Indeed, seven of the ten common vari-
ants are pseudogene-derived; thus, expensive, low-throughput assays
(e.g., long-range PCR + Sanger sequencing) are typically used to assess
CAH carrier status. Here we report the development of an NGS-based
carrier screen for CAH that detects all ten common deleterious variants
in CYP21A2.

METHODS: Hybrid-capture probes were designed to anneal adjacent
to bases that differ between CYP21A2 and CYP21A1P (“diff bases”).
Paired-end NGS of captured fragments allows designation of reads as
being either gene- or pseudogene-derived based on diff bases. CAH
variants were identified using two strategies: SNP-based calling and co-
py-number analysis. SNP-based calling searched for deleterious bases
in a pileup composed of reads with gene-derived diff bases distal from
the position of interest. By contrast, copy-number analysis used read
depth of diff bases to calculate the relative abundance of each variant,
and deleterious variants were identified as those with excess copy num-
ber of pseudogene-derived sequence (and, conversely, depleted copy
number of gene-derived sequence). Long-range PCR and Sanger se-
quencing were used to confirm variants in a validation study.

RESULTS: We have run the validated CAH test on nearly 150,000 clin-
ical samples, with variant frequencies comparable to the literature. Gene
and pseudogene copy number varies greatly: 38% of patients have at
least one haplotype that does not simply have one copy of each. Re-
combination is widespread, with at least 83% having a CYP21A2 hap-
lotype containing pseudogene-derived bases. Finally, the test identifies
compound variants consistent with specific rare haplotypes, e.g., (1)
three copies of CYP21A2 where one has the Q319X mutation, and (2)
CYP21A2 with a V282L mutation in cis with two copies of CYP21A1P,
enriched in Ashkenazi Jewish patients.

CONCLUSIONS: With the appropriate probe design and analysis
suite, CAH can be assessed with high detection rate on NGS-based
ECS panels.
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Supplemental CNV analysis in NGS genepanel data in a diagnostic
setting. J.J. Saris, R. van Minkelen, M.A. van Slegtenhorst, H.T. Briig-
genwirth, L.H. Hoefsloot. Clinical Genetics, Erasmus MC, Rotterdam,
Netherlands.

Standard diagnostic laboratory flows based on PCR and Sanger se-
quencing often include MLPA analysis when available and relevant. Intro-
ducing NGS genepanels in a clinical setting promises a higher diagnostic
yield due to scanning more genes, while reducing costs but is usually de-
signed only for sequence variant detection. Normalized Depth-of-Cover-
age (DOC) calculation using NGS data can indicate exon deletion or dupli-
cation events, i.e. copy number variation (CNV) and might replace MLPA.
Our lab has established a NGS sequencing and reporting flow using the
SegNext software (www.jsi-medisys.de). Recently we validated the effec-
tiveness and usability of a DOC-CNV submodule using data from genes
located on chromosome X. Type and number of reference files (1-on-1 and
n=12), signal-to-noise ratio and detection cut-off were evaluated in Se-
gNext and, separately, in MS Excel via Z-score analysis.Aim: Retrospec-
tive analysis of twelve runs of genepanel experiments (144 samples, main-
ly cardiomyopathy, CM), comparison to validation results and prospective
analysis of future experiments (+6) for CNV on exon-ROlI level and wetlab
confirmation of calls > 2 exons and <5% frequency. Creating an internal
database of frequent occurring CNV events and “noisy” ROI. Results: In
120 samples (10 experiments) DOC based gender determination using
chromosome X located genes, calling was concordant with the recorded
clinical gender. No CNV > 2 exon were detected, except in a region within
TTN, which appears a noise-region due to mapping or capturing artefacts.
Graphical interpretation of single exon CNV did indicate the presence of
intronic polymorphic InDels influencing DOC results on capturing and/or
mapping level of analysis, e.g. 5> ANKRD1-exon4 (MAF +30%).Conclu-
sion: CNV detection using DOC-analysis module in SeqNext promises to
be an extension and replacement of MLPA in diagnostics.Validation, up-
date on current results and lessons learned will be presented.
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The application of the CNVSeq method for whole genome copy
number variant detection. A. Tzika, P. Roberts’, S. Hewitt', C. Watson?,
L. Crinnion?, D. Bonthron?. 1) Cytogenetics Laboratory , St James’s Hos-
pital, Leeds, United Kingdom; 2) Leeds Institute of Molecular Medicine,
St James’s Hospital, Leeds, United Kingdom.

We present a Next Generation Sequencing (NGS) based approach to
detect copy number variation referred to as the CNVSeq methodology.
The CNVSeq method has been incorporated successfully in the diag-
nostic repertoire of the laboratory since January 2014. The Leeds Ge-
netics Department at St James’s Hospital has been the first and so far
the only provider of such a service in the UK. The technique uses the
lllumina HiSeq 2500 Sequencing platform for whole genome copy num-
ber variant detection and relies on custom-designed Python scripts for
copy number variant calling. Since the introduction of this service we
have sequenced over 125 diagnostic samples from difference sources,
i.e. blood, tissue from products of conception, amniotic fluid, saliva. As
a current practice we use CNVSeq for samples that are of too poor/
low quality to be tested by array-CGH. Among this cohort of patients,
we have managed to provide a diagnosis by CNVSeq using precious,
non-repeatable samples such as samples from deceased patients or
tissue samples from miscarriages.The average resolution we achieve
per patient is 40Kb and the analytical sensitivity for imbalances >40Kb
has been estimated to be 98%. Due to the nature of the test a uniform
and not targeted resolution across the genome is obtained. To deliver
this resolution 20-25 million reads are required and this is achieved by
running 10 samples in the multiplex with 100 cycles of single read se-
quencing. Higher resolution can be achieved by sequencing the libraries
at higher coverage with relatively minimal cost implications.In summary
the key drivers for implementation of this technique have been to utilise
the laboratory’s NGS facilities in order to improve success rates on low
volume/poor quality DNA samples, and to assess the potential benefit of
a more digital approach to evaluating DNA dosage changes. We believe
that our method is cost effective, reliable and accurate and that it poten-
tially overcomes the technical challenges of calling dosage changes by
whole exome sequencing. Our experience with the technique so far has
provided a wide variety of example cases that highlight the benefits of
using an NGS based method for copy number variant detection.
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Detection of relevant pharmacogenomic variants and CYP2D6 copy
number using a highly multiplexed next generation sequencing
assay. F.C.L. Hyland’, M. Manivannan’, S.C. Chen', T. Chen?, T. Harts-
horne’, M. Anderson?, G. Liu'. 1) Thermo Fisher Scientific, South San
Francisco, CA; 2) Thermo Fisher Scientific, Carlsbad, CA.
PurposeCytochrome P450 enzymes metabolize about 75% of drugs,
with UGT enzymes metabolizing about another 15%. Variations in gene
sequence or in copy number may result in an inactive, defective, un-
stable, mis-spliced, low expressed, or absent enzyme, an increase in
enzyme activity, or an altered affinity for substrates. Pharmacogenomic
genes may predict whether an individual is a poor or rapid metabolizer,
facilitating dose optimization. Failure to adjust dosage of drugs metabo-
lized by the relevant enzyme can lead to adverse drug reaction, or con-
versely to too rapid drug metabolism and no drug response. Materials
and MethodsWe designed a highly multiplexed pharmacogenomics
(PGx) research panel to profile a set of known 137 markers and CY-
P2D6 copy number variation in a single amplification reaction using lon
Torrent semiconductor sequencing. The panel also includes specially
designed sample ID primer pairs for sample discrimination and gender
determination. High quality sequencing libraries were produced from as
little as 10 ng of input DNA from archived buccal swab and cell lines.
Results and ConclusionsTechnical verification of the lon AmpliSeq
pharmacogenomics research panel was established by sequencing 91
well characterized and annotated cell lines from Coriell. Following opti-
mization on cell lines, we sequenced hundreds of buccal swab samples
from 5 different labs, using both manual and highly automated protocols.
We multiplexed between 8 and 96 samples per chip. We were able to
achieve high uniformity of sequencing depth of the targets. To measure
genotyping accuracy, we compared the AmpliSeq panel genotypes to
annotated genotypes of the samples, and to genotypes generated from
TagMan OpenArray PGx assays. The study showed genotype concor-
dance >99.8%; genotype reproducibility > 99.8%, and no-call genotype
rate < 0.2%. We measured the accuracy of the CYP2D6 gene copy num-
ber calls. Externally annotated copy number and PCR copy number were
compared with our calls. The accuracy of the gene-level copy number
calls was > 98%, with a no-call rate below 2%. The research panel facil-
itates accurate genotyping and copy number determination of key phar-
macogenomic variants. This method is customizable and custom panels
containing additional pharmacogenomics markers may be designed so
that additional markers can be profiled in the same multiplex reaction.
For Research Use Only. Not for use in diagnostic procedures..
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Next-generation sequencing-based genetic testing of autosomal
dominant polycystic kidney disease. P.C. Wu’, Y.H Yang? T.W. Kao?,
J.W. Huang® T.S. Chu®, P.L. Chen?455. 1) Graduate Institute of Molec-
ular Medicine, College of Medicine, National Taiwan University, Taipei,
Taiwan; 2) Department of Medical Genetics, National Taiwan Univer-
sity Hospital, Taipei, Taiwan; 3) Division of Nephrology, Department of
Internal Medicine, National Taiwan University Hospital, Taipei, Taiwan;
4) Graduate Institute of Medical Genomics and Proteomics, College of
Medicine, National Taiwan University, Taipei, Taiwan; 5) Graduate Insti-
tute of Clinical Medicine, College of Medicine, National Taiwan University,
Taipei, Taiwan; 6) Division of Endocrinology and Metabolism, Department
of Internal Medicine, National Taiwan University Hospital, Taipei, Taiwan.
Autosomal dominant polycystic kidney disease (ADPKD) is the most
common inherited kidney disorder affecting 1 in 400 to 1 in 1000 live birth
worldwide. The disease is late onset and often diagnosed through renal
imaging of cysts formation in the kidney in the mid to late adulthood. Ap-
proximately 50% of the patients develops end-stage renal disease and
eventually require dialysis or renal transplantation. Molecular diagnosis
can be a great help to assess potential related donor and also identify at
risk family members at young. The only two known causative genes of AD-
PKD are PKD1 (16p13.3) and PKD2 (4g21). One major obstacle for genetic
diagnosis of ADPKD is that PKD1 has six pseudogenes located on the
same chromosome that shares 97% sequence identity. Long-range PCR
(LRPCR) has been used to deal with the pseudogene issue with only par-
tial success. Another major obstacle is the large number of exons (46 and
15 exons for PKD1 and PKD2, respectively), which makes the traditional
Sanger sequencing-based method quite expensive and labor intensive.
We consider next-generation sequencing (NGS) to be an appropriate solu-
tion thanks to its high throughput, low cost and single-strand sequenc-
ing. In this study, we incorporated a capture-based targeted enrichment
method coupled with supplementary LRPCR of PKD71 and PKD2 genes.
The samples were then sequenced with lllumina Miseq. Bioinformatics
pipeline includes BWA, SAMtools, Picard, GATK and ANNOVAR. All vari-
ants were then checked with PKD Database (http://pkdb.mayo.edu) for
its significance. Novel variants were assessed with SIFT and PolyPhen2
for pathogenicity. All possible pathogenic variants were confirmed by
Sanger sequencing. Among the 50 families tested, we found 23 probands
with definitely pathogenic variants (46%) due to premature stop codon
(n=18), frameshift indel (n=3) or splicing site variant (n=2). Five probands
with likely or highly likely pathogenic variants (10%) listed on PKDB. Not-
ed that three probands with definitely pathogenic variants also carries a
likely pathogenic variant. A founder effect was observed in 11 probands
with the same definitely pathogenic mutation (PKD2 ¢.2407C>T, p.R803X,
NM_000297). Our method provides a reliable, sensitive, fast and inexpen-
sive genetic diagnostic platform for ADPKD. .
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A method for detecting intragenic copy number changes of BRCA1
and BRCAZ2 using next-generation sequencing data. P.J.B. Sabatini,
K. Chun. North York General Hospital, Toronto, ON, Canada.
Comparing the number of next-generation sequencing fragments can
detect copy number changes, although the accuracy of this analysis is
not well reported. Using a large set of normal controls and positive sam-
ples we have developed a screening algorithm to detect copy number
changes as low as 150 bp in the BRCAT1 and BRCAZ2 genes. The Tru-
Sight cancer panel was used to capture the BRCAT and BRCA2 coding
regions and then sequenced with the NextSeq 500 instrument (lllumi-
na, CA). NextGene analytical software (SoftGenetics) was used for the
alignment, variant calling and the copy number analysis. The reads per
kilobase per million mapped reads (RPKM) counting method and a Hid-
den Markov model was used to detect both duplications and deletions.
A tiled bed file of 100 bp fragments overlapping by 50 bp across the
coding regions of the BRCA1 and BRCA2 genes was set for the RPKM
analysis. A total of 98 normal, 4 deletions and 6 duplications were an-
alyzed. To limit false positives, a dispersion value of 0.003 for deletions
and 0.005 for duplications were used. With these values, all deletions
and duplications were detected with a false positive rate of 13%. We are
now in the process of prospectively analyzing up to 700 clinical samples
using these parameters to detect copy number changes. These results
describe a screening method to detect CNVs within the BRCAT and
BRCAZ2 genes with 100% sensitivity.
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DNA Combing as a First-Tier Genetic Testing for Facioscapulohu-
meral Dystrophy Type 1: A Cohort of 155 Patients. J. Wang, F.Z. Bo-
yar, X.J. Yang, B.H. Nguyen, V. Sulcova, P. Chan, Y. Liu, A. Anguiano,
C.M. Strom. Cytogenetics Laboratory, Nichols Institute, Quest Diagnos-
tics, San Juan Capistrano, CA.

Facioscapulohumeral dystrophy (FSHD) is the third most common
muscular dystrophy. Type-1 FSHD is due to a contraction of the D4Z4
macrosatellite repeat motif on the 4gA allele. Shortening of the 4gB,
10gA, or 10gB allele is not associated with FSHD. The southern blot
(SB) assay for FSHD has limitations for detecting mosaicism, borderline
contractions, and rearrangements. DNA combing analysis hybridizes
multi-color DNA probes onto uniformly stretched DNA fiber and accu-
rately identifies the 4gA and other alleles. Direct visualization of the DNA
fibers provides information on non-permissive 4gB, 10gA, and 10gB
alleles, which is not available by SB; it also allows detection of mosa-
icism, sub-classification of cases by the contraction size, and detection
of complex rearrangements. Here, we report our experience using DNA
combing as a genetic test for type-1 FSHD. In this cohort of 155 pa-
tients, 147 (95%) had enough DNA fibers for analysis (including 2 cases
with mosaicism). The average number of DNA fibers obtained for each
patient was 54 (~13 for each allele). A total of 62 cases (positive rate =
42%) had either abnormal (51 cases, <8 repeats at 4gA) or borderline
results (11 cases, 9 to 11 repeats). Our analysis also revealed a possible
association between the number of repeats and age at referral. For ab-
normal cases with 2 to 4 repeats at 4gA, the average age was 29 years
old when referred to us for analysis. In contrast, for cases with 5 to 8 re-
peats at 4gA, the average age was 53 years of age (p < 0.0001, Student’s
t-Test). Among the 85 cases with normal results, 35 (41%) had either a
contracted 4qgB (7 cases) or shortened 10gA allele (28 cases). Based on
the results of this cohort, we recommend that DNA combing be offered
as first-tier genetic testing for FSHD because of its ability to identify the
repeat number of the 4gA allele and detect type-1 FSHD rearrangements
and mosaicism. Furthermore, the precise measurement of the D424 re-
peat motif by DNA combing may help correlate the size of the contracted
49A allele with the timing of type-1 FSHD onset.
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Pitfalls in development of statistical methods for rare variant associ-
ation studies. GT. Wang'?, D. Zhang’, Z. He', D. Hang', B. Li’, SM. Leal'.
1) Center for Statistical Genetics, Department of Human and Molecular
Genetics, Baylor College of Medicine, Houston, TX; 2) Department of
Human Genetics, The University of Chicago, Chicago, IL.

Statistical analyses for rare variant association are typically conducted
by grouping all rare variants in given genomic region, usually a gene,
into a unit and test for difference in features of the unit between individ-
uals. Such group-based strategy increase statistical power compared
to analyzing individual rare variants. To date, numerous variations on
group-based rare variant association methods have been published.
Rigorous assessment of these methods in terms of type | and type Il
errors on high quality empirical benchmark and real world data is crucial
before implementation in practice; ignorance of this point in many meth-
od papers have resulted in biased conclusions. Here we caution that
development of rare variant association methods is subject to several
potential pitfalls, including misuse of empirical genotype data source for
power analysis, underrepresentation of genetic architecture in simulation
models at whole genome level, and inappropriate modelling of protective
variants. We demonstrate that sample size estimation for rare variant
association study designs can differ drastically due to difference in rare
variant minor allele frequency (MAF) spectrum resulted from simulations
of genomic sequences under various demographic models and from re-
sampling of real world sequence data, and the use of MAF from exome
variant databases for genotype simulation is flawed. We show that rela-
tive power profile of association methods is heavily influenced by genetic
context assessed other than merely phenotypic models, a crucial point
underappreciated in most method papers. We also demonstrate that the
impact of protective variants, if properly modelled, is minor compare to
the impact of deleterious variants and thus burden tests should be pre-
ferred over variant component tests in practice. Our results highlights
the importance to perform sample size estimation and evaluation of rare
variant methods only using simulated data with sufficiently large samples
whose properties are validated to ensure a close resemblance of real
world data, and such analysis should be performed and truthfully report-
ed at whole genome scale rather than genomic regions of choice. Our
experiments have produced simulated sequence data freely available to
public which will facilitate future study design and method development
for rare variant association studies.
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Ignoring pleiotropy bias in Mendelian randomization with polygene
scores can easily lead to incorrect inferences about causality. C. M.
Astley™ 23, M. Kals*®, T. Esko*?, J.N. Hirshhorn'23, K. Fischer’. 1) Boston
Children’s Hospital, Boston, MA; 2) Broad Institute, Cambridge, MD; 3)
Harvard Medical School, Boston, MA; 4) Estonian Genome Center, Uni-
versity of Tartu, Estonia; 5) Institute of Mathematical Statistics, University
of Tartu, Estonia.

Establishing the causes of disease is essential for designing effective
therapies. Mendelian randomization is a popular analytical tool to esti-
mate causal effects, even in the presence of unmeasured confounding
that can preclude causal inferences. In Mendelian randomization, ge-
netic variants are used as instruments to assess whether an observed
exposure (e.g. LDL-cholesterol) causes an outcome (e.g. myocardial in-
farction). The validity rests on key assumptions: the genetic variant must
be a strong instrument, explaining an appreciable fraction of the variance
in the exposure, and must not have pleiotropic effects on the outcome
independent of the exposure. Violating the first assumption, by using
weak variant as an instrument, can lead to inflated effect estimates. Nov-
el methods for combining multiple weak alleles into a stronger polygenic
instrument may circumvent weak instrument bias, but may also increase
the chance of introducing pleiotropy bias if alleles have pleiotropic ef-
fects. As genome wide association studies enable stronger polygenic
instruments by combining numerous alleles, many with unknown bio-
logical function, quantifying pleiotropy bias becomes crucial. To quantify
the scope of the problem, we built a robust simulation model to examine
the parameter space in which pleiotropy bias is substantial for polygenic
allele score-based Mendelian randomization. The data-generating model
included two polygenic traits (exposure and outcome) confounded by
an unmeasured variable. We adjusted the proportion of pleiotropic al-
leles, the relative magnitude of an allele’s effect on one trait compared
to another, as well as other biologically relevant parameters. We found
that pleiotropy bias can severely inflate effect estimates, even when the
proportion of pleiotropic alleles is low (e.g. 10%), when the relative mag-
nitude of pleiotropy is low (e.g. 1%), or when there is no true causal effect
of the exposure on the outcome. We show analytically that pleiotropy
bias is the ratio of instrument-outcome and instrument-exposure causal
effects. Realistic biological scenarios demonstrate that pleiotropy bias is
likely to be in the same direction as the confounded crude association
measure, further obscuring interpretation of Mendelian randomization
results. We present methods that attempt to distinguish pleiotropic from
suitable instruments or that attempt to correct for pleiotropy bias, but
these methods require additional assumptions about the underlying bi-

ology.
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Mendelian randomization provides evidence for a causal effect of
low vitamin D on multiple sclerosis risk: Results from the Kaiser
Permanente MS Research Program. B. Rhead’, M. Gianfrancesco’,
A. Mok', X. Shao’, H. Quach’, L. Shen? A. Bernstein®, C. Schaefer®4,
L.F. Barcellos'2. 1) Genetic Epidemiology and Genomics Laboratory, UC
Berkeley, Berkeley, CA; 2) Kaiser Permanente Division of Research, Oak-
land, CA; 3) Palm Drive Hospital, Sebastopol, CA; 4) Research Program
on Genes, Environment and Health, Kaiser Permanente, Oakland, CA.
Low serum levels of 25-hydroxyvitamin D (25[0OH]D) are associat-
ed with a higher risk of multiple sclerosis (MS [MIM 126200]) and with
greater MS activity and disease progression. However, a causal rela-
tionship between 25[0OH]D and MS has not been firmly established: it
is unclear whether low 25[OH]D levels are a cause or a conseguence
of MS. We conducted a Mendelian randomization analysis using three
single nucleotide polymorphisms (SNPs) found to be associated with
serum 25[OH]D level in a genome-wide association study (Ahn et al.,
2010) to estimate the causal effect of low 25[OH]D on MS susceptibility
in White, non-Hispanic members of Kaiser Permanente Northern Califor-
nia (1,200 MS cases, 10,000 controls). Participants were genotyped on
Affymetrix or lllumina arrays, and additional variants were imputed using
IMPUTE2 and the 1000 Genomes reference panel. We constructed the
instrumental variable (IV) by computing a weighted genetic risk score
for low 25[OH]D level using the estimated effect of the three published
risk variants: rs2282679-C, in an intron of GC; rs2060793-G, upstream
of CYP2R1; and rs3829251-A, in an intron of NADSYN1. We analyzed
the effect of the IV on MS susceptibility in a logistic regression mod-
el that controlled for sex, year of birth, smoking, education, ancestry,
self-reported body mass index at age 18-20, a weighted genetic risk
score for 110 known MS-associated variants, and the presence of one or
more HLA-DRB1*15:01 alleles, the strongest genetic risk factor for MS.
Results showed that a higher 25[0OH]D genetic risk score is associated
with an increased risk of MS, with a causal odds ratio of 1.29 (p=0.02,
95% Cl: 1.04-1.61). A stronger effect was observed when analysis was
restricted to those who did not carry an HLA-DRB1*15:01 allele, with a
causal odds ratio of 1.49 (p=0.01, 95% CI: 1.09-2.03). This multivariable
analysis provides evidence that low serum 25[OH]D concentrations are
a cause, rather than a result, of MS, independent of established risk fac-
tors. Furthermore, these odds ratios provide unconfounded estimates of
the causal effect of low serum 25[OH]D on MS susceptibility.
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Contrasting regional architectures of schizophrenia and other com-
plex diseases using fast variance components analysis. P. Loh’?,
G. Bhatia'?, A. Gusev'? H.K. Finucane®, B.K. Bulik-Sullivan®*, S.d.
Pollack’2?®%, T.R. de Candia®, S.H. Lee’, N.R. Wray’, K.S. Kendler®, M.C.
O’Donovan®, B.M. Neale??, N. Patterson? A.L. Price’?% Schizophrenia
Working Group of the Psychiatric Genomics Consortium. 1) Department
of Epidemiology, Harvard T.H. Chan School of Public Health, Boston,
MA; 2) Program in Medical and Population Genetics, Broad Institute
of Harvard and MIT, Cambridge, MA; 3) Department of Mathematics,
Massachusetts Institute of Technology, Cambridge, MA; 4) Analytic and
Translational Genetics Unit, Massachusetts General Hospital, Boston,
MA; 5) Department of Biostatistics, Harvard T.H. Chan School of Public
Health, Boston, MA; 6) Department of Psychology and Neuroscience,
University of Colorado Boulder, Boulder, CO; 7) The Queensland Brain
Institute, University of Queensland, Brisbane, Queensland, Australia;
8) Department of Psychiatry and Human Genetics, Virginia Institute of
Psychiatric and Behavioral Genetics, Virginia Commonwealth University,
Richmond, VA; 9) MRC Centre for Neuropsychiatric Genetics and Ge-
nomics, Institute of Psychological Medicine and Clinical Neurosciences,
Cardiff University, Cardiff, UK.

Heritability analyses of GWAS cohorts have yielded important insights
into complex disease architecture, and increasing sample sizes hold the
promise of further discoveries. Here, we analyze the genetic architec-
ture of schizophrenia in 49,806 samples from the Psychiatric Genom-
ics Consortium, and nine complex diseases in 54,734 samples from the
GERA cohort. For schizophrenia, we infer an overwhelmingly polygenic
disease architecture in which 271% of 1Mb genomic regions harbor at
least one variant influencing schizophrenia risk. We also observe signifi-
cant enrichment of heritability in GC-rich regions and in higher-frequency
SNPs for both schizophrenia and GERA diseases. In bivariate analyses,
we observe significant genetic correlations (ranging from 0.18 to 0.85)
among several pairs of GERA diseases; genetic correlations were on
average 1.3x stronger than correlations of overall disease liabilities. To
accomplish these analyses, we developed a fast algorithm, BOLT-REML,
for multi-component, multi-trait variance components analysis that over-
comes prior computational barriers that made such analyses intracta-
ble at this scale. The overall framework of the BOLT-REML algorithm is
Monte Carlo Al REML, a Newton-type iterative optimization of the (re-
stricted) log likelihood with respect to the variance parameters sought.
BOLT-REML begins a multi-variance component analysis by computing
an initial estimate of each parameter using the single variance compo-
nent estimation procedure of BOLT-LMM (Loh et al. 2015 Nat Genet),
which is the only analysis possible with BOLT-LMM. Then, in each it-
eration, BOLT-REML rapidly approximates the gradient of the log like-
lihood using pseudorandom Monte Carlo sampling and the Hessian of
the log likelihood using the average information matrix. The approximate
gradient and Hessian produce a local quadratic model of the likelihood
surface, which we optimize within an adaptive trust region radius—key
to achieving robust convergence—to update the variance parameter
estimates. These procedures allow BOLT-REML to consistently achieve
convergence in =O(MN1.5) time; in contrast, existing multi-component
REML algorithms are less robust and/or require O(MN2+N3) time (e.g.,
GCTA). For example, a six-variance component analysis of N=50K GERA
samples typed at M=600K SNPs that would have required =150 CPU
hours and =200 GB RAM using GCTA required only 16 CPU hours and 7
GB RAM using BOLT-REML.
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Multivariate analysis of whole exome sequence data identifies rare
variants with pleiotropic effects on obesity-related metabolic traits
in 31,000 participants of the Regeneron Genetics Center - Geising-
er MyCode collaborative project — DiscovEHR. S. Mukherjee’, C.
O’Dushlaine’, C.V. Hout', S. Bruse', J.B. Leader?, D.N. Hartzel?, J. Sta-
ples’, S. Hamon', J. Overton’, J.G. Reid', A. Baras', D.J. Carey? H.L.
Kirchner?, M.D. Ritchie? S.A Pendergrass?, M. Murray? D.H. Ledbetter?,
O. Gottesman’, F. Dewey’, A.R Shuldiner’. 1) Regeneron Genetics Cen-
ter, Regeneron Pharmaceuticals, Inc., Tarrytown, NY; 2) Geisinger Health
System, Danville, PA.

Identification of genes linking clinical phenotypes that occur together
in pathophysiological states has great potential to unveil novel mech-
anistic insights into human disease. However, systematic detection of
these genes is challenging. To identify genes exerting pleiotropic effects
on obesity-related metabolic traits, we implemented a unified framework
for multivariate test statistics using whole exome sequence data from
31,000 participants in the Regeneron Genetics Center (RGC) — Geisinger
MyCode collaborative project — DiscovEHR. We used canonical correla-
tion analysis, a multivariate generalization of the Pearson product-mo-
ment correlation, to jointly measure the association between genotypes
and metabolic traits. The seven traits used in joint testing, extracted from
the electronic health record(EHR), were median lifetime low-density lipo-
protein (LDL), high-density lipoprotein (HDL), triglyceride (TRIG), body
mass index, fasting glucose, systolic blood pressure (SBP) and diastol-
ic blood pressure. Whole exome sequencing (lllumina HiSeq) was per-
formed at the RGC; correlations among ~350,000 exonic variants pass-
ing QC and all seven traits were computed in plink multivariate package
(MQFAM). A total of 45 exonic variants showing evidence of pleioropic
effects reached exome-wide significance (P < 1.4E-7) in joint testing of
the seven traits. Top signal at TOMMA40 (P=1.92E-54) showed opposite
effects for LDL and TRIG. PCSK9 (rs11591147, P=1.96E-14) was associ-
ated with LDL and SBP in opposite directions. Twenty-five other variants
within CETP, MLXIPL, GCKR, APOB, APOE, FADS1, BCAM, TM6SF2,
LPL showed pleiotropic effects linking glycemic and lipid traits. An ad-
ditional trivariate analysis focused on lipid traits only was performed,
and 86 exonic variants reached exome-wide significance, 23 of which
demonstrated pleiotropic effect for all three lipid traits with reversed al-
lelic effect in HDL and TRIG. We also found improved statistical pow-
er in the detection of rare variants in APOE (rs5742904, P=2.954E-18,
MAF=0.06%), ANGPTL3 (chr1: 63063592, P=8.54E-08, MAF=0.1%)
and APOC3 (rs138326449, P= 1.399E-46, MAF=2% and rs76353203,
P=1.14E-12, MAF=0.06%). Overall, we demonstrated that the multivari-
ate approach provides additional information for the identification of key
variants with pleiotropic effects and pathways that drive the correlated
architecture of phenotypes comprising metabolic syndrome, with poten-
tial insights into points of intervention.
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Quantifying penetrance in a dominant disease gene using large
population control cohorts. E.V. Minikel"?%4, S.M. Vallabh™?#, M. Lek?3,
K.O. Estrada®®, K.E. Samocha?®*4, J.F. Sathirapongsasuti®, C.Y. McLean®,
J.Y. Tung®, L.R.C. Yu®, M.J. Daly?, D.G. MacArthur?3, Exome Aggrega-
tion Consortium. 1) Prion Alliance, Cambridge, MA 02139, United States;
2) Program in Medical and Population Genetics, Broad Institute, Cam-
bridge, MA 02142, United States; 3) Analytical and Translational Genet-
ics Unit, Massachusetts General Hospital, Boston, MA 02114, United
States; 4) Program in Biological and Biomedical Sciences, Harvard Med-
ical School, Boston, MA 02115, United States; 5) Research, 23andMe
Inc., Mountain View, CA 94041, United States.

More than 100,000 genetic variants are reported to cause Mendelian
disease in humans, but the penetrance - the probability that a carrier of
the purported disease-causing genotype will indeed develop the disease
- of the vast majority of these variants is unknown. The development
of large-scale genotyping and sequencing methods has recently made
it tractable to perform unbiased assessments of penetrance in popu-
lation controls. In several instances such studies have suggested that
previously reported Mendelian variants, as a class, are substantially less
penetrant than had been believed. To date, however, all of these studies
have been limited to fairly prevalent (>0.1%) diseases, and point esti-
mates of the penetrance of individual variants have been limited to large
copy number variations. Here, we examine the penetrance of variants
previously reported as pathogenic in a dominant, monogenic disease
gene, the prion protein gene (PRNP). By analyzing 16,025 prion dis-
ease cases, 60,706 population control exomes, and 531,575 individuals
genotyped by 23andMe, Inc., we show that missense variants in PRNP
previously reported to be pathogenic are ~100x more common in the
population than expected based on genetic prion disease prevalence.
Some of this excess can be attributed to at least three likely complete-
ly benign variants falsely assigned as pathogenic. However, we show
that other variants have genuine effects on disease susceptibility, con-
ferring lifetime risks ranging from <0.1% to ~100%. We also show that
truncating variants in PRNP have position-dependent effects, with true
loss-of-function alleles found in healthy older individuals, supporting the
safety of therapeutic suppression of prion protein expression. Our re-
sults provide the first quantitative estimates of lifetime risk for hundreds
of asymptomatic individuals who have inherited incompletely penetrant
PRNP variants, and demonstrate the value of large reference datasets
of human genetic variation for informing both genetic counseling and
therapeutic strategy.
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Evaluation of the regional variability of missense constraint in 60,000
exomes. K.E. Samocha'?3, M. Lek’?, D.G. MacArthur'?, B.M. Neale'?,
M.J. Daly23, Exome Aggregation Consortium. 1) Massachusetts General
Hospital, Boston, MA; 2) Broad Institute of Harvard and MIT, Cambridge,
MA; 3) Harvard Medical School, Boston, MA.

Just as the resolution of sequence conservation improves when using
100 mammalian species instead of 5, exploring variation within tens of
thousands of individuals, instead of hundreds, improves our ability to de-
tect genetic sequences intolerant of mutations. We have previously used
exome sequences from a large reference population to identify genes
that are significantly depleted for missense and/or loss-of-function vari-
ation, indicating selective constraint against those types of mutations.
While loss-of-function variation is usually considered to be a property of
the gene, it has been well established that missense variants can have
dramatically different effects depending on their locations in the gene.
We therefore expect that, for a subset of genes, only regions of them
will be truly missense constrained. We searched for these patterns of
missense intolerance within genes by leveraging the genetic variation
data from the 60,706 individuals in the Exome Aggregation Consortium
(ExAC).In order to identify the regions of genes that show significant mis-
sense constraint, we extracted the rare (minor allele frequency < 0.001)
missense variants from ExAC. The expected number of such variants
was determined by using a sequence-context based model of muta-
tion (Samocha et al 2014). We then employed a likelihood ratio test that
used the number of observed and expected variants per exon to search
for evidence of varying levels of missense tolerance between regions
of a gene. Of the 5,760 genes with overall missense depletion (x? > 10),
roughly a quarter of them (n=1,597) show regional variability in missense
constraint.To explore the functional relevance of the regions with the
most severe missense constraint, we overlaid de novo missense variants
from autism cases (n=3,982) as well as those from controls (n=2,078).
Autism exome studies have shown only a modest excess (~1.14) of
de novo missense variants; we find that the regions of genes under
the greatest constraint have an OR of 3, while those regions under no
constraint show no difference between case and control de novo rates.
We evaluated additional de novo and disease-associated variants sets
to confirm the importance of these missense-constrained regions. The
identification of these intolerant regions of genes, in conjunction with
variant and amino acid level annotation, will be critical in the interpreta-
tion of variants found within a human exome.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.



20 ASHG 2015 Abstracts

42

MARV: A novel method and software tool for genome-wide
multi-phenotype analysis of rare variants. M. Kaakinen’, R. Mé&gi, K.
Fischer?, M-R. Jarvelin®4, AP. Morris®, I. Prokopenko’. 1) Department of
Genomics of Common Disease, Imperial College London, London, Unit-
ed Kingdom; 2) Estonian Genome Center, University of Tartu, Tartu, Esto-
nia; 3) Department of Epidemiology and Biostatistics, MRC-PHE Centre
for Environment and Health, Imperial College London, London, United
Kingdom; 4) Institute of Health Sciences and Biocenter Oulu, University
of Oulu, Oulu, Finland; 5) Department of Biostatistics, University of Liver-
pool, Liverpool, United Kingdom.

Recently, genome-wide association studies (GWAS) have been ex-
panded to analysis of low-frequency and rare variants (MAF<5%, both
denoted by RVs). Power for variant detection could also be increased by
jointly analysing multiple correlated phenotypes. We have developed a
method and software for genome-wide Multi-phenotype Analysis of RVs
(MARYV), combining features from both RV burden tests and multi-phe-
notype analyses. Specifically, the proportion of rare variants at which
an individual carries minor alleles within a gene region is modelled on
linear combinations of phenotypes in a regression framework. MARV
also implements model selection via the Bayesian Information Criteri-
on (BIC). Our preliminary simulation studies on 1,000 individuals with
10,000 replicates and two continuous phenotypes with a correlation
ranging between -0.9 and 0.9 show good control of type | error rate.
Power is increased when the genetic effect is in the opposite direction
than the correlation between the phenotypes. We have applied MARV
also on empirical data with three correlated phenotypes: fasting insu-
lin (FI), triglycerides (TG) and waist-to-hip ratio (WHR), using data from
4,788 individuals from the Northern Finland Birth Cohort 1966. Individ-
uals were genotyped on the lllumina370CNV array and imputed to the
1,000 Genomes Project all ancestries reference panel (March 2012). Fl/
TG/WHR were adjusted for sex, body mass index and three principal
components to control for population structure, and the resulting resid-
uals were used in the analysis. The following transformations were ap-
plied: natural logarithm for FI and inverse normal for the residuals of TG
and WHR. We identified RV associations, at genome-wide significance
(P<1.7x10°%, Bonferroni correction for 30,000 genes) in APOA5, which is
known to harbour both common and rare variants for TG and other lipids,
and in ZNF259, which maps to a common variant GWAS locus for TG,
several other lipids and coronary heart disease. For APOA5 the model
with TG only had the best fit (P ,=2.2x107), whereas for ZNF259, the
model with TG and FI provided the best fit (P =3.1x10), and stronger
associations than in univariate analyses (P,,=6.7x10%; P_=0.13). Using
MARYV, we demonstrate its ability to identify RV multi-phenotype asso-
ciations with greater statistical significance than in univariate analyses,
and for the first time show a role of ZNF259 RVs in T2D/CHD-related trait
variability, suggesting shared pathophysiology.
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Association of copy number variations with decreased cognitive
phenotypes and fitness in unselected populations. A. Reymond’, R.
Magi?, A. Mace3*, B. Cole®, A. Guyatts, H. Shihab®’, A. Maillarcd® H. Ala-
vere?, A. Kolk?%, A. Reigo?, E. Mihailov?, L. Leitsalu®°, A.M. Ferreira’*, M.
Niukas?®, A. Teumer®, E. Salvi'’, D. Cusi’"'?, M. McGue™, W.G. lacono,
T.R. Gaunts’, J.S. Beckmann®, S. Jacquemont®, Z. Kutalik®*'#, N. Pank-
ratz, N. Timpson®’, A. Metspalu?®, K. Mannik’2. 1) Ctr Integrative Ge-
nomics, Univ Lausanne, Lausanne, Switzerland; 2) Estonian Genome
Center, University of Tartu, Tartu, Estonia; 3) Department of Medical
Genetics, University of Lausanne, Lausanne, Switzerland; 4) Swiss In-
stitute of Bioinformatics, Lausanne, Switzerland; 5) University of Minne-
sota Medical School, Department of Laboratory Medicine & Pathology,
Minneapolis, MN, USA; 6) Bristol Genetic Epidemiology Laboratories,
School of Social and Community Medicine, University of Bristol, Bristol,
United Kingdom; 7) MRC Integrative Epidemiology Unit, School of Social
and Community Medicine, University of Bristol, Bristol, United Kingdom;
8) Department of Neurology and Neurorehabilitation, Children’s Clinic,
Tartu University Hospital, Tartu, Estonia; 9) Institute of Molecular and Cell
Biology, University of Tartu, Tartu, Estonia; 10) Institute for Communi-
ty Medicine, University Medicine Greifswald, Greifswald, Germany; 11)
Deparment of Health Sciences, University of Milan, Italy; 12) Institute of
Biomedical Technologies, ltalian National Research Council, Milan, Ita-
ly; 13) University of Minnesota Department of Psychology, Minneapolis,
MN, USA; 14) Institute of Social and Preventive Medicine, Lausanne Uni-
versity Hospital, Switzerland.

The association of rare copy number variants (CNVs) with complex
disorders was almost exclusively evaluated using clinically ascertained
cohorts, thus the contribution of these variants to complex pheno-
types in the general population remains unclear. We assessed the ge-
nome-wide burden of rare autosomal and X-linked CNVs on carriers’
cognitive traits and fertility in the general population, as well as inves-
tigated clinical features of adults carrying a CNV, either syndromic or
polymorphic, in genome intervals associated with known genomic dis-
orders.For CNV analysis and genotype-phenotype associations with
education and disease traits, we used a random sample of 12,000 indi-
viduals from the population biobank of Estonia (EGCUT). We identified
altogether 3378 CNV calls in the intervals of DECIPHER-listed genomic
disorders. Among these are 56 carriers of autosomal and 12 of X-linked
syndromic CNVs. Their phenotypes are reminiscent of those described
for carriers of identical rearrangements ascertained in clinical cohorts,
thus our results challenge the assumption that carriers of known syn-
dromic CNVs identified in population cohorts are asymptomatic.We
also generated a genome-wide map of rare (frequency <0.05%) CNVs
and identified 10.5% of the screened general population as carriers of
CNVs >250kb. Carriers of deletions >250kb or duplications >1Mb show,
compared to the Estonian population, a greater prevalence of intellectual
disability (P=0.0015, OR=3.16; P=0.0083, OR=3.67, respectively), re-
duced mean education attainment (a proxy for intelligence; P=1.06e-04;
P=5.024e-05, respectively), an increased fraction of individuals not grad-
uating from secondary school (P=0.005, OR=1.48; P=0.0016, OR=1.89,
respectively) and a decreased number of offsprings of females. These
deletions show evidence of enrichment for genes with a role in neuro-
genesis, development, cognition, learning, memory, behavior and fertil-
ization. Evidence for an association between rare CNVs and decreased
educational attainment was confirmed by analyses in adult cohorts of
Italian (HYPERGENES) and European American (Minnesota Center for
Twin and Family Research) individuals, as well as in adolescents from
the Avon Longitudinal Study of Parents and Children birth cohort.These
results indicate that individually rare but collectively common intermedi-
ate-size CNVs contribute to the variance in educational attainment and
other complex traits such as fitness.
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The role of transcription in mammalian cell copy nhumber variant for-
mation. S. Park’, M.F. Arlt', S. Rajendran’, M.T. Paulsen®, R. Beroukh-
im3#8, M. Ljungman?, T.E. Wilson"s, TW. Glover"®. 1) Human Genetics,
University of Michigan, Ann Arbor, MI; 2) Radiation Oncology and Trans-
lational Oncology, University of Michigan, Ann Arbor, Ml; 3) Cancer Bi-
ology, Dana-Farber Cancer Institute, Boston, MA; 4) Medical Oncology,
Dana-Farber Cancer Institute, Boston, MA; 5) Broad Institute of Massa-
chusetts Institute of Technology and Harvard, Cambridge, MA; 6) Pathol-
ogy, University of Michigan, Ann Arbor, MI.

Copy number variants (CNVs) play a major role in human genomic
variation, genetic disease, and cancer. Non-recurrent CNVs, character-
ized by variable breakpoint junctions often with microhomologies, are
associated with many developmental disorders and are the predominant
CNVs in cancers. Non-recurrent CNVs are thought to arise from replica-
tion errors, but the exact mechanism is unknown. We have demonstrated
that partial inhibition of DNA replication (replication stress) induces CNVs
in cultured human and mouse cells that mimic non-recurrent CNVs found
in patients. While they occur throughout the genome, there are hotspots
that are more prone to CNVs. To better understand the molecular basis
of the hotspots, we compared large sets of de novo CNVs, both sponta-
neous and induced by aphidicolin, hydroxyurea, or ionizing radiation, in
normal human and mouse cell lines. We found a high correlation among
the genomic locations of CNV hotspots, active transcription units larger
than 1 Mb, and common fragile sites, suggesting that large active tran-
scription contributes to CNV formation. Unlike most transcribed genes,
the large transcription units replicate late in the cell cycle. However, the
majority of late-replicating regions were not CNV hotspots. Our observa-
tions suggest that late replication alone is insufficient for CNV formation,
and large active transcription units drive CNV formation. This observa-
tion allows us to predict locations of CNV hotspots in any cell type with
known transcription profiles. The hotspots are prone to CNVs only when
they are actively transcribed. The genes associated with CNV hotspots
are implicated in many human disorders. De novo germline CNVs in our
CNV hotspot genes are associated with neurodevelopmental and other
disorders. Our CNV hotspots are also CNV hotspots in human cancers.
In addition, many of these large genes are predominantly transcribed in
the brain, suggesting a risk for somatic CNVs in replicating neural stem
and progenitor cells. We hypothesize that large active transcription units
interfere with replication by removing DNA-bound proteins necessary for
replication initiation, so origins that fire late to ameliorate the effect of
replication stress are no longer available. We are testing this model by
building a profile of key replication proteins at different stages of the cell
cycle in cell lines with different transcription profiles.
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Quantitative functional studies using Drosophila melanogaster iden-
tify dosage sensitive and sex-specific effects of neurodevelopmen-
tal genes. J.S. lyer, P. Patel, L. Pizzo, K. Vadodaria, Q. Wang, A. Kubina,
S. Yennawar, R. Pandya, S. Girirajan. Department of Biochemistry and
Molecular Biology and Anthropology, The Pennsylvania State University,
University Park, PA.

While recent studies have associated several genes and genom-
ic regions for human diseases, systematic functional analysis of these
candidates is limited due to a lack of high throughput and quantitative
assays. We developed a battery of quantitative assays for high through-
put functional evaluation of Drosophila melanogaster orthologs of hu-
man neurodevelopmental genes, including those mapping within the
rare copy-number variant regions and recently identified single nucleo-
tide variants from exome sequencing studies. We took advantage of the
tissue-specific expression system conferred by the UAS-Gal4 system
and used RNA interference to achieve eye-specific (GMR-Gal4), neu-
ron-specific (Elav-Gal4), and ubiquitous (Da-Gal4) knockdown of neuro-
developmental genes in flies. Combining data from gene expression with
quantitative assessment of neuronal phenotypes using multiple fly RNAI
lines allowed us to correlate the effect of dosage alterations to severity.
We performed a series of proof-of-concept experiments. We first test-
ed >75 fly lines representing six human CNV regions including 1921.1,
15911.2, 15q13.3, 16p11.2, distal 16p11.2, and 16p12.1, for dosage
sensitivity of fly orthologs of human genes. We find differential effects of
gene dosage for several genes within CNV regions. For example, 8 out
of 11 fly orthologs within 16p11.2 showed dosage-dependent change in
severity including C160RF53, DOC2A, CDIPT, KCTD13, FAM57B, AL-
DOA, PP419C, and MAPK3. Decreased head size was observed with
knockdown of KCTD13 (20 SD), MAPK3 (14 SD), CDIPT (18 SD) and
C160RF53 (6 SD) within 16p11.2 and UQCRC (9 SD), POLR3E (12 SD)
and CDR2 (14 SD) within 16p12.1 recapitulating the autism features ob-
served in individuals with these deletions. We also tested 21 fly lines with
disruption of 12-neurodevelopmental genes (such as CTNNB1, SHANKS,
and NRNX1) and found sex-dependent severity of phenotypes for CHDS,
MCPH1 and SCN1A. Interaction studies using two-locus models and
expression analysis identified key modifiers enhancing and suppressing
the CNV phenotypes. For example, reduced expression of CHD8 res-
cued phenotypes due to KCTD13 knockdown and reduced expression
of SCN1A rescued DOC2A knockdown phenotypes in flies. Our results
suggest that neurodevelopmental genes are involved in differential roles
in a dosage-sensitive and sex-specific manner, and a complex interplay
between genes in cis and in trans contribute to the observed phenotypic
variability in human patients with CNVs.
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Single-cell analysis reveals that endogenous retrotransposons gen-
erate somatic mosaicism in neuronal and non-neuronal cells. J.A.
Erwin', A.C. Paquola’, T. Singer’, C. Quayle', T. Bedrosian’, A. Muotri?,
R. Lasken®, F.G. Gage'. 1) Salk Institute, La Jolla, CA; 2) University of
California San Diego School of Medicine, La Jolla, CA; 3) J. Craig Venter
Institute, La Jolla, CA.

It has long been thought that neuronal genomes are invariable; how-
ever, recent studies have demonstrated that mobile elements actively
retrotranspose during neurogenesis, thereby creating genomic diversity
between neurons. In addition, mounting data demonstrate that mobile
elements are misregulated in certain neurological disorders, including
Rett syndrome and schizophrenia. The unique composition of genetic
mosaicism present in the brain may contribute to disease and also the
behavior differences observed between genetically identical organisms.
Many questions remain regarding the regulation of retrotransposition,
the full characterization of other mobile elements and the functional sig-
nificance of retrotransposition during neurogenesis. Because each in-
dividual neuron has the potential to have a unique genome, single-cell
approaches are essential to measure and observe this genomic diversity,
which is obscured in bulk samples. | will present data using single-cell
genome sequencing to characterize the nature of genome mosaicism
within the non-diseased soma. In order to address the question whether
somatic retrotransposition occurs in other tissues and, more general-
ly, how it impacts human development and function, we developed a
targeted sequencing approach to identify Alu and L1 retrotransposition
events in single cells and bulk tissues. We applied this method to cortex,
hippocampus, heart and liver postmortem samples from four non-dis-
eased young adults. We confirm that somatic L1 retrotransposition oc-
curs in hippocampal neurons, and we also found evidence of somatic
Alu retrotransposition in the liver as well as somatic L1 retrotransposition
in non-neuronal cells in the cortex and liver. We observe similar rates
of retrotransposition in neuronal and non-neurons cells. Therefore, that
somatic retrotransposition is not restricted to neurons but occurs as part
of the normal condition of human somatic cells.
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Evolution and structural diversity of the complement factor H relat-
ed gene cluster. S. Cantsilieris’, L. Harshman’, N. Janke', E.E. Eichler'2.
1) Department of Genome Sciences, University of Washington School of
Medicine, Seattle, WA, USA; 2) Howard Hughes Medical Institute, Seat-
tle, WA, USA.

The complement factor H related (CFHR) gene family maps to a com-
plex ~420 kbp genomic region on chromosome 1932 and shows exten-
sive diversity in human populations. Both structural variants and SNVs
have been associated with complex human genetic diseases including
age-related macular degeneration (AMD), systemic lupus erythematosus
(SLE) and atypical haemolytic uraemic syndrome (aHUS). Using mas-
sively parallel and PacBio SMRT sequencing of large insert-clones, we
generated high quality finished sequence (~3Mb) over the 1932 CFHR
locus in multiple human haplotypes, great apes (orangutan, chimpan-
zee and gorilla) and macaque in an effort to reconstruct its evolutionary
history. Comparative and phylogenetic analysis reveals that ~60 kb of
sequence was added via segmental duplication to the homininae lineage
in two separate events. Our initial timing estimates indicate that these
events occurred 6.1 and 7.5 million years ago, leading to the creation of
two genes (CFHR3 and CFHR1). Orangutans show the simplest genomic
organization, lacking almost all duplications identified in other great apes
and most modern humans. There is clear evidence that this gene cluster
has been restructured multiple times during primate evolution; we have
identified lineage specific structural events affecting genes, including a
complete duplication of CFHR1 to the distal end of CFHR4 in the chim-
panzee and a ~20kb duplication distal to the CFH gene in the macaque
that may represent a novel CFHR-like gene. We find evidence of positive
selection in great apes and humans, specifically in exon 22 of the CFH
gene which forms part of a larger ~30kb segment, duplicated to two
additional locations in the chimpanzee. Overall our analysis has revealed
several structural changes affecting genes that we are currently genotyp-
ing in a diversity panel of >2500 human and >100 ape genomes. In addi-
tion, we are currently using molecular inversion probes (MIPs) combined
with massively parallel sequencing to associate structural changes with
coding variation, identify breakpoints, and detect signals of interlocus
gene conversion in patients with AMD and SLE. These data reveal a re-
markably dynamic region with recurrent CFHR gene gain and gene loss
over the last 25 million years of primate evolution. Our set of high-quality
alternate reference sequences provides an evolutionary and population
genetic framework necessary to investigate the association of this locus
with immune associated diseases. .
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Repetitive DNA at CNV breakpoints is susceptible to gross chromo-
somal rearrangement. K. Rudd’, K.E. Hermetz', Y. Nishida? Y. Zhang?,
N. Saini?, K.S. Lobachev?. 1) Human Genetics, Emory University School
of Medicine, Atlanta, GA; 2) School of Biology and Institute for Bioen-
gineering and Bioscience, Georgia Institute of Technology, Atlanta, GA.
Genomic deletions, duplications, and translocations are a major cause
of neurodevelopmental disorders. These chromosome rearrangements
arise via diverse mutational mechanisms and lead to recurrent or non-re-
current forms of copy number variation (CNV). Although most human
CNVs are non-recurrent, sequence analysis of CNV breakpoints reveals
an enrichment of certain types of repetitive DNA. These data suggest
that double-strand breaks do not arise randomly and implicate particular
types of repetitive DNA in chromosome rearrangements. However, we
know little about the risk factors for chromosome breakage and CNV
formation. Here we assess the fragility of 13 human CNV breakpoint mo-
tifs in a yeast gross chromosomal rearrangement (GCR) assay. Motifs
are 500-6015 bp long and were derived from breakpoints of terminal
deletions, interstitial deletions, inverted duplication-terminal deletions,
and translocations on 11 different chromosomes. Eight motifs exhibited
GCR 13-420-fold above background levels, and six of these had an ori-
entation bias in fragility potential. Our analyses indicate this bias results
from the ability of sequence motifs to form secondary structures during
lagging strand synthesis. (TG)n dinucleotide, (GAA)n trinucleotide, Alu,
and some classes of tandem repeats exhibit elevated GCR. Notably, the
most fragile motif contains a combination of inverted Alus and tandem
repeats. This sequence is derived from human chromosome 17p13.3,
recognized recently as a hotspot for deletions, duplications, and com-
plex chromosome rearrangements. Southern blot and array CGH anal-
yses of individual colonies reveals terminal deletions, translocations,
and inverted duplications resulting from GCR in the yeast genome. Like
fragile sites, some CNV breakpoints are made up of repetitive DNA that
is susceptible to genomic instability. Our functional annotation of specif-
ic repeats points to new rearrangement-prone loci and reveals mecha-
nisms of CNV formation.
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A potential role for the linker for activation of T-cells (LAT) in the neu-
roanatomical phenotype of the 16p11.2 BP2-BP3 CNVs. M.N. Lovig-
lio’, M. Leleu??, T. Arbogast?, K. Mannik'®, G. Giannuzzi’, J. Beckmann?®,
J. Rougemont?3, S. Jacquemont®, N. Katsanis?* C. Golzio*, A. Reymond’,
16p11.2 Consortium. 1) Center for Integrative Genomics (CIG), Universi-
ty of Lausanne, Lausanne, Vaud, Switzerland; 2) Swiss Institute of Bioin-
formatics (SIB), Lausanne, Switzerland; 3) School of Life Sciences, EPFL
(Ecole Polytechnique Fédérale de Lausanne), Lausanne, Switzerland; 4)
Center for Human Disease Modeling, Duke University Medical Center,
Durham, North Carolina; 5) Estonian Genome Center, University of Tartu,
Tartu, Estonia; 6) Service of Medical Genetics, Lausanne University Hos-
pital (CHUV), Lausanne, Switzerland.

Copy number variants (CNVs) are major contributors to genomic im-
balances disorders. Phenotyping of 137 unrelated carriers of the distal
16p11.2 220 kb BP2-BP3 deletion and duplication region showed that
these rearrangements are associated with mirror phenotypes of obesi-
ty/underweight and macro-/microcephaly, and autism spectrum disor-
ders (ASD); such phenotypes, with the same direction of effect, have
been previously reported for the proximal 16p11.2 600 kb BP4-BP5
deletion and reciprocal duplication,. These two CNVs-prone regions at
16p11.2 are also reciprocally engaged in complex chromatin looping,
as successfully confirmed by 4C, FISH, Hi-C, concomitant expression
changes and quantitative co-variation of transcription factor binding in
one interval and gene expression in the other.Using the zebrafish em-
bryo as an in vivo model, we dissected the 220kb BP2-BP3 region at
16p11.2, encompassing 9 genes: CD19, NFATC2IF, ATXN2L, TUFM,
ATP2A1, RABEP2, SPNS1, LAT and SH2B1, known for its critical role in
the control of human food intake and body weight, and candidate gene
for the obesity/underweight phenotype displayed by the carriers of these
CNVs.We modeled the duplication by overexpressing each individual hu-
man transcript in zebrafish embryos and we determined the level of cell
proliferation in the brain by phospho-histone H3 antibody staining. We
showed that zebrafish embryos injected with the linker for activation of
T-cells (LAT) message showed a decreased number of proliferating cells
in the brain at 2 days post-fertilization. Such phenotype is often asso-
ciated with microcephaly at later developmental stages (Our studies on
KCTD13, AUTS2, BTG2 are few exemplars). When used as a 4C “view-
point” in human control LCLs, LAT was found to interact strongly with
both MVP and KCTD13, two of the three major players for the head size
phenotypes associated with the 16p11.2 600kb BP4-BP5 CNVs, and
its 4C cis- and trans-interacting partners were enriched for SFARI ASD
genes (Fisher’s exact test, p=5.58E-03, OR=1.9). We propose a new role
for LAT in 16p11.2 (BP2-BP3) 220kb CNVs neurodevelopmental pheno-
types, besides its well-recognized function in T-cells development.
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Paired-Duplications Mark Cryptic Inversions and are a Common
Signature of Complex Structural Variation that is Misclassified by
Chromosomal Microarray. H. Brand’?, R.L. Collins’, C. Hanscom’, J.A.
Rosenfeld?, V. Pillalamarri’, M.R. Stone’, F. Kelley?, T. Mason?, L. Margo-
lin4, S. Eggert’, E. Mitchell’, J.C. Hodge®5, J.F. Gusella*7, S.J. Sanders?,
M.E. Talkowski’?4, 1) Center for Human Genetic Research, Massachu-
setts General Hospital, Boston, MA; 2) Department of Neurology, Harvard
Medical School, Boston, MA; 3) Department of Molecular and Human
Genetics, Baylor College of Medicine, Houston, TX; 4) Program in Med-
ical and Population Genetics and Genomics Platform, Broad Institute,
Cambridge, MA; 5) Department of Laboratory Medicine and Pathology,
Mayo Clinic, Rochester, MN; 6) Department of Pathology and Laboratory
Medicine, Cedars-Sinai Medical Center, Los Angeles, CA; 7) Department
of Genetics, Harvard Medical School, Boston, MA; 8) Department of Psy-
chiatry, University of California San Francisco, San Francisco, CA.

Copy number variants (CNVs) have been the predominant focus of
genetic studies of structural variation (SV), and chromosomal microarray
(CMA) for CNV detection is the recommended first-tier screen for neu-
rodevelopmental anomalies. However, CMA utility is limited to detecting
large dosage imbalances and is blind to balanced structural variation
(SV). We performed whole-genome sequencing (WGS) using large-in-
sert jumping libraries in 259 individuals diagnosed with autism spectrum
disorder from the Simons Simplex Collection who had previously un-
dergone CMA and exome sequencing. Libraries had a median insert of
3,736 bp and were sequenced to 96.8x physical coverage on average.
Comparing our SV classifier pipeline to high quality CMA variants in the
same individuals, we found 95.9% sensitivity to detect deletions and
89.7% for duplications. Analyses of variants detected by WGS uncov-
ered a myriad of complex SVs that were cryptic to, or misclassified by,
CMA. The most abundant of these was a remarkably common yet previ-
ously uncharacterized class of SV that we termed dupINVdup, involving
two duplications in close proximity (‘paired-duplications’) that flank the
breakpoints of a large, cryptic inversion. We observed dupINVdups in
8.1% of all subjects, and yet they had not been characterized in pre-
vious population-based SV studies, emphasizing the strength of deep
coverage from large-inserts for SV detection. Collectively, dupINVdup
and other duplication-mediated complex SVs were observed in 15.8% of
subjects, and breakpoint analysis suggested microhomology-mediated
repair as the predominant mechanism of formation. Based on the strik-
ing prevalence of complex SVs, we scrutinized the landscape of all the
identified duplications and inversions. Overall, we found that complex
rearrangements are the norm among inversion variation detectable at
jumping library resolution;_60.7% of all inverted segments were asso-
ciated with additional complexity. Further, 7.3% of all rare duplications
detected by CMA were misclassified and actually represented complex
SVs. Collectively, these findings indicate that dupINVdup, as well as oth-
er complex duplication-associated SVs, represent relatively common
sources of genomic variation that have not been captured by popula-
tion-based CMA or low-depth WGS analyses. They also suggest that
‘paired-duplication’ signatures detected by CMA warrant further scrutiny
in diagnostic testing as they may mark complex SV of potential clinical
relevance.
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RNA sequencing of a mouse-model of Spinal Muscular Atrophy re-
veals tissue-wide changes in splicing of U12-dependent introns in
genes involved in cell cycle, intracellular trafficking and neuronal
function. T.K. Doktor’, Y. Hua? H.S. Andersen’, S. Broner', A.R. Krainer?,
B.S. Andresen’. 1) Department of Biochemistry and Molecular Biology,
University of Southern Denmark, Odense M, Denmark; 2) Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York 11724, USA.

Spinal Muscular Atrophy (SMA) is a severe neuromuscular disorder re-
sulting in the progressive loss of motor neuron function and subsequent
loss of voluntary muscle control and in many cases leading to death
during infancy. Mutations that delete or disrupt the function of the SMN1
gene cause SMA, but all patients retain a secondary gene copy - SMN2
- that provides a minimal level of the essential SMN protein, but fails to
fully compensate for the loss of SMN7.The SMN protein has multiple
reported functions, but it is most well characterized as being part of the
SMN complex, which plays a role in the snRNP maturation pathway. De-
creased SMN levels leads to perturbation of the snRNP levels and resto-
ration of snRNP levels has previously been shown to alleviate symptoms
in animal models. Additionally, aberrant splicing has been demonstrated
in several animal models as well as patient cells, and has been investi-
gated in a few tissues using exon arrays, and in isolated cell populations
using RNA-seq.However, evidence suggests that SMA pathology is not
restricted to motor neurons, but rather that systemic pathologies may
contribute to motor neuron loss. To date, a comprehensive multi-tissue
study on aberrant splicing has not been published and for this purpose
we used RNA-seq to study the transcriptional landscape in multiple
tissues in an SMA mouse model. Briefly, we isolated RNA from brain,
spinal cord, liver, and muscle from SMA mice and their heterozygous
littermates on post-natal day 1 (PND1) and post-natal day 5 (PND5) and
performed RNA-sequencing using lllumina paired-end protocols.Here,
we present data demonstrating that hundreds of U12-dependent introns
are retained in SMA mice and this pattern of aberrant splicing may be an
important molecular mechanism in the pathogenesis of SMA. In partic-
ular, we use gRT-PCR to confirm missplicing of U12-dependent introns
in the cell cycle regulator Rasgrp3, in Myh9 and in the neuronal develop-
ment genes Myo10, Zdhhc13 and Cdk5. Analysis of the RNA-seq data
furthermore indicates that retention of U2-dependent introns may also
play a role in SMA pathogenesis, but that this aberrant splicing was very
heterogenous across tissues. In conclusion, this study identifies sever-
al aberrant splicing events associated with SMA that provide important
clues to the exact molecular mechanisms behind motor neuron loss and
peripheral symptoms observed in SMA patients.
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BAC transgenic model of C9ORF72 ALS/FTD. Y. Liu"?%, A. Pattamat-
ta?3, T. Zu"?%, T. Reid"?%, L.P.W. Ranum™?3, 1) Center for NeuroGenetics,
University of Florida, Gainesville, FL; 2) Department of Molecular Genet-
ics and Microbiology, University of Florida, Gainesville, FL; 3) Genetics
Institute, University of Florida, Gainesville, FL.

Amyotrophic lateral sclerosis (ALS) is a devastating disease which
leads to progressive paralysis and death, usually within 2-5 years after
disease onset. A GGGGCC hexanucleotide intronic repeat expansion
mutation within the C9orf72 gene was recently shown to be the major
genetic cause of familial and sporadic forms of both ALS and fronto-
temporal dementia (FTD). However, the mechanisms by which this hex-
anucleotide repeat expansion causes the disease are not clear. We, and
others, have previously shown that the C9orf72 GGGGCCeGGCCCC
expansion mutation is bidirectionally transcribed. Also, the sense and
antisense RNA foci and repeat associated non-ATG (RAN) proteins ac-
cumulate in human C9orf72 ALS/FTD autopsy brains. To gain insight into
the molecular mechanisms of the disease we developed a BAC trans-
genic mouse model. We generated and screened a bacterial artificial
chromosome (BAC) library from a patient-derived C9orf72 ALS/FTD lym-
phoblastoid cell line and identified a BAC containing an expansion with
a full-length C90rf72 gene for pronuclear injections. We established and
characterized multiple transgenic lines including two lines with expan-
sions containing ~500 GGGGCC repeats. These C9 BAC mice express
the human transgene at approximately endogenous levels and recapit-
ulate hallmark features of C9orf72 ALS/FTD. First, these mice develop
paralysis and hyperactivity phenotypes that mirror phenotypes observed
in ALS patients. Second, these animals show decreased survival that
correlates with transgene expression and repeat length in independent
transgenic lines. Third, these mice show sense and antisense RNA foci
and RAN protein accumulation. Fourth, these mice develop marked neu-
ronal loss in multiple regions of the CNS including the frontal cortex and
spinal cord. Finally, these animals, which express both the sense and
antisense transcripts using the endogenous human promoter and regu-
latory regions, provide a novel model for the understanding the molec-
ular mechanisms of ALS/FTD and for the development of therapeutic
strategies.
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Altered RNA processing in ALS4. C. Grunseich’, I.X. Wang?, J. Watts??,
T. Lanman’, G. Ramrattan®®, Z. Zhu?, D. Bakar', A.B. Schindler’, E. Hart-
nett!, K.H. Fischbeck’, V.G. Cheung?®*. 1) Neurogenetics Branch, Na-
tional Institute of Neurological Disorders and Stroke, National Institutes
of Health, Bethesda, MD 20892, USA; 2) Life Sciences Institute, Univer-
sity of Michigan, Ann Arbor, Ml 48109, USA; 3) Howard Hughes Medical
Institute, Chevy Chase, MD 20815, USA; 4) Department of Pediatrics and
Genetics, University of Michigan, Ann Arbor, MI 48109, USA.

ALS4 is a degenerative disease caused by autosomal dominant mu-
tations in the RNA-DNA helicase senataxin. The disease is characterized
by slowly progressive weakness, with signs of both upper and lower
motor neuron involvement. Senataxin has been found to promote the
resolution of RNA/DNA hybrids (R-loops) through its helicase activity,
however the mechanism by which alteration in senataxin function results
in neurodegeneration is unknown. To address this question we have tak-
en a two-pronged approach combining clinical and basic studies to in-
vestigate R-loop biology in the disease. We collected detailed phenotyp-
ical information from 12 individuals with ALS4, including MRI volumetric
imaging of the thigh and brain. The average age of disease onset in our
cohort is 19 years, ranging from ages 6 to 40 yrs. Two individuals with the
mutation at ages 27 and 31 have no detectable weakness. The ratio of
thigh muscle to total cross sectional area was found to have a significant
negative correlation with disease duration. Five subjects had evidence of
cerebellar dysfunction with dysmetria or dysdiadochokinesis on exam.
DNA and RNA profiles from skin fibroblasts, lymphoblastoid cell lines,
and white blood cells were analyzed from 12 patients and 10 controls.
Similar profiles were also derived from induced pluripotent stem cell
(iPSC) lines and differentiated FACS-sorted motor neurons from 5 pa-
tients and 3 controls. Senataxin is expressed not only in iPSC-derived
motor neurons and human nervous tissue, but is also found in many oth-
er tissues.Consistent with senataxin’s ability to resolve R-loops and likely
gain of function with the ALS4 mutation, a reduction in the abundance
of R-loops was detected in patient cells by immunoprecipitation using
S9.6 antibody for R-loop identification. These observations suggest that
alterations in RNA processing, specifically R-loop resolution, and conse-
quential effects on gene expression, may adversely affect motor neurons
in ALS4. We are also evaluating how variation in R-loops could account
for the wide phenotypic spectrum in our cohort. Our investigations offer
new insight by providing a connection between R-loop and the biology
of the disease. Identification of R-loop disruption in the disease may pro-
vide new targets for therapeutic development.
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A recurrent mutation in KCNA2 in complicated autosomal domi-
nant spastic paraplegia: an expansion of the channelopathy spec-
trum and a novel disease mechanism. K.L. Helbig’, U.B.S. Hedrich?,
A.C. Teichmann?®, J. HentscheP, D.N. Shinde', W.A. Alcaraz', S. Tang’,
C. Jungbluth?, S.L. Dugan*®, R. Schuile®, H. Lerche? J.R. Lemke®. 1) Di-
vision of Clinical Genomics, Ambry Genetics, Aliso Viejo, CA., USA; 2)
Department of Neurology and Epileptology, Hertie Institute for Clinical
Brain Research, University of Tlbingen, Tubingen, Germany; 3) Institute
of Human Genetics, University Hospital Leipzig, Leipzig, Germany; 4)
Department of Medical Genetics, Children’s Hospitals and Clinics of
Minnesota, Minneapolis, MN, USA; 5) Division of Medical Genetics, Uni-
versity of Utah, Salt Lake City, UT, USA; 6) Department of Neurodegen-
erative Diseases, Hertie Institute for Clinical Brain Research, University
of Tubingen, Tlbingen, Germany.

The hereditary spastic paraplegias (HSPs) are a genetically and clin-
ically heterogeneous group of neurodegenerative disorders character-
ized by spasticity and weakness in the lower extremities. Over 50 genes
have been identified for HSPs, involved in a variety of cellular processes.
However approximately 20% of familial HSPs remain unsolved. To date
ion channels have not been implicated in HSPs. Diagnostic exome se-
quencing was performed on DNA from the peripheral lymphoblasts of a
three-generation family with three affected individuals with HSP (Family
1). Family 2 with two affected individuals across two generations un-
derwent exome sequencing as part of an ongoing research study on
the genetic basis of HSP. Both families were found to have the identi-
cal c.881G>A (p.R294H) mutation within the voltage sensor of KCNA2,
encoding the voltage-gated potassium channel K 1.2, a member of the
shaker potassium channel family. This mutation segregated with child-
hood onset spasticity and intellectual disability in five affected individuals
from two unrelated families in an autosomal dominant fashion. Onset of
spasticity was as early as two years. Cognitive outcomes were variable,
with all three affected individuals in Family 1 displaying mild intellectual
disability; one individual additionally had a diagnosis of autism spectrum
disorder. In Family 2 the proband had mild intellectual disability but the
affected mother had normal intellect. The p.R294H mutation is absent
from all population databases (EXAC, 1000 Genomes, and EVS), and
is predicted to be deleterious by in silico prediction models. The R294
amino acid is the first of seven gating charges in the K 1.2 potassium
channel S4 transmembrane segment, which forms the voltage sensor
domain. Two-electrode voltage-clamp recordings of Xenopus laevis oo-
cytes expressing mutant channels showed a loss of the K 1.2 channel’s
function with a dominant-negative effect causing a decrease in current
amplitude and a small depolarizing shift of the activation curve in com-
parison to wildtype channels. In addition, it has been shown previously
for the shaker potassium channel that replacement of the first arginine
within the S4 voltage sensor with a histidine causes the formation of a
proton pore at hyperpolarized potentials. This finding expands the chan-
nelopathy spectrum to include HSP and represents a novel HSP disease
mechanism.
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Mouse Resources for Comparative Mendelian Genomics. L. Rein-
holdt', H. Fairfield', A. Srivastava’, R. Liu?, A. Lakshminarayana? B. Har-
ris’, S. Karst', M. Berry', P. Ward-Bailey', C. Byers', A. Czechanski', W.
Martin’, K. Cheng', L. Goodwin’, J. Morgan’, D. Bergstrom'. 1) The Jack-
son Laboratory, Bar Harbor, ME; 2) The Jackson Laboratory for Genomic
Medicine, Farmington, CT.

Spontaneously arising mouse mutations have served as the foun-
dation for understanding gene function for over 100 years. Discovery
of Mendelian disease genes in the mouse genome is powered by the
availability of large consanguineous pedigrees and genetically defined
inbred strain backgrounds that minimize genetic heterogeneity. More-
over, causation can be readily supported through bulk segregation anal-
ysis and ultimately proven through genetic engineering — a field that is
now experiencing a paradigm shift of its own with the advent of CRISPR/
Cas9 technology. At The Jackson Laboratory, we are taking advantage
of the world’s largest collection of mouse strains with Mendelian disease
phenotypes and are using whole exome sequencing (WES) to discover
the underlying disease genes. To date, we have successfully identified
putative pathogenic mutations for 91 strains. However, nearly 50% of
our cases remain unsolved using our standard exome sequencing an-
alytics pipeline. Using a combination of approaches, we have sought
to understand the nature of exome recalcitrant mutations and here we
provide evidence that a large fraction of unsolved exome cases involve
structural mutations. This result directly informs efforts to investigate the
similar proportion of apparently Mendelian human phenotypes that are
recalcitrant to exome sequencing. To complement our forward genetics
approach and to advance precision modeling of human Mendelian dis-
eases, we are now working closely with the Baylor-Hopkins Center for
Mendelian Genomics (BHCMG) and NHLBI’s Bench to Bassinet Program
to identify common candidate genes and to provide a core to engineer
orthologous mouse models using CRISPR/cas9 with targeted phenotyp-

ing.
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Activation of the DNA damage response in an induced model of spi-
nal muscular atrophy. M. Jangi', H. Li?, X. Yang? P. Cullen’, A. Thai’,
M. Liu’, C. Fleet!, C.F. Bennett®, F. Rigo®, A.R. Krainer?, C. Roberts?, N.
Allaire’, C. Sun’, J.P. Carulli’, J.F. Staropoli’. 1) Division of Genetics and
Genomics, Biogen, Cambridge, MA; 2) Division of Computational Biolo-
gy, Biogen, Cambridge, MA; 3) Neuroscience Drug Discovery, Isis Phar-
maceuticals, Inc., Carlsbad, CA; 4) Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.

Spinal muscular atrophy is an autosomal recessive neuromuscular
disease that is the leading genetic cause of infant mortality. Homozy-
gous loss of the gene survival of motor neuron 1 (SMNT) causes selec-
tive degeneration of lower motor neurons and ultimately leads to atrophy
of proximal skeletal muscles. Disease severity is modified by variable
copies of the paralogous SMN2 gene, from which ~20% of transcripts
encode a stable protein, SMN, that is identical to the SMN1 protein prod-
uct. SMN is ubiquitously expressed and is a key factor in the assembly of
the core splicing machinery. SMN also plays cytoplasmic roles in stress
granule assembly and axonal mRNA transport and translation. It remains
unclear how a reduction in SMN levels causes degeneration of one neu-
ronal population with such remarkable specificity. We have developed an
antisense oligonucleotide (ASO)-based inducible mouse model of SMA
that allows separation of early postnatal developmental changes from
SMN-specific signatures. To identify transcriptome changes most proxi-
mal to SMN loss, we performed deep sequencing of poly(A)+ RNA from
spinal cords of adult mice at 10, 20, and 30 days following SMN deple-
tion with an SMN exon 7-skipping ASO. Reads were mapped to the tran-
scriptome using STAR, and gene-level and isoform-level expression was
quantified using RSEM and MISO, respectively. Despite the well-stud-
ied role of SMN in spliceosome biogenesis, we found little evidence for
widespread splicing defects at any time point; most of the significant
splicing changes, including 53 retained introns and 84 alternative exons
at day 30, appeared to be downstream of activation of other cellular pro-
grams. At the gene level, later time points showed strong induction of the
p53 pathway, DNA damage response, and mediators of apoptosis. This
was accompanied by expression of cell cycle checkpoint proteins, sug-
gestive of aberrant cell cycle reentry during degeneration of post-mitotic
neurons. While glia may be contributing to these expression patterns,
the lack of a glial activation signature suggests that the predominant
contribution is neuronal. These observations are consistent with reports
in other neurodegenerative diseases in which cell cycle reactivation in
neurons precedes or may even be required for apoptosis. We propose
that decreased SMN expression sensitizes cells to DNA damage through
a mechanism distinct from its role in pre-mRNA splicing and activates
cell cycle signaling to mediate apoptosis.
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Recessive mutations in the UGO1-like protein SLC25A46 cause
an optic atrophy. T. Huang', S. Zuchner?3, J. Dallman?, V. Carelli®¢, A.
Abrams?34, R. Hufnagel’, A. Rebelo?®, C. Zanna®®, N. Patel, M. Gon-
zalez?®, |. Campeanu?, L. Griffin”%, S. Groenewald*, A. Strickland?3, F.
Tao?3, F. Speziani®3, L. Abreu?®, R. Schile?®, L. Caporali®, C. Morgia®®,
A. Maresca®, R. Liguori®®, R. Lodi®, Z. Ahmed’®, K. Sund™, X. Wang’,
L. Krueger', Y. Peng', C. Prada’, C. Prows’, Kevin Bove'’, Elizabeth K.
Schorry?, Anthony Antonellis”®, Holly H. Zimmerman'?, Omar A. Abdul-
rahma. 1) Prof, Pediatrics/Div Human Gen, Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH; 2) John P. Hussman Institute for Hu-
man Genomics, Dr. John T. Macdonald Foundation Department of Hu-
man Genetics, University of Miami, Miami, FL; 3) Dr. John T. Macdonald
Foundation Department of Human Genetics, University of Miami, Miami,
FL; 4) Department of Biology, University of Miami, Coral Gables, FL; 5)
IRCCS Institute of Neurological Sciences of Bologna, Bellaria Hospital,
Bologna, Italy; 6) Neurology Unit, Department of Biomedical and Neu-
roMotor Sciences (DIBINEM), University of Bologna, Bologna , ltaly; 7)
Department of Human Genetics, University of Michigan Medical School,
Ann Arbor, Ml; 8) Department of Neurology, University of Michigan Med-
ical School, Ann Arbor, MI; 9) Policlinico S. Orsola-Malpighi Department
of Biomedical and NeuroMotor Sciences (DIBINEM), University of Bolo-
gna, Bologna, ltaly; 10) Department of Otorhinolaryngology Head & Neck
Surgery, School of Medicine, University of Maryland, Baltimore, MD.
Alexander J. Abrams2,3,4, Robert B. Hufnagell, Adriana Rebe-
02,3, Claudia Zanna5,6, Neville Patel4, Michael A. Gonzalez2,3, lon J.
Campeanu4, Laurie B. Griffin7,8, Saskia Groenewald4, Alleene V. Strick-
land2,3, Feifei Tao2,3, Fiorella Speziani2,3, Lisa Abreu2,3, Rebecca
Schiile2,3, Leonardo Caporali5, Chiara La Morgia5,6, Alessandra Mares-
cab,6, Rocco Liguori5,6, Raffaele Lodi9, Zubair M. Ahmed10, Kristen
L. Sund1, Xinjian Wang1, Laura A. Krueger1, Yanyan Peng1, Carlos E.
Pradat, Cynthia A. Prows1, Kevin Bove11, Elizabeth K. Schorry1, Antho-
ny Antonellis7,8, Holly H. Zimmerman12, Omar A. Abdulrahmani2, Yap-
ing Yang14, Susan M. Downes17, Jeffery Prince4, Flavia Fontanesi15,
Antonio Barrientos15,16, Andrea H. Nemeth17,18, Valerio Carelli5,6#,
Stephan Zuchner#$2,3, Julia E. Dallman#4, Taosheng Huang1#$# These
authors contributed equally$ These are the corresponding authorsOptic
nerve atrophy' and axonal peripheral neuropathy (CMT2A)? are heredi-
tary neurodegenerative disorders primarily caused by mutations in the
canonical mitochondrial fusion genes OPA7 and MFN2, respectively?. In-
terestingly, some patients present symptoms of both diseases*®, indicat-
ing mechanistic overlap. In yeast homologs of OPA1(Mgm1p) and MFN2
(Fzo1p) work in concert with a third protein, Ugo1p, whose ortholog
remains to be identified in mammals. We found recessive mutations in
the putative mitochondrial carrier gene, SLC25A486, in three families with
both optic atrophy and axonal CMT phenotypes. Furthermore, we pres-
ent evidence that SLC25A46 is the closest equivalent to Ugo1p in verte-
brates and demonstrate its role in mediating mitochondrial morphology
in vitro and in vivo. In zebrafish we found that loss-of-function affects
the development and maintenance of neuronal processes and causes
abnormal mitochondrial fusion morphology. Our results attest that iden-
tifying and characterizing rare disease genes is a relevant approach to
elucidate common pathways of neuronal degeneration.
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Neuronal aneuploidy and associated apoptosis in familial and spo-
radic frontotemporal lobar degeneration indicate that FTLD, like
Alzheimer’s disease and Niemann-Pick C1, is a cell cycle disorder.
H. Potter'?, J. Caneus’?, A. Granic®, D. Dickson*. 1) NeurDepartment of
Neurology and Linda Crnic Institute for Down Syndrome, University of
Colorado Anschutz Medical Campus Aurora CO, USA; 2) Neuroscience
Program, University of Colorado Anschutz Medical Campus Aurora CO,
USA; 3) Institute of Health and Society and Newcastle Institute for Age-
ing, Campus for Ageing and Vitality, Newcastle University, Newcastle
upon Tyne, NE4 5PL United Kingdom; 4) Neuropathology Laboratory,
Mayo Clinic, 4500 San Pablo Rd., Jacksonville FL 32224.

The mechanism(s) responsible for neuronal cell death and cogni-
tive decline in neurodegenerative diseases remain unclear. Chromo-
some-specific FISH and other analyses by our laboratory and others
have shown the presence of high levels of mosaic aneuploidy, including
up to 10% trisomy 21, in brains and peripheral tissues from sporadic and
familial Alzheimer’s disease (AD) and Niemann-Pick C1 patients. Mitotic
spindle abnormalities and aneuploidy also arose in mouse and cell cul-
ture models of these disorders. In AD, we determined the mechanism
of chromosome mis-segregation: the AB peptide, either endogenous or
exogenous, competitively inhibits specific microtubule motors, particu-
larly Eg5/kinesin 5, that are essential for mitotic spindle structure and
function. Here we report that mosaic aneuploidy is also evident among
neurons and glia in cortical samples from frontotemporal lobar degener-
ation (FTLD) patients carrying mutations in either the MAPT, progranulin,
or C90ORF72 genes or who are apparently non-genetic/sporadic. Intro-
duced mutant MAPT genes induce chromosome mis-segregation and
aneuploidy in cell cultures and mouse models of FTLD. In both the hu-
man brain samples and the transfected cells, apoptosis is strongly asso-
ciated with the aneuploidy, with 80% of aneuploid cells being TUNEL+.
Based on these findings, it appears that defects in mitosis leading to
aneuploidy may constitute a pathological mechanism contributing to
neuronal loss and cognitive impairment in individuals with AD and FTLD
and potentially other neurodegenerative diseases. To strengthen this hy-
pothesis, we compared the level of mosaic aneuploidy in brain tissues
from three groups of individuals: those characterized as having (1) AD,
(2) AD pathology and normal cognition (ADPNC) and (3) normal cognition
with no AD pathology (control). The data revealed a significant increase
in numbers of aneuploid cells (trisomy and monosomy for chromosome
12 and 21) in the individuals with AD compared to the non-demented
(ADPNC) and control patients, whereas there was no significant differ-
ence between ADPNC and controls, indicating that aneuploidy is better
correlated to cognitive decline than is amyloid or tau pathology. Togeth-
er, these data indicate that mosaic aneuploidy is involved in the progres-
sion of multiple neurodegenerative diseases and that understanding the
mechanism by which it arises will set the foundation for the development
of novel preventative therapeutics.
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Results from the largest GWAS of Autism Spectrum Disorder to
date. J. Grove'?, The iPSYCH-SSI-Broad/MGH collaboration and Psy-
chiatric Genomics Consortium Autism Working Group. 1) Department
of Biomedicine, Aarhus University, Aarhus , Denmark; 2) Bioinformatics
Research Centre, Aarhus University, Aarhus , Denmark.

Autism Spectrum Disorder (ASD) is a childhood onset psychiatric dis-
order characterized by qualitative impairments in social interaction and
communication, repetitive stereotypic behavior, and in some cognitive
deficits. Worldwide prevalence hover around 1 percent. Its etiology is
largely unknown, but ASD is highly heritable and it has been estimat-
ed that common variation explains about half of the genetic risk. Initial
genome-wide association studies (GWAS) of ASD have reported a few
significant associations but these have not led to robust replication in
subsequent GWAS. In collaboration between iPSYCH, Statens Serum
Institut (SSI) and Broad/MGH we have conducted the largest GWAS
of ASD up to now, and followed up and meta-analysed with the large
GWAS of ASD from the Psychiatric Genomics Consortium (PGC) in a
combined analysis of 32132 subjects.The Danish sample is a population
sample where cases were identified in the Danish Psychiatric Central
Research Register and the controls constitute a random population sam-
ple. All subjects were then identified in the Danish Neonatal Screening
Biobank, their DNA extracted, whole-genome amplified and genotyped
on the PsychChip, a customized HumanCoreExome chip. The data is
processed using the Ricopili pipeline of PGC. Heritability and genomic
correlations are estimated by LD score regression and GCTA.We report
here on the first data freeze consisting roughly of 60% of the total Dan-
ish sample, including 7783 cases and 11359 controls, showing 2 ge-
nome-wide significant loci. Meta-analysis with the PGC, comprising a to-
tal of 32132 subjects, reveals 4 genome-wide significant loci. Estimates
of SNP heritability on the liability scale are 12% for the Danish sample
and 13% for the combined sample. The genetic correlation between the
Danish and the PGC samples is 82% for those of European ancestry
and 75% for the full sample. Additional analyses of among other things
chromosome X, sub-phenotypes and stratified heritability are ongoing
and the results will be presented at the meeting.With a combined sample
of just over 32k we report on the largest ASD GWAS to date. While still
underpowered for a substantial dissection of the genetic architecture un-
derlying ASD, the study is beginning to show robust signals. The present
analyses identify 4 genome-wide significant loci, of which 3 appear to be
novel. This stresses the importance of common variation in ASD etiology,
and reveals new leads to understand the underlying biology.
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De novo likely gene disrupting mutations and genic copy number
variants increase the risk for Tourette’s Disorder. T.V. Fernandez’,
R.A. King’, J. Xing?, A.J. Willsey®, A. Dietrich?, J.A. Tischfield?, G.A. Hei-
man?, M.W. State®, The TIC Genetics Collaborative Group. 1) Yale Child
Study Center and Department of Psychiatry, Yale University School of
Medicine, New Haven, CT, USA; 2) Rutgers, the State University of New
Jersey, Department of Genetics and the Human Genetics Institute of
New Jersey, Piscataway, NJ, USA; 3) Department of Psychiatry, Univer-
sity of California, San Francisco, USA; 4) University of Groningen, Uni-
versity Medical Center Groningen, Department of Child and Adolescent
Psychiatry, Groningen, The Netherlands.

Tourette’s Disorder (TD) is an often-disabling developmental neuro-
psychiatric syndrome, characterized by persistent motor and vocal tics,
with strong evidence for a genetic etiology. While current treatments
have limited efficacy and may carry significant long-term adverse effects,
the fundamental challenge in identifying novel therapeutic targets is our
limited understanding of underlying biological mechanisms. Studying
de novo (DN) mutations in cases versus controls has rapidly proven to
be a powerful approach for gene discovery in complex neuropsychiatric
disorders. We evaluated 325 TD parent-child trios using whole-exome
sequencing to detect rare coding and splice site single nucleotide (SNVs)
and insertion-deletion (indel) variants. BWA, SAMtools, and GATK were
used to detect DN variants which were confirmed by Sanger sequencing.
Additionally, we evaluated 412 trios for DN copy number variants (CNVs)
using genome-wide SNP microarrays, CNVision, and gPCR confirmation.
For the first time, we identified a significant excess of DN sequence and
structural variation in TD versus controls. Likely gene disrupting (LGD)
sequence mutations (premature stop codons, canonical splice site mu-
tations, frameshift indels) confer an approximately 2-fold increase in risk
for TD (OR 1.98 [1.14-3.44], p=0.01). Missense mutations predicted to
be damaging to gene function also carry increased risk, though of lesser
magnitude (OR 1.8 [1.22-2.66], p=0.002). Similarly, we find that DN gen-
ic CNVs are over-represented in affected individuals (OR 3.9 [1.2-12.7],
p=0.01). These variants cluster within genes that are more intolerant to
variation and those that are more highly expressed in the thalamus and
striatum between birth and adolescence, brain regions and time periods
that have long been implicated in TD etiology. Furthermore, we replicate
our earlier finding of significant overlap between genes harboring DN
LGD variants in TD and autism, reinforcing the hypothesis that there may
be shared biological risk mechanisms between these two neurodevelop-
mental disorders. Finally, we find that the DN variants in TD converge on
biological pathways that play key roles in dopaminergic signaling in the
CNS. These findings indicate that continued genomic investigations of
DN sequence and structural variation in TD are likely to identify specific
risk genes through the identification of recurrent mutations.
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Rare copy number variants implicate neuronal cell adhesion mole-
cules in Tourette Syndrome. A. Huang’, D. Yu?, L. Davis®, C. Mathews?,
P. Paschou?®, N. Freimer!, J. Scharf?, G. Coppola’, TSA International Con-
sortium for Genomics, and the GTS GWAS Replication Initiative. 1) Uni-
versity of California, Los Angeles, Los Angeles, CA; 2) Massachusetts
General Hospital, Boston, MA; 3) University of Chicago, Chicago, IL; 4)
University of California San Francisco, San Francisco, CA; 5) Democritus
University of Thrace, Alexandroupoli, Greece.

Tourette syndrome (TS) is a complex neuropsychiatric disorder char-
acterized by repetitive, involuntary motor and phonic tics of childhood
onset. Although it has been well-established that genetics play a con-
siderable role in TS, the identification of strong candidate genes has
escaped research efforts for the past three decades. Published ge-
nome-wide association studies based on common genetic variation
have thus far failed to establish any firm susceptibility loci. Therefore,
in the current study, we focused on the analysis of rare (frequency <
1%) copy number variations (CNVs) in TS in a large cohort of Europe-
an descent. Following extensive quality control, the dataset used in this
analysis contained 6,042 unrelated samples consisting of clinically diag-
nosed TS cases (n=2,585) and ethnically matched controls (n=3,457), all
assayed on dense, genome-wide lllumina OmniExpress single nucleo-
tide polymorphism genotyping arrays, making ours the largest and most
comprehensive CNV study in TS to date. We created a set of high-con-
fidence CNV calls based on the consensus of two separate calling algo-
rithms, and with these data, conducted several different types of analy-
sis. We compared the CNV calls in our sample to those with convincing
evidence for involvement in a variety of neuropsychiatric disorders, as
well as those previously implicated in TS. To search for novel TS loci,
we performed both segmental and gene-based tests of CNV associa-
tion. Finally, we conducted a burden analysis of CNVs between cases
and controls, stratified by both CNV type and size. We demonstrate evi-
dence supporting the pathogenicity of rare exonic deletions in Neurexin
1 (NRXNT), which have previously been implicated in other neuropsy-
chiatric conditions including autism spectrum disorder, epilepsy, and
schizophrenia. Additionally, we find that rare duplications spanning the
contactin 6 gene (CNTNG6) are significantly enriched in TS cases (P=5.4 x
10-3, gene-wise test, after genome-wide empirical correction for multi-
ple testing). Finally, burden analysis demonstrates a significant increase
(p=0.0011) in the rate of rare, large, and likely pathogenic CNVs (>500kb)
in TS patients compared to controls. Taken together, our study strongly
supports a role for rare CNVs in the genetic etiology of TS and moreover,
suggests additional CNVs that contribute to disease susceptibility to re-
main to be found.
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Whole exome sequencing with simultaneous analysis of both par-
ents has a high diagnostic yield for patients with epilepsy and neu-
rodevelopmental disorders. M. Stosser, T. Brandt, K. Retterer, J. Juu-
sola, G. Richard, S. Suchy, D. McKnight. GeneDx, Gaithersburg, MD.
Choosing an optimal testing strategy for patients with epilepsy and
neurodevelopmental disorders (NDD) can be challenging and depends
on the positive diagnostic rate (PDR) of the different genetic tests. The
objective of this retrospective study was to evaluate the PDR of whole
exome sequencing (WES) and multi-gene panels (NextGen sequencing
and exon-level array CGH) for patients with epilepsy and NDD who were
referred for testing to our molecular diagnostic laboratory between De-
cember 2011 and December 2014. A positive result was defined as one
or two pathogenic or likely pathogenic variants in a single gene, depend-
ing on the mode of inheritance of the disorder. The highest diagnostic
yield (171/450=38%) was achieved when WES analysis was performed
on both the proband and the parents (WES-Trio). The diagnostic yield
(18/79=23%) observed for proband-only WES analysis (WES-Proband)
was strikingly lower and comparable to that of targeted multi-gene pan-
els for epilepsy-related disorders. The PDR of all targeted epilepsy panels
performed at our laboratory during this time period was 16% (899/5776).
The infantile onset epilepsy panel (53 epilepsy-related genes) had a PDR
of 21% (340/1620), and the PDR of the comprehensive panel (70 epilep-
sy-related genes) was 15% (437/2919). Using WES-Trio testing, the ma-
jority of autosomal dominant (83%) and X-linked disorders (69%) were
determined to be caused by de novo mutations, which demonstrates
the value of concurrent parental testing and explains the higher PDR of
WES-Trio. The number of genes associated with epilepsy-related dis-
orders is rapidly expanding and often the mutation spectrum of these
newly-emerging genes is unknown. Defining the clinical significance of
novel missense variants in one of these genes can be challenging but
de novo occurrence can aid in proper variant classification. We made
this observation in five new epilepsy-related genes, ALG13, GABRB2,
KCNB1, NR2F1, and WDR45, where novel de novo changes accounted
for 9% (15/171) of the positive WES-Trio results in our cohort. These data
demonstrate that the highest PDR for patients with epilepsy and NDD
was achieved by WES-Trio testing, which allows for the identification of
de novo mutations. When both parents are not available for genetic test-
ing, the PDR of WES only marginally exceeds that of a targeted epilepsy
panel. These data may assist clinicians in determining the most effective
testing strategy for their patients with epilepsy and NDD.
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Gene discovery and high-throughput resequencing of candidate
genes in epileptic encephalopathies. C.T. Myers’, J.M. McMahon?,
A. Schneider?, R.K. Maller®4, G.L. Carvill', I.E. Scheffer?, H.C. Mefford',
Epi4K Consortium. 1) University of Washington, Department of Pediat-
rics, Seattle, WA, USA; 2) University of Melbourne, Department of Medi-
cine, Florey Institute of Neurosciences and Mental Health, Austin Health,
Melbourne, Australia; 3) University of Southern Denmark, Institute for
Regional Health Services, Odense, Denmark; 4) Danish Epilepsy Centre.
Objective: Whole exome studies in patients with epileptic encepha-
lopathies (EE) have demonstrated the breadth of genetic heterogeneity
in these severe childhood epilepsy syndromes. Our previous study iden-
tified 329 de novo mutations in 305 genes when 264 trios (affected child
and unaffected parents) were sequenced. We aimed to identify additional
patients with de novo mutations in 27 of these candidate genes to con-
firm the role of each gene in EE and to further define the phenotypic
spectrum. Methods: We performed targeted capture and high-through-
put resequencing of 27 genes in which a de novo mutation was identified
in one or more proband with Infantile Spasms (IS) or Lennox-Gastaut
syndrome (LGS) in our prior study. 537 patients with diverse EE pheno-
types were screened. Results: We identified 16 patients with de novo
mutations in 7 genes, thus establishing a genetic diagnosis for ~3% of
our cohort. Among these are recurrent and novel mutations in ALG13,
CACNA1A, DNM1, GABRB3, GNAO1, IQSEC2, and SLC1A2 highlight-
ing the importance of these genes in EE. Notably, recurrent mutations
accounted for 44% of the pathogenic variants identified in this study. For
two independent families with multiple affected individuals, we identified
a parent with a mosaic germline mutation. GABRB3 accounted for the
majority of pathogenic variants (n=6/537), explaining ~1% of our cohort.
We will report the frequency of de novo mutations for each gene screened
in our cohort as well as investigate genotype-phenotype correlations for
genes in which multiple patients harbor mutations. Conclusion: We have
confirmed the role of at least 7 additional genes in the genetic etiology of
EE and expanded the phenotypic spectrum associated with these genes
beyond IS and LGS in which they were first discovered.
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Loss-of-function mutations in SLC12A5 encoding the potassi-
um-chloride co-transporter KCC2 in epilepsy of infancy with migrat-
ing focal seizures. T. Stédberg’?, A. McTague®*, A. Ruiz®, H. Hirata®"?,
J. Zhen®, P. Long®, I. Farabella’, E. Meyer®, A. Kawahara'!, G. Vassallo™,
S. Stivaros™'¥, M. Bjursell’®, H. Stranneheim’6, S. Tigerschiéld'®'s, B.
Persson’”'8, |. Bangash’®, K. Das*?*°, D. Hughes?', N. Lesko®?2, J. Lun-
deberg®, R. Scott*>42526, A. Poduri?”?, |. Scheffer?>%°, H. Smith®’, P. Gis-
sen’®'3235 S, Schorge®, M. Reith®%, M. Topf'°, D. Kullmann®, R. Harvey?®,
A. Wedell'™>'s, M. A. Kurian®*. 1) Department of Women’s and Children's
Health, Karolinska Institutet, SE-171 76, Stockholm, Sweden; 2) Neu-
ropediatric Unit, Karolinska University Hospital, SE-171 76 Stockholm,
Sweden; 3) Molecular Neurosciences, Developmental Neurosciences
Programme, UCL Institute of Child Health, London, WC1N 1EH, U.K;
4) Department of Neurology, Great Ormond Street Hospital, London,
WC1N 3JH, U.K; 5) Department of Pharmacology, UCL School of Phar-
macy, London, WC1N 1AX, U.K; 6) Department of Chemistry and Bio-
logical Science, Graduate School of Science and Engineering, Aoyama
Gakuin University, Sagamihara, Kanagawa 252-5258, Japan; 7) Center
for Frontier Research, National Institute of Genetics, Yata 1111, Mishima,
Shizuoka 411-8540, Japan; 8) PREST, Japan Science and Technology
Agency, Tokyo, 102-0076, Japan; 9) Department of Psychiatry, New York
University School of Medicine, New York, NY 10016, U.S.A; 10) Insti-
tute of Structural and Molecular Biology, Crystallography/Department
of Biological Sciences, Birkbeck College, University of London, WC1E
7HX, U.K; 11) Laboratory for Developmental Biology, Graduate School
of Medical Science, University of Yamanashi, Chuo, 409-3898, Japan;
12) Department of Neurology, Royal Manchester Children’s Hospital,
Manchester, M13 9WL, U.K; 13) Academic Department of Radiology,
Royal Manchester Children’s Hospital, Manchester, M13 9WL, U.K; 14)
Imaging Science, School of Population Health, University of Manches-
ter, Manchester, M13 9PL, U.K; 15) Department of Molecular Medicine
and Surgery, Science for Life Laboratory, Center for Molecular Medicine,
Karolinska Institutet, SE-171 76 Stockholm, Sweden; 16) Centre for In-
herited Metabolic Disorders, Karolinska University Hospital, SE-171 76
Stockholm, Sweden; 17) Department of Cell and Molecular Biology, Sci-
ence for Life Laboratory, Uppsala University, SE-751 85 Uppsala, Swe-
den;; 18) Department of Medical Biochemistry and Biophysics,Science
for Life Laboratory, Karolinska Institutet, SE-171 76 Stockholm, Swe-
den; 19) EEG Department, Royal Oldham Hospital, OL1 2JH, Oldham,
Lancashire, U.K; 20) Young Epilepsy, RH7 6PW, Lingfield, Surrey, U.K;
21) Department of Molecular Neuroscience, UCL-Institute of Neurology,
WC1N 3BG, London, U.K; 22) Department of Laboratory Medicine, Kar-
olinska Institutet, SE-171 76 Stockholm, Sweden; 23) Science for Life
Laboratory, School of Biotechnology, Royal Institute of Technology, SE-
100 44 Stockholm, Sweden; 24) Department of Neurological Sciences,
University of Vermont College of Medicine, Vermont, VT 05405, U.S.A;
25) Department of Paediatric Neurology, Fletcher Allen Health Care, Ver-
mont, VT 05401, U.S.A; 26) Clinical Neurosciences, Developmental Neu-
rosciences Programme, UCL Institute of Child Health, London, WC1N
1EH, London, U.K; 27) Department of Neurology, Boston Children’s
Hospital, Boston, Massachusetts, MA 02115, U.S.A; 28) Department of
Neurology, Harvard Medical School, Boston, Massachusetts, MA 02115,
U.S.A; 29) Departments of Medicine and Paediatrics, University of Mel-
bourne, Austin Health and Royal Children’s Hospital, Melbourne, Vic-
toria, VIC 3052, Australia; 30) Florey Institute, Melbourne, Victoria, VIC
3010, Australia; 31) MRC Laboratory for Molecular Cell Biology, UCL,
London, WC1E 6BT, U.K.; 32) Department of Metabolic Medicine, Great
Ormond Street Hospital, London, WC1N 3JH, U.K.; 33) Genetics and
Genomic Medicine, Institute of Child Health, UCL, London, WC1N 1EH,
U.K.; 34) Department of Clinical and Experimental Epilepsy, UCL Institute
of Neurology, London, WC1N 3BG, U.K.; 35) Department of Biochemis-
try and Molecular Pharmacology, New York University School of Medi-
cine, New York, NY 10016, U.S.A.

Epilepsy of infancy with migrating focal seizures (EIMFS) is an
early infantile epileptic encephalopathy (EIEE). Previously known as
migrating partial seizures in infancy (MPSI) it was first described by
Coppola in 1995. EIMFS is a drug-refractory condition with frequent
focal seizures, developmental regression and a characteristic ictal
pattern on EEG with seizure activity migrating from one hemisphere
to the other. Only recently several genes have been implicated as
causes of EIMFS.The hyperpolarizing, inhibitory action of GABA de-
pends on low intraneuronal chloride levels. The potassium-chloride

co-transporter KCC2, encoded by SLC12A5 [MIM:606726], is the main
chloride extruder in neurons and maintains the hyperpolarizing gra-
dient. KCC2 polymorphisms have been implicated as susceptibility
factors for febrile seizures and generalized epilepsy.We identified
two families with EIMFS. Whole exome sequencing in one family and
autozygosity mapping followed by exome sequencing in another left
SLC12A5 as the only strong candidate gene. Two affected children in
a Swedish family were compound heterozygotes for missense mu-
tations ¢.1277T>C (L426P) and c.1652G>A (G551D) and two affect-
ed children in a family of Pakistani origin with consanguineous first
cousin parents were homozygous for the missense variant c.932T>A
(L311H). All three mutations showed appropriate segregation in the
families and were not present in healthy control populations. Protein
homology studies were performed and predicted damaging effects
of all three mutations.We used an in vitro heterologous expression
system for immunoblotting and surface protein biotinylation. When
compared to WT, the mutants L311H, L426P, and G551D showed re-
duced expression at the cell surface as well as reduced glycosylation.
In addition in HEK293 cells transfected with WT and mutant FLAG-
tagged KCC2 all three mutants were much less detected at the cell
surface. Thus all three mutations seem to impair cell surface local-
ization and post-translational modification of KCC2.To further inves-
tigate disease mechanisms we recorded in voltage-clamp mode from
HEK293 cells transfected with a plasmid either encoding the wild-
type KCC2b isoform or one of the mutants L311H, L426P, G551D. The
KCC2 mutants showed a depolarized chloride reversal potential and
a slowed recovery after chloride load proving a defective KCC2 trans-
porter activity.Our report is the first to describe SLC12A5 mutations
as a monogenic cause of human epilepsy..
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Functional analysis of GRIN2A mutations in childhood epileptic
encephalopathies. L. Addis’ ?, L.R. Vidler?, D.A. Collier?, D.K. Pal', D.
Ursu?. 1) Institute of Psychiatry, Psychology & Neuroscience, King’s Col-
lege London, London, United Kingdom; 2) Neuroscience Discovery, Eli
Lilly Research Centre, Windlesham, Surrey, United Kingdom.

Epileptic encephalopathies are severe brain disorders characterized
by seizures and abundant epileptiform activity that contribute to cogni-
tive and behavioural impairments. Landau-Kleffner syndrome (LKS) and
continuous spikes and waves during slow-wave sleep (CSWS) are close-
ly related encephalopathies with regression in language and global cog-
nitive skills respectively. They show electroclinical overlap with Rolandic
epilepsy (RE), the most frequent childhood focal epilepsy, forming a clini-
cal spectrum of epileptic, cognitive, language and behavioural disorders.
Recently it was discovered that around 20% of cases in this spectrum
are caused by mutations in the NMDA glutamate receptor GRIN2A. Here
we set out to determine the disease mechanism of twelve missense
GRIN2A mutations. Mutations were chosen based on predicted func-
tional changes, segregation with disease, amino acid conservation and
disease severity. Mutations were inserted into GRIN2A cDNA, and HEK
cells transiently transfected with mutant GRIN2A, and standard GRIN1
constructs allowing formation of heteromers. 1) Western blotting of total
protein lysates revealed that eight mutations caused a decrease in GRI-
N2A protein levels. The loss of the disulphide-bond of the cysteine resi-
due in C436R and C231Y drastically destabilises the protein and causes
its degradation, resulting in 70% loss. P79R, G483R, E714K and D731N
destabilising amino acid changes also resulted in >50% loss. M705V
and 1814T caused a 30% decrease in expression. 2) Single-cell and
high-throughput calcium imaging assayed glutamate binding, maximum
response to glutamate, ratio of cell responses and NMDAR function. Mu-
tations C436R and D731N totally abolished glutamate binding, whilst
P79R, C231Y and G483R severely decreased the glutamate affinity,
meaning the mutant receptors can only be activated by higher concen-
trations of the agonist. The maximum response to glutamate was also
decreased for C231Y, M705V and A716T. No alterations in glutamate
binding were detected for E714K, D933N and N976S, whereas M705V
and 1814T appeared to increase glutamate affinity 3) Fluorescent imaging
of cell surface and intracellular expression of the mutant proteins also
revealed corresponding alterations. Taken together, these data suggest
that mutations across GRIN2A affect the expression and function of the
receptor in different ways, with the end result of altered NMDA receptor
currents and neuronal excitability.
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Hyperexcitability of neurons and cardiomyocytes in a mouse model
of SCN8A epileptic encephalopathy. J.L. Wagnon', C.R. Frasier?, L.F.
Lopez-Santiago?, Y. Yuan?, J. Hul, Y. Bao? M.H. Meisler. 1) Department
of Human Genetics, University of Michigan, Ann Arbor, Ml; 2) Depart-
ment of Pharmacology, University of Michigan, Ann Arbor, MI.
Early-infantile epileptic encephalopathy type 13 (EIEE13, OMIM #
614558) is caused by de novo missense mutations of the gene SCN8A
encoding the voltage-gated sodium channel Na 1.6. In addition to gen-
eralized tonic-clonic seizures, EIEE13 can include developmental delay,
severely impaired motor control, and sudden unexpected death in epi-
lepsy (SUDEP). The de novo mutation p.Asn1768Asp was identified in
the first reported patient with EIEE13 (Veeramah et al, AJHG 2012). In a
heterologous expression system, the mutation resulted in impaired inac-
tivation of sodium current (I,,) and elevated persistent current resulting in
neuronal hyperexcitability. A knock-in mouse model carrying the patient
mutation recapitulates seizures and SUDEP (Wagnon et al, HMG 2015).
To understand the pathogenic mechanism of this mutation in vivo, we
characterized the electrophysiological properties of neurons and cardio-
myocytes from the knock-in mouse. Isolated sodium current (I,,) was
recorded from acutely dissociated CA3 hippocampal neurons using the
standard whole-cell patch clamp techniques. Persistent |, density was
elevated more than 2-fold in both excitatory pyramidal neurons and in-
hibitory bipolar neurons. Whole-cell patch clamp recordings from acute
brain slices detected abnormal spontaneous firing of hippocampal neu-
rons. In addition to its major site of expression in neurons, SCN8A is
expressed at a much lower level in heart, where Na 1.6 is localized to
the t-tubules of ventricular myocytes. In vivo electrocardiogram (ECG)
recordings detected a reduced heart rate and accelerated idioventricular
rhythm in response to caffeine in the mutant mice. Acutely isolated ven-
tricular myocytes exhibited an increased incidence of delayed afterdepo-
larizations. We observed prolongation of the early repolarization phase of
the action potential and increased duration of calcium transients.Taken
together our results indicate that the p.Asn1768Asp mutation causes hy-
perexcitability of both neurons and cardiomyocytes. The hyperactivity of
hippocampal neurons is likely to contribute to seizures. The abnormal-
ities in cardiomyocytes may increase susceptibility to arrhythmias and
thus contribute to SUDEP. Increased persistent sodium current appears
to underlie neuronal hyperexcitability and may play a role in the heart.
Therapeutic agents that selectively inhibit persistent |, may become a
valuable treatment option for prevention of seizures and SUDEP in pa-
tients with SCN8A mutations.
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Genome-wide analysis of multi-ancestry cohorts identifies new loci
influencing glaucoma-related endophenotypes. A. Iglesias Gonzalez',
H. Springelkamp'?, A. Mishra®4, T. Aung®®, C-Y. Cheng®®7, J.E. Craig®, C.J.
Hammond®™°, M. Hauser'"'?, A.W. Hewitt's, R. Héhn'*'5, C.C.W. Klaver'?,
A.J Lotery's, D.A. Mackey'’, L.R. Pasquale'®, N. Pfeiffer’?, A.C. Viswana-
than', J.L. Wiggs'®, T-Y. Wong®57, C.M. van Duijn’, S. MacGregor*, Inter-
national Glaucoma Genetics Consortium. 1) Department of Epidemiolo-
gy, Erasmus MC, Rotterdam, Rotterdam, Netherlands; 2) Department of
Ophthalmology, Erasmus MC, Rotterdam, Rotterdam, Netherlands; 3)
Department of Complex Trait Genetics, VU University, Centre for Neurog-
enomics and Cognitive Research, Amsterdam, The Netherlands; 4) Statis-
tical Genetics Group, QIMR Berghofer Medical Research Institute, Royal
Brisbane Hospital, Brisbane, Australia; 5) Ophthalmology and Visual Sci-
ences Academic Clinical Program, Duke-NUS Graduate Medical School,
National University of Singapore, Singapore, Singapore; 6) Singapore Eye
Research Institute, Singapore National Eye Centre, Singapore, Singapore;
7) Department of Ophthalmology, Yong Loo Lin School of Medicine, Na-
tional University of Singapore and National University Health System, Sin-
gapore; 8) Department of Ophthalmology, Flinders University, Adelaide,
SA, Australia; 9) Department of Ophthalmology, King’s College London,
St. Thomas’ Hospital, London, United Kingdom; 10) Department of Twin
Research and Genetic Epidemiology, King’s College London, London, UK;
11) Departments of Medicine, Duke University Medical Center, Durham,
NC, USA; 12) Department of Ophthalmology, Duke University Medical
Center, Durham, NC, USA; 13) Centre for Eye Research Australia (CERA),
University of Melbourne, Royal Victorian Eye and Ear Hospital, Melbourne,
Victoria, Australia; 14) Department of Ophthalmology, University Medical
Center Mainz, Mainz, Germany; 15) Department of Ophthalmology, In-
selspital, Bern, Switzerland; 16) Clinical Neurosciences Research Group,
Clinical and Experimental Sciences, Faculty of Medicine, University of
Southampton, University Hospital Southampton, Southampton, UK; 17)
Centre for Ophthalmology and Visual Science, Lions Eye Institute, Uni-
versity of Western Australia, Perth, Australia; 18) Department of Ophthal-
mology, Harvard Medical School, Boston, MA and Channing Division of
Network Medicine, Brigham and Women'’s Hospital, Boston, MA; 19) NIHR
Biomedical Research Centre for Ophthalmology, Moorfields Eye Hospital
NHS Foundation Trust and UCL Institute of Ophthalmology, London, UK.
Purpose: Glaucoma is a progressive optic neuropathy and a leading
cause of irreversible blindness worldwide. Genome-wide association stud-
ies (GWAS) imputed to Hapmap reference panels have identified over 70
loci associated with glaucoma-related traits.The aims of this study are to
use the 1000 genomes (1000G) imputation to (1) identify low frequent vari-
ants associated with glaucoma endophenotypes and (2) investigate the
pathways overlapping between the different endophenotypes.Methods:
We conducted a meta-analysis of 19 GWAS that included 29,578 Europe-
ans and 8,373 Asians. The outcomes included intraocular pressure (IOP),
vertical cup-disc ratio (VCDR), cup area (CA) and disc area (DA). Genetic
data were imputed using the 1000G (Phase 1 v3). We subsequently test-
ed the effect of all genome-wide significant SNPs on primary open-angle
glaucoma (POAG) in three independent case-control studies. Gene set en-
richment analysis using the DEPICT framework and expression analysis in
zebrafish were performed to determine pathways implicated by the iden-
tified loci, and to evaluate the biological context of our findings.Results:
This meta-analysis identified a novel locus associated with IOP, nine loci
with VCDR, five with CA and six with DA. Two loci were found overlapping
between IOP and optic disc parameters (ABO and ADAMTSS), supporting
a genetic overlap between these quantitative traits. Gene-based analysis
identified one novel gene associated with IOP and two novel genes with
DA. Eleven loci were associated with POAG, including a suggestive new as-
sociation at CDKN1A. Enrichment analysis highlighted pathways involved
in development and revealed a new pathway implicated in regulation of
adiponectin and leptin levels, which are related to metabolic syndrome.
Significance of metabolic-related pathways was driven by CDKN2B and
SIX6 among others. We used zebrafish to explore downstream effects of
SIX6 downregulation and found alterations in the levels of CDKN2B and
CDKN1A. PAX6 was associated with disc area and regulates developmen-
tal genes like SIX6 and ATOH?7, and is involved in glucose metabolism.
Conclusions: We have identified 21 loci associated with multiple glaucoma
endophenotypes. Of clinical relevance is a new metabolic pathway iden-
tified which relates glaucoma to metabolic syndrome. Zebrafish analyses
support the role of glaucoma genes in the cell cycle and demonstrate an in
vivo interaction of genes potentially involved in metabolism.
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The genomic region harboring the type 2 diabetes presumed caus-
al variant within TCF7L2 forms long-range functional connections
with ACSL5. M.E. Johnson', Q. Xia', A. Chesi’, B.T. Johnston’, S. Lu’,
E.F. Rappaport?, P. Huang®, A.D. Wells*®, G.A. Blobel*4, S.F.A. Grant’*. 1)
Divisions of Human Genetics and Endocrinology, Children’s Hospital of
Philadelphia, Philadelphia, PA; 2) NAPCore, Children’s Hospital of Phila-
delphia, Philadelphia, PA; 3) Division of Hematology, Children’s Hospital
of Philadelphia, Philadelphia, PA; 4) Perelman School of Medicine at the
University of Pennsylvania, Philadelphia, PA; 5) Division of Pathology and
Laboratory Medicine, Children’s Hospital of Philadelphia, Philadelphia,
PA.

Genome wide association studies (GWAS) only report genomic signals
associated with a given trait and not necessarily the precise localization
of culprit genes. Chromatin conformation capture techniques can aid in
the identification of causal genes by characterizing genomic regions that
make physical contact with a GWAS-implicated locus. The strongest as-
sociated type 2 diabetes (T2D) locus reported to date, residing within
TCF7L2, presents a particular opportunity for such analyses as previous
studies point to the T allele of rs7903146 in intron 3 as the causal variant
at this location.We carried out 4C-seq and Capture C in parallel libraries
using the immediate sequence harboring rs7903146 as the bait to eluci-
date the genomic regions it interacted with. Given that TCF7L2 mediates
cell specific regulation of proglucagon in the intestinal tract, which in turn
cleaves to the insulinotropic hormone GLP-1, we employed the human
colon mucosal epithelial NCM460 cell line for this effort.When overlap-
ping both sets of data, the bait region consistently interacted with 5 pro-
moters, of which 4 resided in the same topologically associating domain
(TAD) as TCF7L2, namely - and in order of peak score strength - ACSL5,
HABP2, LOC143188 and TDRD1 (the latter being in a separate sub-TAD);
furthermore, we observed interaction within TCF7L2 itself. An additional
promoter was observed on chromosome 6 corresponding to MMS22L.
We went on to precisely gene edit this genomic element using CRISPR/
Cas9. Leveraging sgRNAs targeting flanking sites located both upstream
and downstream of rs7903146, we generated constructs that success-
fully removed either a 66bp or 1.4kb genomic segment. Following mRNA
gene expression analysis, we observed a particularly dramatic impact
on ACSL5 levels (approx. 30x decrease) in both deleted homozygous
settings, and subsequent Western blotting revealed that protein levels
were almost entirely ablated. Furthermore, the gene expression changes
for HABP2 were also very notable.Interestingly, ACSL5 encodes ‘acyl-
CoA synthetase long chain family, member 5’, an enzyme known to play
a role in mammalian fatty acid metabolism. HABP2 encodes ‘hyaluro-
nan binding protein 2’ and has not been strongly implicated in metabolic
processes previously.As such, our data point to the immediate genomic
location harboring rs7903146 as being a putative locus control region for
a number of genes playing a role in the pathogenesis of T2D, in particular
ACSLS5.
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Genome-wide Association Studies Identify RAB38 and HS6ST1 As-
sociated with Albuminuria in Diabetes. A. Teumer’? on behalf of the
CKDGen Consortium. 1) Institute for Community Medicine, University
Medicine Greifswald, Greifswald, Germany; 2) DZHK (German Center for
Cardiovascular Research), partner site Greifswald, Greifswald, Germany.
Elevated concentrations of albumin in the urine (albuminuria) are as-
sociated with an increased risk of kidney disease progression, end-stage
renal disease (ESRD) as well as cardiovascular events and mortality. Al-
buminuria is a hallmark of diabetic kidney disease (DKD), the leading
cause of ESRD. No novel effective therapies for DKD have been ap-
proved in the past two decades.To gain insight into the pathophysiolog-
ical mechanisms underlying albuminuria, we conducted a meta-analysis
of 21 genome-wide association studies and an independent replication
in 9 studies of urinary albumin-to-creatinine ratio (UACR) in individuals
of European ancestry with (n=7,370) and without (n=46,061) diabetes.
We characterized novel findings experimentally using Rab38 knockout,
transgenic and congenic Fawn Hooded Hypertensive (FHH) rats with
induced diabetes.We identified and replicated associations between
variants in HS6ST1, encoding heparan sulfate 6-O-sulfotransferase 1,
and near RAB38/CTSC, encoding ras-related protein Rab-38 and di-
peptidyl peptidase 1, respectively, with UACR among >7,000 individuals
with diabetes. The change in average UACR per minor allele was 22%
for HS6ST1 and 14% for RAB38/CTSC (p<1E-6 for both). The genetic
variants showed an effect on UACR in individuals with diabetes but not
in those without diabetes (p-interaction <1E-5), representing examples
of gene-by-diabetes interactions in a complex phenotype. The Rab38
knockout rats had significantly higher albumin excretion than controls
(p<0.001) despite similar blood glucose concentrations. RNA-seq data
from micro-dissected human kidney samples showed higher gene ex-
pression in human tubuli compared to glomeruli for both RAB38 and
HS6ST1. The difference between tubular and glomerular expression was
more pronounced for RAB38 (p=1.1E-8) than for HS6ST1 (p=0.015).The
genes identified highlight novel pathways influencing albuminuria in dia-
betes and may represent novel targets for its modulation.
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Chromosome interaction analysis of risk loci in related autoimmune
diseases reveals complex, long-range promoter interactions impli-
cating novel candidate genes. P. Martin’, A. McGovern', G. Orozco’,
K. Duffus’, A. Yarwood', S. Schoenfelder?, N. Cooper®, A. Barton'®, C.
Wallace®*, P. Fraser?, J. Worthington'®, S. Eyre'. 1) Arthritis Research
UK Centre for Genetics and Genomics. Centre for Musculoskeletal Re-
search. Institute of Inflammation and Repair. Faculty of Medical and
Human Sciences. Manchester Academic Health Science Centre. The
University of Manchester. Stopford Building, Manchester, UK; 2) Nuclear
Dynamics Programme, The Babraham Institute, Cambridge CB22 3AT,
UK; 3) JDRF/Wellcome Trust Diabetes and Inflammation Laboratory, De-
partment of Medical Genetics, NIHR Cambridge Biomedical Research
Centre, Cambridge Institute for Medical Research, University of Cam-
bridge, Wellcome Trust/MRC Building, Cambridge Biomedical Campus,
Cambridge, UK; 4) MRC Biostatistics Unit, Cambridge Institute of Pub-
lic Health, Forvie Site, Robinson Way, Cambridge Biomedical Campus,
Cambridge CB2 0SR, UK; 5) NIHR Manchester Musculoskeletal Biomed-
ical Research Unit, Central Manchester Foundation Trust, Manchester
Academic Health Science Centre, Oxford Road, Manchester M13 9WL.

Genome wide association studies (GWAS) have been tremendously
successful in identifying genetic variants associated with complex dis-
eases; however, since the majority of these variants map to intergenic
enhancer regions, their functional annotation has proved elusive. Linking
these enhancers to their target genes is essential if we are to realise
the full translational potential of GWAS. It is established that enhancer
regions regulate expression of their target genes through physical inter-
action via chromatin looping. We have used Capture Hi-C to investigate
the potential interactions between disease-associated variants of four
autoimmune diseases (theumatoid arthritis, type 1 diabetes, psoriatic ar-
thritis and juvenile idiopathic arthritis) and their functional targets in two
relevant cell lines (B and T cells).

Uniquely, we designed two complementary experiments, the first
using enrichment baits for disease associated regions and the second,
baits for all promoters within 1Mb of associated variants, providing in-
dependent validation of captured interactions. We identified 8,594 inter-
actions (764 fragments) in the first capture and 18,285 (1,938 fragments)
in the second at 5% FDR which included well-established interactions
in control regions (e.g. HBA locus). Unexpectedly, around 80% of signif-
icant interactions occurred at distances exceeding 500kb, whilst these
could not be validated in this experiment it does reinforce the idea of
long-range gene regulation. Among the 146 validated interactions we
found evidence that firstly, SNPs associated with different autoimmune
diseases, separated by distances of up to 1Mb, interact with each other
and the same promoter suggesting common autoimmune gene targets
(e.g. PTPRC, DEXI, ZFP36L1). Secondly, that GWAS associated SNPs
within enhancers interact with compelling candidate genes (e.g. FOXO1,
AZI2), often situated several megabases away, whilst skipping closer
genes more likely to be considered as functionally associated, strongly
suggesting that SNPs uncovered by GWAS cannot simply be assigned
to the nearest genes. Finally, long-range chromosomal interactions are
often detected in a cell type specific manner. These results provide new
insights into complex disease genetics and change the way we view the
causal genes in disease.
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A rare A2ML1 variant confers susceptibility to otitis media and
causes changes in the middle ear microbiome. R.L.P. Santos-Cor-
tez', C.M. Chiong?3, M.R.T. Reyes-Quintos®, M.L.C. Tantoco? X. Wang’,
A. Acharya’, I. Abbe’, A.P. Giese?, J.D. Smith®, E.K. Allen®’, B. Li', E.M.
Cutiongco-de la Paz®°, M.C. Garcia®, E.G.D.V. Llanes?3, P.J. Labra®, N.J.
Ajami’®, J.F. Petrosino™, G.T. Wang', K.A. Daly'!, J. Shendure®, M.J.
Bamshad®, D.A. Nickerson®, J.A. Patel?, S. Riazuddin?, M.M. Sale5” '3,
T. Chonmaitree’, Z.M. Ahmed*, G.T. Abes?3, S.M. Leal', University of
Washington Center for Mendelian Genomics. 1) Center for Statistical Ge-
netics, Department of Molecular and Human Genetics, Baylor College
of Medicine, Houston, Texas, USA; 2) Philippine National Ear Institute,
University of the Philippines Manila - National Institutes of Health, Ma-
nila, Philippines; 3) Department of Otorhinolaryngology, University of the
Philippines College of Medicine - Philippine General Hospital, Manila,
Philippines; 4) Department of Otorhinolaryngology Head & Neck Surgery,
School of Medicine, University of Maryland, Baltimore, Maryland, USA;
5) Department of Genome Sciences, University of Washington, Seattle,
Washington, USA; 6) Center for Public Health Genomics, University of
Virginia School of Medicine, Charlottesville, Virginia, USA; 7) Department
of Biochemistry and Molecular Genetics, University of Virginia, Charlot-
tesville, Virginia, USA; 8) Institute of Human Genetics, University of the
Philippines Manila - National Institutes of Health, Manila, Philippines; 9)
Department of Pediatrics, University of the Philippines College of Medi-
cine - Philippine General Hospital, Manila, Philippines; 10) Alkek Center
for Metagenomics and Microbiome Research, Department of Molecular
Virology and Microbiology, Baylor College of Medicine, Houston, Tex-
as, USA; 11) Department of Otolaryngology, Head and Neck Surgery,
University of Minnesota, Minneapolis, Minnesota, USA; 12) Division of
Pediatric Infectious Disease and Immunology, Department of Pediatrics,
University of Texas Medical Branch, Galveston, Texas, USA; 13) Depart-
ment of Public Health Sciences, University of Virginia, Charlottesville,
Virginia, USA.

Otitis media causes significant morbidity in a large proportion of the
global population and is a major cause of hearing loss across all age
groups. Strong evidence exists for genetic susceptibility to otitis me-
dia, but no rare variants have been previously associated with otitis
media. In a large indigenous Filipino pedigree with ~50% prevalence of
otitis media, exome sequencing and linkage analysis led to the iden-
tification of a duplication variant A2ML1 c.2478_2485dupGGCTAAAT
(p.(Ser829Trpfs*9)) segregating with nonsyndromic otitis media, with a
significant maximum LOD score of 7.5 at reduced penetrance. The same
duplication was identified in 3 out of 79 European- or Hispanic-American
(EA/HA) otitis-prone children. All three children required tympanostomy
tube insertion by age 6 months. On the other hand, the duplication was
absent in 84 EA/HA non-otitis-prone children, in 1,378 exomes of EA/HA
descent, and in 67,630 European non-Finnish and 11,606 Latino alleles
from the Exome Aggregation Consortium database (p=3.34x10"4). Both
indigenous Filipino and EA/HA individuals with the duplication share a
short founder haplotype that is estimated to be 1,800 years old. Sev-
en additional A2ML1 variants were identified in six otitis-prone children,
and none of these variants were identified in non-otitis samples. A2MLA1
is localized to middle ear mucosal epithelium and is 59% similar to al-
pha-2-macroglobulin, a marker of vascular permeability of middle ear
mucosa during infection. Six of the identified A2ML1 variants are predict-
ed to remove or affect function of the thiol-ester and receptor-binding
domains, which are important for protease trapping and lysosomal clear-
ance. To further determine if A2ML1 variants cause shifts in microbial
profiles, middle ear samples were collected from 16 indigenous Filipino
individuals with otitis media, of whom 11 carry the A2ML1 duplication.
16S rRNA gene profiling revealed bacteria that are rarely reported from
otitis media samples. Differences in microbial profiles were detect-
ed based on carriage of the A2ML1 duplication. Haemophilus is more
abundant in otitis media individuals who are wild type, while Fusobac-
terium has greater abundance in carriers of the A2ML17 duplication. In
conclusion, we report identification of rare A2ML1 variants that confer
susceptibility to otitis media based on both family and association stud-
ies, including a duplication variant that induces changes in the middle
ear microbiome.
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Systems Genetics Approach Unravels the Molecular Mechanisms
Underlying Lung Function Variation and Uncovers Novel Therapeu-
tic Targets for COPD. M. Obeidat’, Y. Nie', K. Hao?, Y. Bossé®*, M. Lavi-
olette?, D. Nickle®, D. Postma® W. Timens’, S. Gharib®®, L. Wain'®, M.
Artigas’, M. Tobin™, I. Hall'!, S. London™, D. Sin', P. Paré’, SpiroMeta,
CHARGE and Lung eQTL Consortia. 1) Centre for Heart Lung Innovation,
University of British Columbia, Vancouver, BC, Canada; 2) Department
of Genetics and Genomic Sciences, Mount Sinai School of Medicine,
New York, USA; 3) Department of Molecular Medicine, Laval University,
Québec, Canada; 4) Institut universitaire de cardiologie et de pneumol-
ogie de Québec, Laval University, Québec, Canada; 5) Merck Research
Laboratories, Boston, MA, USA; 6) University of Groningen, University
Medical Center Groningen, Department of Pulmonology, GRIAC re-
search institute, Groningen, The Netherlands; 7) University of Groningen,
Groningen, University Medical Center Groningen, Department of Pa-
thology and Medical Biology, GRIAC research institute, Groningen, The
Netherlands; 8) Center for Lung Biology, University of Washington, Se-
attle, Washington, USA; 9) Department of Medicine, University of Wash-
ington, Seattle, Washington, USA; 10) Genetic Epidemiology Group,
Department of Health Sciences, University of Leicester, Leicester, UK;
11) Division of Therapeutics and Molecular Medicine, The University of
Nottingham, Nottingham, UK; 12) Epidemiology Branch, National Insti-
tute of Environmental Health Sciences, National Institutes of Health, De-
partment of Health and Human Services, Research Triangle Park, North
Carolina, USA.

Background: The SpiroMeta-CHARGE consortium undertook the
largest GWAS for forced expiratory volume in one second (FEV,) and
its ratio to forced vital capacity (FEV,/FVC) in ~48,000 individuals. We
hypothesized that a subset of SNPs associated with FEV, and FEV,/FVC
act as expression quantitative trait loci (eQTL) to change the level of
mRNA in lung tissue. Mapping lung function eQTLs will identify genes
and pathways regulating lung function and uncover therapeutics tar-
gets for chronic obstructive pulmonary disease (COPD).Methods: Lung
eQTLs were derived from genome-wide genotyping and gene expres-
sion analysis of 1,111 non-tumor lung tissue samples from UBC, Laval
and Groningen universities. The eQTL study identified ~470,000 SNPs
related to the level of gene expression in cis (within 1 Mb from gene)
and ~17,000 SNPs in trans. We integrated SNPs associated with either
FEV, or FEV,/FVC at P < 0.001 from the SpiroMeta-CHARGE GWAS with
eQTLs (at 10% FDR) to identify lung function eSNPs. Lung tissue mMRNA
levels of lung function eSNP- regulated genes (LFERG) were tested for
association with COPD in the eQTL study (n=330 cases, n=428 con-
trols) using logistic regression adjusted for age, gender, and smoking
status, and results were used as input for Connectivity Map (https://
www.broadinstitute.org/cmap/ ) to identify drugs/compounds that could
reverse or augment the COPD gene signature.Results: For FEV,, 3419
cis -eSNPs mapping to 271 genes, and 1568 trans-eSNPs mapping to
29 genes were identified. For FEV./FVC, 2214 cis-SNPs mapping to
275 genes and 442 trans-eSNPs mapping to 21 genes were identified.
These figures represent a significant over-representation for eQTLs; en-
richment ranged from 2.5 fold for cis to 32 fold for trans acting eSNPs.
The identified genes were enriched in biological processes related to
lung development and inflammatory processes. The lung mRNA levels of
51 of LFERG were associated with COPD at P<0.05. Connectivity Map
(Cmap) analysis using these 53 COPD signature genes identified a num-
ber of compounds that reversed the COPD gene signature, including
adiphenine; a local anesthetic which also acts as a nicotinic receptor
antagonist.Conclusion: Systems genetics translated GWAS into genes
and pathways underlying impaired lung function. In silico drug repurpos-
ing analysis identified adiphenine as a candidate drug that reverses the
COPD associated gene signature. Future in vitro and in vivo studies are
warranted to validate the finding.
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Fine-mapping and molecular assays identify multiple functional
variants at the ANGPTL8 HDL-C GWAS locus. M.E. Cannon’, C.K.
Raulerson’, Q. Duan’, Y. Wu', A. Ko?, P. Pajukanta?, M. Laakso®, Y. Li"#,
K.L. Mohlke'. 1) Department of Genetics, University of North Carolina,
Chapel Hill, NC 27599, USA; 2) Department of Human Genetics, David
Geffen School of Medicine at UCLA, Los Angeles, CA, USA; 3) Depart-
ment of Medicine, University of Eastern Finland and Kuopio University
Hospital, Kuopio, Finland; 4) Department of Biostatistics, University of
North Carolina, Chapel Hill, NC 27599, USA.

Recent European, African American, and Mexican genome-wide as-
sociation studies (GWAS) have identified different lead variants (P<5E-8)
associated with high-density lipoprotein cholesterol (HDL), located in or
near the ANGPTL8 gene (rs737337, rs4804154, rs2278426). ANGPTL8
expression is limited to liver and adipose, despite being contained with-
in one intron of ubiquitously expressed DOCK®6. A rare coding variant
in ANGPTLS is associated with HDL, and ANGPTL8 knockout studies
suggest a role in metabolism. In a preliminary analysis of RNA-seq data
from a combined 22 adipose samples heterozygous for rs737337 and
coding variant rs2278426 (ANGPTL8 R59W), we observed an allelic ex-
pression imbalance (binomial P<0.05), consistent with a regulatory ef-
fect; alleles associated with decreased HDL appear to be associated
with decreased ANGPTLS8 expression. To fine map the ANGPTLS locus,
we examined the linkage disequilibrium (LD) structure of the HDL-asso-
ciated variants in Europeans and African Americans. Given the extensive
sharing of GWAS loci across populations, we assume the presence of at
least one shared functional variant. Interestingly, the African American
signal is wider than in Europeans, due to a ~20% frequency haplotype
absent in Europeans. Using a typical LD threshold of r>>0.8 (1KG) to
define candidate variants, 4 exist in Europeans (EUR r? with rs737337),
whereas 29 exist in Africans (AFR r? with rs4804154), and only two are
shared. Using a threshold of r?>0.5, 14 are shared, including missense
variant rs2278426, which may contribute to the signal. To determine driv-
ers of ANGPTLS tissue specificity, we tested the ANGPTL8 promoter
and 8 HDL-associated variants that overlap epigenetic marks indicative
of regulatory regions in transcriptional reporter assays. The 400-bp pro-
moter demonstrated transcriptional activity in liver cells (5-fold increase
in HepG2) but not other cell types, suggesting the promoter is critical to
expression in liver. Of the 8 candidate variants, 6 showed increased tran-
scriptional activity (3-20 fold) in adipose and/or liver cells and modest
allelic differences (1.2-1.5 fold), suggesting that additional drivers exist,
especially in adipocytes. Electrophoretic mobility shift assays showed
that 4 variants alter transcription factor binding. Despite different lead
variants, the HDL association at ANGPTL8 can be explained by a single
shared regulatory signal with a complex mechanism including multiple
potentially functional variants.
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Functional analyses of type 2 diabetes-associated loci provides
mechanistic insight into genetic susceptibility. E.A. O’Hare, L.M.
Yerges-Armstrong, J.A. Perry, A.R. Shuldiner, N.A. Zaghloul. Division of
Endocrinology, Diabetes and Nutrition, Department of Medicine, Univer-
sity of Maryland School of Medicine, Baltimore, MD 21201, USA.
Genetic susceptibility plays an important role in type 2 diabetes (T2D),
but a clear understanding of how genes mediate disease onset has been
elusive. To address this problem, we examined the role of individual
genes in a single aspect of T2D etiology: production and maintenance of
pancreatic B-cells. In light of the depletion of B-cell mass that often ac-
companies T2D, we hypothesized that genetic susceptibility to T2D may
be mediated by the loss of B-cell mass. Using a transgenic zebrafish line
allowing for in vivo visualization of 3-cells, we systematically suppressed
67 identified zebrafish orthologs for genes at T2D-associated human
loci and assessed defects in the production of B-cells. We found that
25 were necessary for proper production of B-cell mass at embryonic
stages (p<1x10%°). Of these, 16 were novel for roles in B-cell produc-
tion (e.g., ankrd55, fitm2, kif14, klhdc5, pepd, slc30a8, thada, zfand3).
We used this systematic approach to functionally interrogate multi-gene
associated genomic loci and identified single genes at five of six loci for
which multiple candidates were tested. Deficits in embryonic produc-
tion of B-cells point to the possibility that B-cell mass adaptive capacity
over time may be impaired. We tested this possibility by examining the
response of B-cells to either glucose-induced expansion or regeneration
following B-cell ablation in animals depleted of T2D gene expression.
These assays revealed significant roles in regeneration of 3-cells for 17
of the 25 genes, suggesting that genetically programmed deficiencies
in B-cell mass may be directly related to impaired maintenance. Finally,
we investigated the relevance of our findings to human T2D onset in di-
abetic individuals from the Old Order Amish (n=45). Risk alleles in the 67
genes were classified as either necessary for B-cell mass (n=23) or not
(n=37). We found that risk alleles in B-cell mass genes were significantly
associated with younger age of onset (p=0.03). In addition, these risk
alleles were enriched (1.4-fold; p<0.01) in young, lean diabetics, sug-
gesting that individuals with deficiencies in the functions of these genes
may be predisposed to developing the disorder in the presence of fewer
additional risk factors. Taken together, our study offers proof-of-principle
for large-scale investigation of T2D gene function in vivo. These findings
suggest that mediation of B-cell production may be a mechanism of ge-
netic susceptibility to T2D for certain genotypes.
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Integrative tissue-specific functional annotations in the human ge-
nome provide novel insights on many complex traits and improve
replication rates in genome wide association studies. Q. Lu’, R.
Powles?, Q. Wang?, J. He®, H. Zhao'?“. 1) Department of Biostatistics,
Yale University, New Haven, CT; 2) Program of Computational Biology
and Bioinformatics, Yale University, New Haven, CT; 3) Division of Car-
diovascular Medicine, Department of Internal Medicine, Yale School of
Medicine, New Haven, CT; 4) VA Cooperative Studies Program Coordi-
nating Center, West Haven, CT.

Functionally annotating the human genome is a major goal in human
genetics. Extensive efforts have been made to understand genomic
function through both experimental and computational approaches, yet
proper annotation still largely remains a challenge, especially in non-cod-
ing regions. Cell-type-specific high-throughput epigenetic data provided
by large consortia, e.g. Roadmap Epigenomics Project, make it possible
to systematically predict functional modules in the human genome in
a tissue-specific manner. We have developed an unsupervised learning
framework to predict tissue-specific functional regions through inte-
grating diverse types of epigenetic annotations, and provide extensive
case studies to demonstrate the biological insights it could bring to the
broad scientific community. We first validate our method’s ability to pre-
dict tissue-specific functionality using experimentally validated studies
of non-coding elements. Our method is able to successfully identify a
variety of non-coding regulatory machinery including enhancers, regula-
tory miRNA, and hypomethylated transposable elements. Next, we used
tissue-specific functional annotations to prioritize SNPs in genome-wide
association studies (GWAS). Brain-specific functional predictions most
effectively increase the signal replication rate of schizophrenia GWAS
data, while several other tissue types also show superior performance
compared to using p-values only. Finally, we calculate the GWAS sig-
nal enrichment in various tissue types for 14 different human traits and
diseases, and identify the highly relevant tissues for each genome-wide
significant locus. Brain and blood were found to be the most relevant
tissue types for schizophrenia in both global and local analyses. Exam-
ining coronary artery disease, heart-specific functional regions showed
the strongest overall enrichment, but most genome-wide significant loci
were found to be most functional in the gastrointestinal system, suggest-
ing not only the large effect sizes of variants functional in the gastrointes-
tinal system, but also a substantial proportion of undetected heart-relat-
ed loci. In summary, our tissue-specific functional annotations can guide
genetic studies at multiple resolutions and provide valuable insights in
post-GWAS prioritization and disease etiology studies.
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A General Analytical Framework to Identify Pathogenic Genes Un-
derlying Complex Diseases. P. Shooshtari'?, C. Cotsapas’?. 1) Broad
Institute of MIT and Harvard, Cambridge, MA; 2) Department of Neurolo-
gy, Yale University, New Haven, Connecticut.

Genome-wide association studies have identified thousands of loci
mediating risk to common, complex diseases, and we and others have
shown that the majority of these effects map to regulatory DNA. These
bulk analyses support a model where disease risk is driven by alterations
to gene regulation. We have developed a framework to identify (a) specif-
ic regulatory elements driving disease risk; (b) the genes these elements
are regulating; and (c) the cell types in which this regulation occurs. Un-
like previous bulk analyses, we are thus able to identify pathogenic genes
and thus uncover mechanisms of pathogenesis.Our approach is to iden-
tify regulatory features harboring causal disease variants, and through
these the disease-causing gene(s) in each risk locus. We first construct
a map of regulator:gene relationships across the genome using matched
expression and regulatory region assays (initially, paired expression and
DNase | Hypersensitivity site data from 22 cell types in the Roadmap
Epigenomic Project). Uniquely, we identify robustly detected regulatory
regions across samples. Only ~54% of peaks pass (covering 8% of the
genome compared to 14% by all peaks), but explain the disease herita-
bility attributable to all peaks, suggesting the non-replicating peaks are
spurious. We then associate them to transcript levels to find genes under
their control, and overlay likely causal variants from GWAS loci onto this
genome-wide landscape of gene regulation. We combine the disease
and regulatory association statistics into a joint likelihood that any gene
is causal for disease, which we assess by permutation.We applied this
approach to 97 loci from a large fine-mapping study of multiple sclerosis.
50/97 loci had at least one peak harboring a candidate causal variant.
133/997 genes in these loci associated to regulatory regions harboring
risk variants (p < 0.05). For 121/133 genes we are able to localize disease
risk to a single regulatory region, with the remainder showing evidence of
complex regulatory alterations in pathogenesis. The latter include known
pathogenic genes with altered regulation: STAT4, CD40 and CD58. We
found that risk-mediating DHS are significantly enriched in activity in
CDg3+, CD8+, CD4+, CD19*, CD14* and fetal thymus cell populations (p
< 0.05 after Bonferroni correction). We are currently extending this ap-
proach to a further five autoimmune and inflammatory diseases and will
present the overall results of regulatory perturbation in disease.
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metaCCA: Summary statistics-based multivariate meta-analysis of
genome-wide association studies using canonical correlation anal-
ysis. A. Cichonska'?, J. Rousu? P. Marttinen?, A.J. Kangas®*, P. Soin-
inen®4, T. Lehtiméki®, O.T. Raitakari®’, M.R. Jérvelin®%', V. Salomaa'’,
M. Ala-Korpela®#'?, S. Ripatti’'*"#, M. Pirinen’. 1) Institute for Molecular
Medicine Finland FIMM, University of Helsinki, Finland; 2) Helsinki Insti-
tute for Information Technology HIIT, Department of Computer Science,
Aalto University, Espoo, Finland; 3) Computational Medicine, Institute of
Health Sciences, University of Oulu and Oulu University Hospital, Oulu,
Finland; 4) NMR Metabolomics Laboratory, School of Pharmacy, Uni-
versity of Eastern Finland, Kuopio, Finland; 5) Department of Clinical
Chemistry, Fimlab Laboratories, University of Tampere School of Med-
icine, Tampere, Finland; 6) Department of Clinical Physiology and Nu-
clear Medicine, University of Turku and Turku University Hospital, Turku,
Finland; 7) Research Centre of Applied and Preventive Cardiovascular
Medicine, University of Turku and Department of Clinical Physiology and
Nuclear Medicine, Turku University Hospital, Turku, Finland; 8) Depart-
ment of Epidemiology and Biostatistics, MRC Health Protection Agency
(HPA) Centre for Environment and Health, School of Public Health, Im-
perial College London, United Kingdom; 9) Institute of Health Sciences,
University of Oulu, Finland; 10) Biocenter Oulu, University of Oulu, Fin-
land; 11) National Institute for Health and Welfare, Finland; 12) Compu-
tational Medicine, School of Social and Community Medicine and the
Medical Research Council Integrative Epidemiology Unit, University of
Bristol, Bristol, United Kingdom; 13) Public Health, University of Helsin-
ki, Finland; 14) Department of Human Genetics, Wellcome Trust Sanger
Institute, United Kingdom.

A dominant approach to genome-wide association studies (GWASSs) is
to perform univariate tests between genotype-phenotype pairs. Howev-
er, analysing related traits together results in increased statistical power
and certain complex associations become detectable only when several
variants are tested jointly. Currently, modest sample sizes of individual
cohorts and restricted availability of individual-level genotype-pheno-
type data across the cohorts limit conducting multivariate tests. Here,
we introduce metaCCA, a computational framework for multivariate
analysis of a single or multiple GWASs based on univariate regression
coefficients. To our knowledge, it is the first summary statistics-based
approach that allows multivariate representation of both phenotype and
genotype.metaCCA extends the statistical technique of canonical cor-
relation analysis to the setting where the original individual-level data
are not available. Instead, metaCCA operates on three pieces of the full
data covariance matrix: Cxy of univariate genotype-phenotype associ-
ation results, Cxx of genotype-genotype correlations, and Cyy of phe-
notype-phenotype correlations. Cxx is estimated from a reference da-
tabase matching the study population, e.g. the 7000Genomes, and Cyy
is estimated from Cxy. We employ a covariance shrinkage algorithm to
add robustness to the method.A multivariate meta-analysis of two Finn-
ish studies of nuclear magnetic resonance metabolomics (total n=7092)
by metaCCA, applied to standard univariate output from the program
SNPTEST, shows an excellent agreement with the pooled individual-lev-
el multivariate analysis of original data sets. Root mean squared error
(RMSE) between metaCCA'’s -log10 p-values and original ones is 0.02
when 455,521 SNPs from chromosome 1 are tested for an association
with a cluster of 9 correlated lipid measures, and 0.45 when also gen-
otypes are treated multivariately.We demonstrate the potential of multi-
variate methods with several known lipid genes. For example, moving
from the univariate analyses of 9 lipid measures to the multivariate test
changes the top p-value from 10-"° to 10->* for CETF, and from 10° to 10
2 for APOE. Motivated by these results, we envisage that the multivari-
ate association testing using metaCCA has a great potential to provide
novel insights from already published summary statistics of large GWAS
meta-analyses.
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A systematic analysis of differential pathway architectures in di-
verse functional genomics networks for large-scale prediction of
pathways from GWAS and exome-sequencing projects. J.D. Mer-
cer’, S. Rosenbluh'#, A. Liberzon’, J. Grabarek’, D. Thompson', T. Eisen-
haure®®, S. Carr’, J. Jaffe', J. Boehm', A. Tsherniak’, A. Subramanian’, R.
Narayan’, T. Natoli’, T. Liefeld’, B. Wong', J. Bistline', T. Li"%'2, S. Calvo'”,
Y. Li"*®7, J. Mesirov'®, N. Hacohen’®, A. Regev"™, K. Lage’?3"". 1) Broad
Institute, Cambridge, MA; 2) Analytic and Translational Genetics Unit,
Massachusetts General Hospital, Boston, USA; 3) Department of Sur-
gery, Massachusetts General Hospital, Boston, Massachusetts, USA; 4)
Department of Medical Oncology, Dana-Farber Cancer Institute, Harvard
Medical School, Boston, Massachusetts, USA; 5) Center for Immunology
and Inflammatory Diseases, Massachusetts General Hospital, Boston,
Massachusetts, USA; 6) Department of Statistics, Harvard University,
Cambridge, Massachusetts , USA; 7) Howard Hughes Medical Institute
and Department of Molecular Biology, Massachusetts General Hospi-
tal, Boston, Massachusetts, USA; 8) University of California, San Diego,
California, USA; 9) Center for Immunology and Inflammatory Diseases
and Division of Rheumatology, Allergy, and Immunology, Massachusetts
General Hospital and Harvard Medical School, Boston, Massachusetts,
USA; 10) Howard Hughes Medical Institute, Department of Biology, Mas-
sachusetts Institute of Technology, Cambridge, Massachusetts, USA;
11) Harvard Medical School, Boston, Massachusetts, USA; 12) Massa-
chusetts Institute of Technology, Cambridge, Massachusetts, USA.
High-throughput technologies in genomics, genetics, epigenetics,
transcriptomics, and proteomics have led to the generation of hetero-
geneous biological networks that connect genes if they are functional-
ly correlated in any of the aforementioned data types. These networks
share global design features by being scale-free, small world, and mod-
ular and have the potential to catalyze genomic interpretation, systems
biology, and therapeutic intervention. However, it remains challenging to
systematically map and understand how biological signal is organized
within and between networks. We design a statistical method based on
machine learning to test 18 architectural metrics across 1,592 pathways
in gene networks of correlated mRNA expression, phylogenetic pat-
terns, cancer synthetic lethality relationships, cell perturbation profiles,
and protein-protein interactions. We show that pathway architectures di-
verge significantly between networks, and between classes of pathways
(e.g., cell signaling, metabolism, and cell regulation) within each network
illustrating that despite similar global designs, pathway relationships are
differentially organized in heterogeneous networks. We provide a web
platform (GeNets) for exploiting network-specific pathway architectures
to optimize biological discovery and for the scientific community to
compare, visualize, and share genome-scale networks through a stan-
dardized framework. Finally, we use GeNets to systematically test and
visualize non-obvious pathway relationships based on genetic variants
discovered in hundreds of GWAS and exome sequencing projects and
make the resulting interactive networks available to the genetics com-
munity through our web platform.
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Identifying genetically-driven clinical phenotypes using linear mixed
models. J.D. Mosley’, J.S. Witte?, S.J. Hebbring®, E.K. Larkin, L. Bas-
tarache?, C.M. Shaffer', J.H. Karnes', C.M. Stein’, J.C. Denny'# D.M.
Roden’. 1) Department of Medicine, Vanderbilt University, Nashville, TN;
2) Department of Epidemiology and Biostatistics, University of California,
San Francisco, CA; 3) Biomedical Informatics Research Center, Marsh-
field Clinic Research Foundation Marshfield, WI; 4) Biomedical Informat-
ics, Vanderbilt University, Nashville, TN.

Electronic medical records (EMR) linked to genetic data are increasing-
ly used to discover and validate genotype-phenotype associations. With
the large numbers of phenotypes available for analysis, selecting those
with important genetic components is a key first step in EMR-based
discovery. We hypothesized that genetic linear mixed models (GLMMs),
which quantify the additive phenotypic genetic variation attributable to
a collection of common single nucleotide polymorphisms (SNPs), could
be used to prioritize a large set of EMR-derived phenotypes for genetic
studies. We used GLMMs to estimate the genetic liability for 1,309 binary
clinical phenotypes extracted from a set of 29,349 EMRs of unrelated
European ancestry subjects with SNP genotyping on the lllumina Exome
Beadchip. Phenotype factors predictive of a highly significant genetic
liability estimate were (1) an autoimmune etiology or (2) replicating a SNP
association reported in the NHGRI GWAS Catalog, consistent with the
large representation of SNPs in the immune-related human leukocyte
antigen (HLA) region and of SNPs reported in the NHGRI GWAS Cata-
log on this platform. Phenotypes representing sequelae or subtypes of
GWAS Catalog phenotypes had lower liability estimates. SNP variation
around the HLA region was associated with 44 phenotypes with FDR
<0.05, including five not previously reported in the GWAS catalog: sic-
ca syndrome, cholangitis, dermato/polymyositis, polymyalgia rheumati-
ca and dermatophytosis. Among the HLA-associated phenotypes, there
were significant (FDR g<0.1) genetic correlations between Type | diabe-
tes and both celiac disease (p=7x10"®) and hypothyroidism (p=3x10-?)
and between juvenile rheumatoid arthritis and primary biliary cirrhosis
(p=3x10?). We investigated the hypothyroidism and polymyalgia rheu-
matica phenotypes by a SNP association study to further delineate their
HLA signals. We identified novel, replicating SNP associations with hy-
pothyroidism near HLA-DQA1/HLA-DQB1 at rs6906021 (OR=1.2 [95%
Cl:1.1-1.2], p=9.8x10""") and with polymyalgia rheumatica near C6orf10
at rs6910071 (OR=1.5[95% CI 1.3-1.6], p=1.3x10""°). Association testing
for hypothyroidism using imputed HLA alleles demonstrated a pattern of
association consistent with an HLA-DR3 haplotype. In summary, phe-
nome-wide application of GLMMs can identify phenotypes with import-
ant genetic drivers, and focusing on these phenotypes can lead to new
discovery of variants associated with clinical disease.
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Genetic validation and application of pathway-based annotation
for unknown signals in untargeted metabolomics. Y.H. Hsu"?3, T
Esko?34, T.H. Pers?®, A. Metspalu?®, J.N. Hirschhorn’?3, 1) Department of
Genetics, Harvard Medical School, Boston, MA; 2) Division of Endocri-
nology and Center for Basic and Translational Obesity Research, Boston
Children’s Hospital, Boston, MA; 3) Broad Institute of the MIT and Har-
vard, Cambridge, MA; 4) Estonian Genome Center, University of Tartu,
Tartu, Estonia.

Metabolomics, or the global profiling of small molecules in biological
samples, has become a powerful approach for discovering biomarkers
for traits and diseases. Genome-wide association studies have shown
that many metabolites have strong associations with SNPs (metabol-
ic quantitative trait loci, mQTL). Current untargeted profiling methods
can measure thousands of signals in a single experiment. While com-
putational tools have been developed to match these signals to known
metabolites, many signals remain as unknowns after this identification
step and are usually excluded from further analysis.We have developed
a method to annotate unknown signals from untargeted metabolite pro-
filing data and demonstrated that this method can be used to extract
biologically meaningful information from the unknown signals. We previ-
ously performed untargeted LC-MS (liquid chromatography followed by
mass spectrometry) profiling of plasma samples from 100 normal weight,
100 lean, and 100 obese individuals drawn from the extremes of a popu-
lation of 50,000 individuals. We calculated pairwise correlations between
the profiled signals (335 known metabolites, 16,607 unknowns) across
the 300 samples. Starting with 1,649 predefined metabolic pathways
from the ConsensusPathDB database, we reconstituted these pathways
by using correlations between signals to compute a membership score
for each signal in each pathway. To validate and test our annotation ap-
proach, we performed pathway enrichment analyses of SNP- or trait-as-
sociated signals, using the computed pathway membership scores. As a
proof of principle, we identified 71 unknown signals that are associated
(p < 1e-5) with a known mQTL in the SLCO7B7 gene. We observed that
these signals are enriched (p < 1e-10) in several pathways related to
transport of organic anions and bile acid metabolism, consistent with
previous literature evidence for this gene. Next, we identified signals
whose plasma levels differed between lean and obese individuals, and
showed that they are enriched (empirical p < 1e-3) in many metabol-
ic pathways, including those related to amino acid metabolism, neuro-
transmission, lipoprotein-mediated lipid transport, vitamin digestion and
absorption, and energy metabolism. Overall, these results indicate that
our method for annotating unknown signals can be a useful tool for gain-
ing biological insights from the large amount of data generated in untar-
geted metabolomics studies.
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Quantifying Uncertainty in Heritability Estimation using Linear
Mixed Models. R. Schweiger, E. Halperin®?%. 1) The Blavatnik School
of Computer Science, Tel-Aviv University, Tel-Aviv, Israel; 2) Molecular
Microbiology and Biotechnology Department, Tel-Aviv University, Tel-
Aviv, Israel; 3) International Computer Science Institute, 1947 Center St.,
Berkeley, CA 94704, USA.

Linear mixed models (LMMs) are commonly used in several key ar-
eas of genetics. They have been instrumental in genome-wide associa-
tion studies and in heritability estimation. A key component of LMMs is
the estimation of variance components - the proportion of phenotypic
variance explained by individ- uals’ genetic similarity vs. non-genet-
ic environmental factors. State-of-the-art methods use the Maximum
Likelihood (ML) or Restricted Maximum Likelihood (REML) approaches.
Currently, estimates for variance components as well as their confidence
intervals rely on asymptotical properties. However, these assumptions
are often violated, due to the bounded parameter space, dependencies,
and limited sample size, leading to biased estimates, and inflated or de-
flated confidence intervals and p-values.

Here, we show that ML and REML estimates may be biased, and that
often the probability that the genetic component is estimated as 0O is
high even when the true heritability is bounded away from 0. We demon-
strate how these biases depend on the kinship matrix. We also show
that the estimation of confidence intervals by state-of-the-art methods
is incorrect, especially when the true heritability is either relatively low
or relatively high. We show that such biases are present in estimates of
heritability of gene expression in GTEX and in other genotype data. We
discuss how common practices on genotype data, such as the inclu-
sion of principal components as fixed effects, may affect these biases.
We propose a parametric bootstrap method to construct rigorous con-
fidence intervals for variance components, p-value calculations, and for
heritability estimates. Our method can be used as an add-on to existing
methods for heritability and variance components estimation, such as
GCTA, Fast-LMM, GEMMA, or EMMA. .
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Genotype imputation with millions of reference samples. B.L. Brown-
ing"?%, S.R. Browning? 1) Dept of Medicine, Div of Medical Genetics,
University of Washington, Seattle, WA; 2) Dept of Biostatistics, University
of Washington, Seattle, WA; 3) Dept of Genome Sciences, University of
Washington, Seattle, WA.

The pace of whole-genome sequencing is accelerating, and tens of
thousands of whole genome sequences are now being produced each
year. This makes it possible to assemble reference panels of unprecedent-
ed size that can be used to accurately impute very low frequency variants.
We present a new genotype imputation method that is highly accurate and
that scales to reference panels with millions of individuals. The new imputa-
tion method, implemented in Beagle v4.1, is highly parallelized and has ex-
tremely low memory requirements, making it ideally suited to analyze large
data sets using multi-core computer processors.We compare Beagle with
the published Minimac2 and Impute2 executables on the chromosome 20
data from the 1000 Genomes and UK10K projects, and on 10Mb of sim-
ulated European data. All three methods impute into pre-phased samples
and have very similar accuracy on these data, but there are significant dif-
ferences in memory use and computation time that affect scalability. With
50,000 reference samples and short 2 Mb analysis windows, Minimac2
required 43 GB or memory and Impute2 required 110 GB of memory for
single-threaded execution. These memory requirements prevent Minimac2
from using more than one core on computers with 64 GB memory and Im-
pute2 from using more than one core on computers with 128 GB memory. In
contrast Beagle required only 12 GB of memory to analyze the entire 10 Mb
region with 12 parallel threads. Compute time summed over all threads for
Beagle was 45x less than Minimac2 and 15x less than Impute2. Wall-clock
computation time for Beagle was 175x less than Minimac2 and 165x less
than Impute2 due to Beagle’s ability to use all computer processing cores.
We show that this new imputation method scales to much larger reference
panels by performing imputation using a simulated reference panel having
2 million samples and a mean variant density of one variant per 8 bp.We
estimate that with sequence data for 1 million reference samples and 1M
SNP array data for 1000 target samples, Beagle v4.1 can accurately impute
minor allele dose (>>0.8) in variants down to minor allele frequency 0.00001
at a computational cost of approximately $1 per imputed sample.
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Germline Mutations in Cancer-predisposition Genes in 1,120 Chil-
dren with Cancer: a Report from the Pediatric Cancer Genome Proj-
ect. J. Zhang'?, M. Walsh?®, G. Wu'2, M. Edmonson'?, T. Gruber?3#, J.
Easton™?, D. Hedges', X. Ma'? X. Zhou', D. Yergeau'? M. Wilkinson’,
B. Vandor'?, X. Chen'? R. McGee?°, S. Hines-Dowell?°, R. Nuccio®®,
E. Quinn?®, S. Shurtleff?s, M. Rusch'?, J. Becksfort"?, M. Weaver'?, L.
Ding®®, E. Mardis®®, R. Wilson®%, C.-H. Pui?3, A. Gajjar®3, D. Ellison®4, A.
Pappo?3, K. Nichols?3, J. Downing®*, St. Jude/Washington University Pe-
diatric Cancer Genome Project. 1) Computational Biology, St Jude Chil-
dren’s Research Hospital, Memphis, TN; 2) Pediatric Cancer Genome
Project, St Jude Children’s Research Hospital, Memphis, TN; 3) De-
partment of Oncology, St Jude Children’s Research Hospital, Memphis,
TN; 4) Department of Pathology, St Jude Children’s Research Hospital,
Memphis, TN; 5) Department of Genetics, Washington University School
of Medicine; 6) McDonnell Genome Institute, Washington University
School of Medicine.

The incidence of germline mutations in cancer predisposition genes
in pediatric cancer patients is largely unknown and these findings are of
critical importance for therapeutic management and genetic counseling
of patients and family members. To characterize the incidence and spec-
trum of predisposing mutations in children with cancer, we analyzed the
germline genomes of 1,120 pediatric cancer patients using whole-ge-
nome sequencing (n=595), whole-exome sequencing (n=456), or both
(n=69) as part of the St. Jude/Washington University Pediatric Cancer
Genome Project. A total of 5,463 non-silent, non-polymorphic variations
(single-nucleotide variants, small insertions/deletions, and copy-number
variations) were detected across 565 cancer genes, including 60 clini-
cally relevant autosomal dominant (AD) and 29 autosomal recessive (AR)
cancer predisposition genes. Preliminary assessment of variant patho-
genicity within these 89 AD/AR genes was carried out by an automated
classifier based on interpretation in the context of 15 cancer or locus
specific databases, in silico prediction, the presence of second-hits in
the tumor genome, and the medical literature. Final classification was
determined by panel review. Ninety-eight pathogenic (P) or likely patho-
genic (LP) mutations were identified in 96 patients (8.6%) including 4
germline mosaic patients and 2 patients with bi-allelic mutations in ATM
or PMS2. The most frequently mutated genes were TP53 (n=50), APC
(n=7), BRCA2 (n=6), NF1 (n=4), PMS2 (n=4), RB1 (n=3) and RUNX1 (n=3).
The incidence of P/LP germline mutations was highest in solid tumors
(48 of 287, 16.7%) followed by brain tumors (22 of 245, 9.0%) and leu-
kemia (26 of 588, 4.4%). Among the 58 patients with a P/LP mutation
and family data, only 23 (40%) had a positive cancer history, suggesting
that family history alone is insufficient to predict the presence of an un-
derlying predisposition syndrome. An additional 35 patients carried pro-
tein truncation mutations in other AR or tumor suppressor genes (TSG),
with CHEK2 (n=4), PML (n=4) and BUB1B (n=3) being the most frequent
recurrent mutated TSG. Our novel analytical approach enabled charac-
terization of predisposing gene mutations in 8.6% of pediatric cancer
patients. The mutation data identified in this study inform clinical man-
agement and can be explored via our newly developed pediatric cancer
data portal (http://pecan.stjude.org), which serves as a resource for the
research community.
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Germline variants among unselected patients enrolled in a tumor/
normal cancer genomic sequencing project identifies a high per-
centage with inherited risk. VM. Raymond’, J.N. Everett!, E.M. Stoffel’,
J.W. Innis?, Y.M. Wu*, D.R. Robinson?*, P. Vats* R.J. Lonigro*, R. Mody?,
A.M. Chinnaiyan® “. 1) Department of Internal Medicine, University of
Michigan, Ann Arbor, MI; 2) Department of Internal Pathology, University
of Michigan, Ann Arbor, MI; 3) Department of Pediatrics, University of
Michigan, Ann Arbor, MI; 4) Michigan Center for Translational Pathology,
University of Michigan, Ann Arbor.

Introduction: The MI-Oncoseq project is a tumor-normal whole ge-
nome sequencing project with the goal of identifying therapeutic targets.
We aimed to understand the germline variant spectrum in study par-
ticipants.Methods: Adults (age 18+) with refractory tumors and children
(< age 25) with all tumor types are study eligible. Patients meet with
a genetic counselor (GC) at the time of consent to the IRB-approved
protocols for discussion of potential secondary germline findings and
collection of a cancer focused pedigree. Germline results are reviewed
for 161 genes involved in cancer pathways, which are categorized and
reviewed by the study team, including a GC and Medical Geneticist. Cat-
egory 1 includes genes associated with autosomal dominant, high risk
cancer syndromes. Category 2 includes genes associated with autoso-
mal dominant, moderate risk cancer syndromes. Autosomal recessive
genes are grouped separately. Pathogenic/likely pathogenic (P/LP) vari-
ants in the 80 Category 1/2 genes are considered for disclosure. Results:
Between August 2011 - October 2014, 463/500 enrolled patients (400
adult, 100 pediatric) completed sequencing (92.6%). 1594 total variants
(insertions-deletions, single nucleotide variants, copy number variants),
631 unique, were identified in Category 1/2 genes in 431 patients (mean
3.7 variants/patient). 32 patients had no Category 1/2 gene variants. P/
LP variants were identified in 20 Category 1 genes in 20 patients (APC,
BRCA1/2, BRIP1, DICER1, FH, MLH1, MSH2, PDGFRB, SBDS, SMAR-
CA4, TP53) and 23 Category 2 genes in 23 patients (APC p.I[1307K,
BAP1, BARD1, CHEK2, HOXB13, MITF, MYH, PALB2). One patient had
P/LP variants in both categories. 255/395 Category 1/2 variants of un-
certain significance (VUS) were not previously reported in public data-
bases. 1159 variants were benign. Conclusion: Of the 1594 total Cate-
gory 1/2 variants reviewed, 24.8% were VUS, of which 64.6% were not
previously reported. This underscores the importance of collaborative
data sharing and interpretation. 9.1% of patients with cancer referred
to this tumor-normal sequencing project, unselected for family history,
had a P/LP germline variant associated with a high/moderate cancer risk
highlighting he importance of prior genetic counseling on the potential
germline findings in tumor-normal sequencing. NIH Clinical Sequencing
Exploratory Research (CSER) Award NIH 1UM1HG006508.
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Somatic TP53 mutations detected in germline testing: The impor-
tance of phenotypic correlation in cancer predisposition testing.
J.N. Weitzel', K.R. Blazer’, H. LaDuca? B. Nehoray', T. Slavin?, T. Pesa-
ran’, C. Rybak’, I. Solomon’, M. Neil-Swiller’, E. Chao?. 1) Clinical Cancer
Genetics/Population Sciences, City of Hope, Duarte, CA; 2) Amby Ge-
netics, Aliso Viejo, CA.

Purpose: Analysis of DNA isolated from peripheral blood/saliva is
typically used for diagnosis of hereditary cancer predisposition. Results
from testing are accepted as representing a patient’s germline, as ac-
quired somatic mutations are rare. While somatic TP53 mutations are
detected in multiple cancer types, germline mutations are exceedingly
rare and result in Li-Fraumeni Syndrome (LFS). TP53 mutations are in-
creasingly detected on multi-gene panels, across diverse patient sce-
narios, suggesting either a broader phenotype or possible detection of
clonal populations with an acquired TP53 mutation. This study evaluated
whether somatic interference may be more common in genetic testing
than previously anticipated.Methods: Among patients with pathogenic
TP53 results from multi-gene panel testing, cases were selected with
potentially abnormal next-generation sequencing (NGS) metrics, includ-
ing decreased ratio of mutant to wild-type allele, >2 detected alleles or
haplotypes, or large copy-number alterations. Clinical data was obtained
from test requisition forms and compared to LFS testing criteria (clas-
sic, Chompret, or BC<age 36 years).Results: Among 166 TP53 positive
cases, 25 were identified as higher risk for somatic interference based
on abnormal NGS metrics. None of these families met Chompret or clas-
sic diagnostic LFS criteria. Four probands were diagnosed with breast
cancer <36 y.o.; this is not significantly different from the testing cohort
(n=21,306) as a whole (Fisher’s exact test; p=0.16). To date testing addi-
tional tissues confirmed somatic origin for 4/25 cases; two were subse-
quently diagnosed with a hematologic disorder. Although this cohort was
defined primarily based on abnormal NGS metrics, we also identified a
63 yo woman with lobular breast cancer who did not meet any LFS crite-
ria, wherein the NGS metrics were unremarkable but subsequent testing,
prompted by the clinician because of the discordant phenotype, identi-
fied a low-grade lymphoma and absence of the TP53 mutation in DNA
isolated from breast tissue. Investigation of additional cases is underway.
Conclusions: We suggest that somatic TP53 mutations in blood/sali-
va may be more common than previously thought. Beyond using NGS
quality control measures, clinician recognition of test results inconsistent
with a LFS phenotype should create an index of suspicion, and caution is
urged in the medical management of patients in whom the only criterion
for LFS is a TP53 mutation.
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ChIP-Seq analysis of lymphocytes from Li-Fraumeni patients re-
veals the drastic impact on p53 DNA binding of heterozygous TP53
mutations associated with early-onset cancers. T. Frebourg’, Y. Zer-
doumi’, R. Lanos’, A. Bouzelfen? F. Charbonnier’, G. Bougeard'’, J-M.
Flaman’. 1) Dept Genetics, Inserm U1079, Rouen Univ Hosp, Rouen,
France; 2) Inserm U918, Rouen University, France.

Li-Fraumeni Syndrome (LFS), one of the most severe inherited forms
of cancer, results from heterozygous germline mutations of the TP53
gene, encoding a key transcriptional factor activated in response to DNA
damage. We have recently shown, from a large LFS series including 415
TP53 mutations carriers, that the most severe form of the disease, char-
acterized by childhood tumors, is associated to missense mutations with
negative dominant activity (Bougeard et al., Journal of Clinical Oncology
2015 in press). Thanks to a new p53 functional assay that we developed
in lymphocytes, we showed that dominant-negative missense mutations
drastically alter the transcriptome in response to DNA damage. To study,
at the genome scale, the functional impact of heterozygous TP53 muta-
tions on p53 DNA binding, we set up a chromatin immunoprecipitation
followed by massive parallel sequencing (ChlP-seq) analysis. After ex-
posure of lymphocytes to doxorubicin, a powerful DNA damaging agent,
chromatin was shared by sonication, immunoprecipitated with the an-
ti-p53 DO-1 antibody, DNA fragments were sequenced on an lllumina
HiSeq 2000 platform and the peaks, corresponding to the ChlP-enriched
regions, were identified and quantified using the HOMER algorithm.
ChlP-seq analyses of exposed control lymphocytes, with wild-type
TP53 genotype, accurately mapped 706 p53 binding sites. New p53
binding sites were validated using a gap repair ADE2 reporter vector
and a functional assay in yeast. ChlP-seq analysis of LFS lymphocytes
with heterozygous TP53 dominant-negative missense mutation reveals
only 28 binding sites and, for these sites the depth of the corresponding
peaks was reduced. Altogether, our results show for the first time that
the clinical severity of TP53 dominant-negative missense mutations is
explained by a global alteration of p53 binding at the genome scale and
support that LFS results from a defect of the transcriptional response to
DNA damage.
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Tumour risks and genotype-phenotype-proteotype analysis of 800
patients with germline mutations in the succinate dehydrogenase
subunit genes SDHB, SDHC and SDHD. E.R. Maher'?°, K.A. Andrews"?,
L. Vialard?, D.B. Ascher®, D.E.V. Pires®*, N. Bradshaw?®, T. Cole?, F. Lalloo®,
M. McConachie’, P.J. Morrison?, V. Murday®, S.M. Park®, Y. Wallis? D.
Goudie’, R.S. Lindsay®, C.G. Perry®, L. Izatt’’, E.R. Woodward? SDH-
UK Consortium. 1) Department of Medical Genetics, University of Cam-
bridge, UK; 2) West Midlands Regional Genetics service, Birmingham
Women’s Hospital, Birmingham, UK; 3) Department of Biochemistry,
University of Cambridge, Cambridge, UK; 4) Centro de Pesquisas René
Rachou, Fundagao Oswaldo Cruz, Belo Horizonte, Brazil; 5) University
of Glasgow, Glasgow, UK; 6) Department of Medical Genetics, Central
Manchester Hospitals, Manchester, UK; 7) East of Scotland Regional
Genetics Service, Ninewells Hospital and Medical School, Dundee, UK;
8) Department of Genetics, Northern Ireland Regional Genetic Service,
Belfast City Hospital, UK; 9) Department of Clinical Genetics, Cambridge
University Hospital, Cambridge, UK; 10) Clinical Genetics Department,
Guy’s Hospital, London, UK.

Germline mutations in the succinate dehydrogenase subunit genes
SDHB, SDHC and SDHD are the most frequent causes of inherited phae-
ochromocytomas and paragangliomas. Since these genes were iden-
tified over a decade ago, genetic testing for mutations has become a
standard investigation for many of these patients. However, insufficient
information regarding incomplete penetrance and phenotypic variabil-
ity hinders optimum management of mutation carriers. We undertook
a retrospective survey of 800 individuals (401 previously reported) with
germline mutations in SDHB/C/D (620 SDHB, 31 SDHC and 149 SDHD).
In our UK-based cohort SDHC exon 6 deletions and SDHD exon 4 dele-
tions were significantly more common than in other populations. Analysis
of age-related tumour risks provided novel estimates of penetrance and
genotype-phenotype correlations. In silico structural prediction analyses
were performed to evaluate the functional effects of SDHB and SDHD
mutations. In addition to tumour specific differences in risk for individual
genes, we confirmed that the SDHD p.Pro81Leu mutation has a dis-
tinct phenotype and found evidence suggesting higher penetrance with
SDHB p.lle127Ser mutations. These genotype-phenotype associations
were correlated with structural prediction studies. The penetrance in
SDHB and SDHD mutation-positive non-probands by age 60 years was
21.9% [95% CIl 15.3-28.0%] and 50.4% [95% CI 31.0-64.3%] respec-
tively and the risk of malignant disease at age 60 years in non-proband
SDHB mutation carriers was 3.8% [95% CI 0.8-6.7%]. Increased knowl-
edge of the molecular basis of the phenotypic variability commonly ob-
served in individuals with germline SDHB/C/D mutations will facilitate
the development of personalised management based on gene and mu-
tation-specific tumour risks.
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A parent-of-origin effect impacts the phenotype in low penetrance
retinoblastoma families segregating the p.Arg661Trp mutation of
RB1. C. Houdayer" 7, P. Eloy’, C. Dehainault’, M. Sefta? I. Aerts’, L.
Lumbroso le Rouic?, D. Stoppa Lyonnet" ¢ 7, F. Radvanyi?, G. Milloté, M.
Gauthier Villars'. 1) Dept Genetics, Institut Curie, Paris, France; 2) CNRS
UMR144, centre de recherche de I'Institut Curie, Paris; 3) Departement
d’oncologie pédiatrique, adolescents jeunes adultes, Institut Curie, Par-
is; 4) Departement d’oncologie chirurgicale, service d’Ophtalmologie, In-
stitut Curie, Paris; 5) UMR 3244, centre de recherche de I'Institut Curie,
Paris; 6) INSERM U830, centre de recherche de I'Institut Curie, Paris; 7)
Université Paris Descartes, Sorbonne Paris Cité, Paris.

Retinoblastoma (Rb), the most common pediatric intraocular neo-
plasm, results from inactivation of both alleles of the RB7 tumor suppres-
sor gene. The second allele is most commonly lost, as demonstrated by
loss of heterozygosity studies. RB7 germline carriers usually develop bi-
lateral tumors, but some Rb families display low penetrance and variable
expressivity. In order to decipher the underlying mechanisms, 23 unre-
lated low penetrance pedigrees segregating the common p.Arg661Trp
mutation and other low penetrance mutations were studied. In families
segregating the p.Arg661Trp mutation, we demonstrated, for the first
time, a strong correlation between the gender of the transmitting carrier
and penetrance, as evidenced by Fisher’s exact test: the probability of
being unaffected is 90.3% and 32.5% when the mutation is inherited
from the mother and the father, respectively (p-value = 7.107). Interest-
ingly, a similar correlation was observed in families segregating other low
penetrance alleles.Consequently, we investigated the putative involve-
ment of an imprinted, modifier gene in low penetrance Rb. We first ruled
out a MED4-driven mechanism by MED4 methylation and expression
analyses. We then focused on the differentially methylated CpG85 island
located in intron 2 of RB71 and showing parent-of-origin-specific DNA
methylation. This differential methylation promotes expression of the
maternal p.Arg661Trp allele. We propose that the maternally inherited
p.Arg661Trp allele retains sufficient tumor suppressor activity to prevent
retinoblastoma development. In contrast, when the mutation is paternal-
ly transmitted, the low residual activity would mimic a null mutation and
subsequently lead to retinoblastoma. This implies that the p.Arg661Trp
mutation is not deleterious per se but needs to be destabilized in order to
reach pRb haploinsufficiency and initiate tumorigenesis. We suggest that
this phenomenon could be a general mechanism to explain phenotypic
differences in low penetrance Rb families.
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Germline and somatic inactivating SMARCA4 mutations in small cell
carcinoma of the ovary, hypercalcemic type (SCCOHT): diagnostic
and therapeutic implications. W.P.D. Hendricks', P. Ramos’, H. Yin’,
A.N. Karnezis?®, Y. Wang??3, M.L. Russell', D.W. Craig', V.L. Zismann', A.
Sekulic?, B.E. Weissman?®, D.G. Huntsman?°, J.M. Trent’. 1) Division of In-
tegrated Cancer Genomics and Division of Neurogenomics, Translation-
al Genomics Research Institute (TGen), Phoenix, AZ; 2) Department of
Pathology and Laboratory Medicine, The University of British Columbia,
Vancouver, BC, Canada; 3) Centre for Translational and Applied Genom-
ics, British Columbia Cancer Agency, Vancouver, BC, Canada; 4) Depart-
ment of Dermatology, Mayo Clinic, Scottsdale, AZ, USA; 5) Department
of Pathology and Laboratory Medicine, University of North Carolina at
Chapel Hill, NC, USA.

Small cell carcinoma of the ovary of hypercalcemic type (SCCOHT) is
a rare, aggressive, and poorly-differentiated tumor, whose average age
of diagnosis is 24yo versus 63yo for most ovarian cancers. Recent stud-
ies in our laboratory and others have now identified inactivating germ-
line and somatic SMARCA4 mutations and concomitant protein loss in
~90% of SCCOHT’s (Nature Genetics 46:427,2014). We have also iden-
tified one SCCOHT tumor with intact SMARCA4 that instead harbored
a homozygous inactivating mutation in SMARCB1, a SWI/SNF subunit
commonly mutated in malignant rhabdoid tumors. The SMARCA4 alter-
ations observed in SCCOHT tumors are characteristic of a tumor sup-
pressor (e.g. typically bi-allelic, inactivating and LOH). Further, sequenc-
ing reports of 5 SCCOHT-affected families have shown segregation of
SMARCA4 mutations, and consistently younger age of disease onset in
successive generations. Our recent results indicate that SCCOHT pa-
tients may share the same cancer predisposition syndrome as malig-
nant rhabdoid tumors (MRT) and atypical teratoid/rhabdoid tumors (AT/
RT), that is, germline mutation of a core SWI/SNF subunit, SMARCB1 in
MRTs and AT/RTs and SMARCA4 in AT/RTs. Based on the early age at
presentation, diploid cytogenetics, mutational spectra, and the presence
of rhabdoid-like cells by histology, it has been proposed that SCCOHT
represents another type of extra-renal rhabdoid tumor. Unifying the clas-
sification of these three tumors may have therapeutic implications. As in
MRT, targeting epigenetic modifications may have therapeutic potential
in SCCOHT. We have examined the SCCOHT cell lines BIN67 and SC-
COHT1 against a panel of 14 epigenetic drugs that target all classes
of regulators of histone modifications or DNA methylation. Unlike MRT,
we found that SCCOHT cells are insensitive to EZH2 inhibition despite
observing EZH2 overexpression in both cell lines. Also, as we expected,
the absence of both SMARCA4 and SMARCA2 SWI/SNF ATPases in
SCCOHTs renders the use of bromodomain inhibitors as a synthetic-le-
thality strategy for SMARCAA4-deficient tumors ineffective. Of interest,
BIN67 and SCCOHT1 were shown to be hypersensitive to the HDAC
inhibitors romidepsin, quisinostat and panobinostat. We will present our
progress to elucidate the cell of origin, identify therapeutic vulnerabilities
(by siRNA and drug screening), and design initial clinical trials to further
advance treatment options for patients with SCCOHT.
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Common variants in MMP20 at 11g22.2 predispose to 11q deletion
and impact neuroblastoma risk. X. Chang’, L. McDaniel?, C. Hou’,
M. Diamond?, K. Thomas’, J. Li', Y. Guo’, F. Mentch’, H. Qiu’, C. Kim’,
S. Diskin?®, P. Sleiman'34, E. Attiyeh?, J. Maris?3, H. Hakonarson'3%. 1)
Center for Applied Genomics, Children’s Hospital of Philadelphia, Phil-
adelphia, PA; 2) Division of Oncology and Center for Childhood Cancer
Research, The Children’s Hospital of Philadelphia; Philadelphia, PA; 3)
Department of Pediatrics, The Perelman School of Medicine, University
of Pennsylvania, Philadelphia, PA; 4) Division of Human Genetics, Chil-
dren’s Hospital of Philadelphia, Philadelphia, PA.

Neuroblastoma is a malignant tumor of the sympathetic nervous sys-
tem presenting in early childhood. Somatically acquired chromosomal
aberrations such as MYCN amplification (MNA), 17q gain, 1p deletion
and 11q deletion are key prognostic factors of poor neuroblastoma out-
come. Among them, MNA and 11q deletion have been shown to be al-
most mutually exclusive suggesting sub-groups of neuroblastoma clas-
sified by cancer genomics. Besides MNA, genes such as ALK (3.3%),
CCND1 (2.5%) and LIN28B (1.1%) have been shown to be targeted by
somatic amplification in neuroblastoma primary tumors. To identify addi-
tional chromosomal structural changes in neuroblastoma, we genotyped
641 neuroblastoma tumor DNA samples, using the HH550/610Q SNP ar-
rays from lllumina, including 442 samples with matched blood DNA sam-
ples for germline genome analysis. Tumor-based copy number segments
were first calculated by ASCAT and OncoSNP genome wide, and then
curated manually. Following thorough QC, 437 tumor samples were kept
for analysis, including 300 with matched blood DNA genotyping data.
Here, we report on novel focal amplifications of genes, MYC, ZFHX3,
KRAS, RRAS2 and CYTHT1. Interestingly, we observed a considerable
number of cases with low-level amplification of CCND1 (45/434, 10.4%).
In most of those cases, the amplification of CCND1 co-occurred with
11q deletion (43/45, 95.6%), suggesting these two may be interacting.
We further confirmed that the amplified genes were significantly over-
expressed in neuroblastoma tumors and cell lines by examining gene
expression data from 100 primary tumors and 29 cell lines. Given the
intriguing phenomena that MNA and 11q deletion are almost mutually
exclusive in neuroblastoma, we additionally conducted a genome wide
association study (GWAS) in 120 European-American individuals with
119 deletion and 4,857 ancestry-matched controls. Our results demon-
strate that common variants at 11g22.2 within MMP20 are associated
with neuroblastoma in patients with 11q deletion (rs3781788, P=4.67 x
10°, OR=2.482), suggesting these variants impact neuroblastoma risk in
11q deleted patients.
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Epigenetic and transcriptional dysregulation of Oxytocin receptor
(Oxtr) in Tet1 methylcytosine dioxygenase deficient mouse brain.
A.J. Towers’, XL. Li?, A.L. Bey®, P. Wang?, S.K. Siecinski’, S. Xu?, X. Cao?,
L.J. Duffney?, YH. Jiang’?°. 1) Program in Genetics and Genomics, Duke
University, Durham, NC; 2) Pediatrics Dept, Duke University, Durham,
NC; 3) Neurobiology Dept, Duke University, Durham, NC.

Oxytocin (OXT), the brain’s most abundant neuropeptide, acts as a
neuromodulator and a hormone with effects throughout the body. One
major action is its activation of the brain’s reward circuitry by increasing
dopamine release from the ventral tegmental area to the ventral striatum,
amygdala, and hippocampus. Oxytocin signaling is mediated by ligand
binding to its receptor (OXTR), which is widely distributed throughout the
limbic region and prefrontal cortex. OXT and OXTR modulate a variety
of behaviors, including stress and anxiety responses, social memory and
recognition, sexual and aggressive behaviors, and bonding and mater-
nal behavior. Genetic and epigenetic studies have implicated OXT and
OXTR in neuropsychiatric disorders, such as autism and anxiety. The
mechanism underpinning the epigenetic regulation of Oxtr, however, is
poorly understood. Recently, the methylcytosine dioxygenases of the
Ten-eleven translocation (TET) family, including TET1, were suggested to
play a role in DNA demethylation. We have generated and characterized
Tet1 knockout (-/-) mice to test the role of TET1-mediated DNA demeth-
ylation in gene expression and cognitive and social behaviors. RNA-seq
expression profiling of Tet7-/- mouse hippocampus revealed downreg-
ulation of Oxtr, while gRT-PCR confirmed consistent downregulation
in multiple brain regions of the adult Tet7-/- mouse. Conversely, Oxtr
expression in Tet71-/- embryonic stem cells (ESCs) did not significantly
differ from Tet1+/+ ESCs, suggesting a developmental window for the
emergence of Oxtr downregulation. Interestingly, we discovered hyper-
methylation of the CpG island (CGl) located within Oxtr exon 3 in Tet1-/-
mice. While CGI hypermethylation was not observed in ESCs, consistent
with normal gene expression, hypermethylation was detected as early as
E14.5. This suggests TET1 is necessary for preventing hypermethylation
of Oxtr within the first few days post conception in mice. Consistent with
the Oxtr results, we observed impaired maternal care in virgin Tet1-/-
female mice, as evidenced by a longer latency to pup retrieval and less
time spent huddling with the pups. This data supports a role for TET1
in regulating Oxtr expression through maintenance of appropriate levels
of DNA methylation with implications on maternal behavior. This work
offers novel insight into understanding the epigenetic regulation of Oxtr
expression and supports further studies of epigenetic dysregulation in
neuropsychiatric disorders.
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GWAS meta-analysis identifies susceptibility loci for epigenetic age
acceleration in human cerebellum. A. Lu’, E. Hannon? M. Levine', K.
Hao?, E. Crimmins?, A. Kozlenkov®, K. Lunnon?, J. Miller?¢, S. Dracheva®,
S. Horvath®”. 1) Human Genetics, UCLA, Los Angeles, CA; 2) Univer-
sity of Exeter Medical School, Exeter, UK; 3) Department of Genetics
and Genomic Sciences, The Friedman Brain Institute, Icahn School of
Medicine at Mount Sinai, New York, NY; 4) Davis School of Gerontology,
University of Southern California,Los Angeles, CA; 5) Department of Psy-
chiatry, The Friedman Brain Institute, Icahn School of Medicine at Mount
Sinai, New York, NY; 6) Institute of Psychiatry, King’s College London,
UK; 7) Biostatistics, School of Public Health, UCLA, Los Angeles, CA.
DNA methylation (DNAm) levels are particularly promising biomarkers
of aging since chronological age has a profound effect on DNAm levels in
most human tissues and cell types. Several recent studies support mea-
suring accelerated aging effects using DNAm levels. Earlier, we devel-
oped epigenetic clock” (based on 353 CpG markers) to estimate DNAm
levels with a noteworthy aspect of its broad applicability to most human
cell types, tissues, and organs. Evidence has been accumulating that
the epigenetic clock is related to chronological age more strongly than
previously proposed biomarkers, and it appears to be capturing aspects
of the biological aging process by its ability to predict aging-related out-
comes such as all-cause mortality. However, the biological and genetic
determinants of epigenetic clock remain elusive to explain its differen-
tiation from chronological age, suggesting studies to identify associat-
ed genes and biological pathways.Here we aim to identify the genetic
variants associated with epigenetic age acceleration in human cerebel-
lum (CRBLM). To define age acceleration, we used the residuals result-
ing from a linear regression model of DNAm age on chronological age.
Thus this measure has no correlation with chronological age. In total,
we gathered 555 European-ancestry individuals across 5 studies avail-
able for SNP data and DNA methylation profiled in CRBLM tissues. We
performed GWAS for each study on ~5.7 genotyped or imputed SNPs
based on the 1000 Genome haplotypes then combined the results with
fixed-effect models weighted by inverse variance. A total of 5 SNPs were
identified at genome-wide significance (P < 5.0 x10%) and 234 at sugges-
tive levels (P <1.0x10%). Strikingly, the whole GWAS signals highly signifi-
cantly overlapped with age-related diseases including Alzheimer’s dis-
ease (P=4.4x107") and age-related macular degeneration (P=6.4x10).
In parallel with the GWAS-meta analysis, we conducted transcriptomic
meta-analysis to profile ~ 2% genes mostly correlated with age acceler-
ation. Functional annotation analysis suggests those genes are enriched
with Polycomb-Group Protein targets in stem cells (P =1.42 x 10°), the
genes bound by RNA polymerase Il in stem cells (P = 2.10x10%), and
the genes annotated by human brain transcriptome (P < 5 x 10 7). In
conclusion, our study provides a new biological insight to study aging
and suggests that epigenetic age acceleration is under genetic control.
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Methylomic aging as a window on lifestyle impact: tobacco and al-
cohol alter the rate of biological aging. M.V Dogan'?, S.R.H Beach®*,
M.K. Lei*, C.E. Cutrona®, M. Gerrard®, F.X. Gibbons®, R.L. Simons*’, G.H.
Brody*, R.A. Philibert’2. 1) Biomedical Engineering, University of lowa,
lowa City, IA; 2) Psychiatry, University of lowa, lowa City, IA; 3) Psychol-
ogy, University of Georgia, Athens, GA; 4) Center for Family Research,
University of Georgia, Athens, GA; 5) Psychology, lowa State University,
Ames, |A; 6) Psychology, University of Connecticut, Storrs, CT; 7) Sociol-
ogy, University of Georgia, Athens, GA.

The rate of biological aging varies from person to person and is influ-
enced by lifestyle choices. Since cigarette smoking and excessive alcohol
consumption are leading causes of morbidity and mortality worldwide, our
study was designed to understand the association between substance use
and biological aging using DNA methylation based indices in two indepen-
dent cohorts. The first cohort consisted of 656 European Americans whose
average age was 63.4 years and the second cohort consisted of 180 African
American individuals whose average age was 48.9 years. Genome-wide
DNA methylation was assessed using the lllumina HumanMethylation 450k
BeadChip and these data were obtained from the public database, Gene
Expression Omnibus. In order to circumvent using unreliable self-reported
substance use data, we instead utilized DNA methylation biomarkers to
quantify cigarette and alcohol consumption. Specifically, cg05575921 from
the AHRR gene and ¢g23193759 found in chromosome 10 open reading
frame 35, C100rf35, were used as biomarkers for cigarette and alcohol
consumption, respectively. Demethylation at these loci is observed with
increasing substance use. We used the epigenetic “clock” consisting of
71 DNA methylation loci to examine the association between these DNA
methylation biomarkers to deviation of biological age from chronological
age. All levels including low levels of smoke exposure were associated with
accelerated biological aging. In contrast, a mixed effect was observed for
alcohol consumption. Moderate use of alcohol was associated with healthy
aging. This study demonstrates the potential utility of methylomic indices
of biological aging as a tool in elucidating the impact of lifestyle on health.
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A survey of DNA methylation polymorphism in the human genome
identifies environmentally responsive co-regulated networks of epi-
genetic variation. R. Joshi, P. Garg, C. Watson, A. Sharp. Genetics and
Genomic Sciences, Mount Sinai School of Medicine, New York, NY.
While studies such as the 1000 Genomes Projects have resulted in de-
tailed maps of genetic variation in humans, to date there are no robust maps
of epigenetic variation. We have defined sites of common epigenetic varia-
tion, that we term Variable Methylation Regions (VMRs). To avoid the con-
founder of cellular heterogeneity, we utilized lllumina 450k DNA methylation
data from populations of five purified cell types: T-cells, B-cells, fibroblasts,
neurons and glia (=58 to 111 individuals). Using a robust approach we
identify hundreds of VMRs in each cell type that show common variability in
DNA methylation levels in the normal population.We find that VMRs occur
preferentially at enhancers and in 3’ UTR regions, consistent with a role in
regulating expression. We observed that at the majority of VMRs methyla-
tion is highly heritable. However, we also observed a subset of VMRs dis-
tributed across the genome that show highly correlated variation in trans,
and form co-regulated networks. These VMRs tend to have low heritability,
differ between cell types and are enriched for specific biological pathways
of direct functional relevance to each tissue. For example, in T-cells we de-
fined a network of 61 co-regulated VMRs enriched for genes that play roles
in T-cell activation; in fibroblasts a network of 21 co-regulated VMRs com-
prising all four HOX gene clusters that is highly enriched for control of tissue
growth; and in glia a network of 66 VMRs enriched for roles in postsynaptic
membrane organization. These VMR networks are significantly enriched
for TF binding sites, indicating that the network epigenetic state is respon-
sive to molecular signaling cascades. By culturing genetically-identical fi-
broblasts under varying conditions of nutrient deprivation and cell density,
we experimentally demonstrate that some VMR networks are responsive
to environmental conditions, with methylation levels at these loci changing
in a coordinated fashion in trans dependent on cellular growth. Intriguingly
these environmentally-responsive VMRs showed a 47-fold enrichment for
imprinted loci (p<10-%), including the differentially methylated regions asso-
ciated with 9 imprinted genes, suggesting that imprinted loci are particularly
sensitive to environmental conditions. Our study provides the first detailed
map of common epigenetic variation in the human genome, showing that
both genetic and environmental causes underlie this variation.
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A novel predictive model of sexual orientation using epigenetic
markers. T.C. Ngun’, W. Guo?, N.M. Ghahramani®, K. Purkayastha’, D.
Conn*, F.J. Sanchez®, S. Bocklandt’, M. Zhang?¢, C.M. Ramirez*, M.
Pellegrini’, E. Vilain'. 1) Department of Human Genetics, David Geffen
School of Medicine at University of California Los Angeles (UCLA), Los
Angeles, CA, USA; 2) Bioinformatics Division and Center for Synthetic &
Systems Biology, TNLIST, Tsinghua University, Beijing 100084, China; 3)
Department of Pathology and Laboratory Medicine, David Geffen School
of Medicine at UCLA, Los Angeles, CA, USA,; 4) Fielding School of Pub-
lic Health, UCLA, Los Angeles, CA, USA; 5) Department of Counseling
Psychology, The University of Wisconsin-Madison, WI, USA; 6) Depart-
ment of Molecular and Cell Biology, Center for Systems Biology, The
University of Texas at Dallas, Richardson, TX 75080, USA; 7) Department
of Molecular, Cellular, and Developmental Biology, UCLA, Los Angeles,
CA, USA.

Sexual orientation is one of the most pronounced sex differences in
the animal kingdom. Although upwards of 95% of the general population
is heterosexual, a small but significant proportion of individuals (3-5%) is
homosexual. Male sexual orientation has been linked to several genomic
loci, with Xg28 and 8p12 being the most replicated. As with other com-
plex traits, environmental factors may also play an important role. Firstly,
monozygotic twins show substantial levels of discordance for this trait.
Secondly, each male pregnancy a woman has increases the chance that
her next son will be homosexual by 33% (the fraternal birth order effect).
Thirdly, early life androgen exposure in women is associated with in-
creased rates of non-heterosexual identity. Taken together, the evidence
suggests a role for non-genetic and, possibly, epigenetic influences on
sexual orientation. Our aim in this study was to create a predictive model
for sexual orientation using epigenetic markers. We created our model
based on genome-wide DNA methylation patterns in 37 monozygotic
male twin pairs that were discordant for sexual orientation. 10 monozy-
gotic twin pairs concordant for homosexuality were included as a control
population. Genomic sites where methylation occurred were consolidat-
ed into short regions based on proximity and correlation of their meth-
ylation patterns to increase the signal to noise ratio. We then applied
the FuzzyForest algorithm to our dataset. Briefly, regions were clustered
into modules using Weighted Gene Coexpression Network Analysis and
recursive feature elimination was performed with the random forest al-
gorithm (RF) to identify regions most relevant to sexual orientation. The
highest prediction accuracy was achieved using information from just
9 regions. Some of these regions were associated with the regulatory
domains of two genes, CIITA and KIF1A. The former is a transcription-
al regulator that is sometimes referred to as the master control factor
of class Il major histocompatibility complex genes. The latter is a neu-
ron-specific transport protein that is important for movement of synaptic
vesicle precursors along axons. Our results demonstrate that studies of
the epigenome can yield new insights into the biological underpinnings
of sexual orientation and provide strong support to the hypothesis that
epigenetics is involved in sexual orientation. To our knowledge, this is
the first example of a biomarker-based predictive model for sexual ori-
entation.
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RNF12 is essential for X-inactivation in female mouse embryonic
stem cells, is required for female mouse development, and might be
a target for future therapies to treat X-linked disorders in females:
evidence from a mouse knockout model. S. Barakat’?, J. Gribnau?. 1)
MRC Centre for Regenerative Medicine, University of Edinburgh, Edin-
burgh, United Kingdom; 2) 1Department of Reproduction and Develop-
ment, Erasmus MC, University Medical Center, Rotterdam, The Nether-
lands.

X-chromosome inactivation (XCI) in females is a crucial mechanism
which equalizes X-linked gene-dosage between both sexes. In mice,
a first wave of imprinted XCI occurs during cleavage stages of em-
bryonic development, followed by X-chromosome reactivation (XCR)
at the pre-implantation blastocyst, and subsequent random XCI (rXCl)
in the post-implantation epiblast. rXCl can be simulated in differenti-
ating mouse ES cells. We have previously shown that the X-encoded
RNF12 protein act as a dosage-sensitive XCl-activator (PMID:19945382,
PMID:21298085, PMID:24613346). When RNF12 becomes up-reg-
ulated during differentiation, it targets the pluripotency factor Rexi
for proteasomal degradation (PMID:22596162). As Rex1 is a repres-
sor of the non-coding Xist RNA, which is crucial for initiating chromo-
some-wide gene-silencing, down-regulation of Rex1 by RNF12 allows
female-specific Xist-expression and XCl-initiation in a stochastic man-
ner (PMID:20083102). Here we present the generation and analysis of a
novel Rnf12 knockout mouse model, and provide evidence that RNF12
is also crucial for iXCl and rXCl in vivo. Whereas Rnf12-/Y males are
viable, Rnf12-/- female mice fail to undergo XClI leading to lethality at
post-implantation. Rnf12-/+ animals inheriting the maternal knockout al-
lele are lethal due to silencing of the paternal Rnf12 allele upon iXCl. In
addition, RNF12 stored in the oocyte and produced de novo from both
the maternal and paternal derived X chromosome influence XCI kinet-
ics in pre-implantation embryos. Rnf12+/- females inheriting the pater-
nal knockout allele are healthy but show an XClI-defect, with adult cells
displaying XCR. Bi-allelic expression of X-linked transcripts is observed
in various tissues, but is compensated by an XCl-independent form of
dosage compensation. This peculiar finding, together with our recent re-
sults on XCR in human induced pluripotent stem cells (PMID: 25640760),
opens a new area of research which might lead to novel approaches for
treating X-linked diseases, such as Rett syndrome, in females.
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Deep learning the relationship between chromatin architecture,
chromatin state and transcription factor binding. A. Kundaje’?, C.S.
Foo?, J. Israeli®, A. Shrikumar?, J. Buenrostro’, A. Schep’, W. Greenleaf'.
1) Dept. of Genetics, Stanford University, Stanford, CA; 2) Dept. of Com-
puter Science, Stanford University, Stanford, CA; 3) Biophysics Program,
Stanford University, Stanford, CA.

Assays such as DNase-seq and MNase-seq that profile genome-wide
chromatin accessiblity and nucleosomal patterns have allowed compre-
hensive identification of regulatory elements (REs) and characterization
of their local chromatin architecture. Different classes of active and re-
pressed REs such as promoters, enhancers and insulators have been
found to be associated with distinct combinations of histone modifica-
tions defining their chromatin state. Multivariate hidden Markov models
are typically used to learn chromatin states from multiple histone mod-
ification ChlP-seq experiments for discovery and annotation of diverse
REs. However, histone ChlP-seq experiments are time-consuming, cost-
ly and require large amounts of input material; limiting their applicability
in rare cell types. In this study, we decipher a predictive relationship be-
tween chromatin architecture and chromatin state at REs and leverage
it to simultaneously predict histone modifications, chromatin states and
transcription factor (TF) binding from a single low-cost assay known as
ATAC-seq. ATAC-seq simultaneously profiles accessibility, nucleosomes
and TF footprints at REs from low input samples based on direct in vi-
tro transposition of sequencing adaptors into native chromatin. We train
novel deep learning methods based on convolutional neural networks
on a novel two-dimensional representation of ATAC-seq data to learn
a direct mapping from chromatin architecture to chromatin state by le-
veraging subtle patterns in insert-size distributions. Using a multi-task,
multi-modal formulation we integrate ATAC-seq data, DNA-shape and
DNA-sequence to simultaneously predict multiple histone modifications,
chromatin state and TF binding with high accuracy (80-90%). Mod-
els trained on a combination of DNase-seq and MNase-seq data also
achieve similar high accuracy supporting a fundamental predictive map-
ping between chromatin architecture and chromatin state. We develop
novel feature visualization methods to peer into the deep neural net-
works and identify interesting architectural features such as TF footprints
that are automatically learned from raw data. We explore the feasibility
of cross-cell type prediction and determine the minimum sequencing
depth requirements for predictive power. In conclusion, our method en-
ables characterization of REs from low quantities of input material using
a single assay, potentially enabling detailed regulatory maps in rare cell
populations in primary tissue.
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Inter-planetary Systems Biology Reveals Differences in Twin Astro-
nauts at the Genetic, Epigenetic, Transcriptional, and Epitranscrip-
tomic Levels. C. Mason. Physiology and Biophysics, Weill Cornell Med-
ical College, New York, NY.

Next-generation sequencing (NGS) technologies have recently been
used to detect and classify epigenetic changes at an unprecedented
level. Epigenetic patterns help define cellular phenotypes and can even
be used to more accurately sub-classify human tumors such as acute
myeloid leukemias (AML). Indeed, since some phenotypes such as can-
cer and aging can be better differentiated with epigenetic signatures (vs.
purely genetic), and epigenetic profiling is the focus of large-scale NGS
efforts at the NIH like the Epigenomics Roadmap. There is also evidence
that epigenetic changes accompany DNA damage and that sites of
methylation correspond to DNA damage sites. Finally, there is an emerg-
ing field of “epitranscriptomics,” where modifications of RNA, like the
epigenetic modification of DNA, have been shown to impact brain de-
velopment, gene regulation, and protein translation rates. Such ongoing
research in DNA and RNA methylation has shown that these mediators
of gene expression and modification represent critical regulatory layers
in cell biology and genetics. Yet, these key epigenetic mechanisms of
cellular regulation have barely, or never, been studied in the context of
human space travel or during various gravity transitions (“G-transitions”).
While previous work has addressed gene expression and proteomic dy-
namics during space travel, here we report data from the NASA Twins
Study, regarding two identical twins, which provides an extraordinary
opportunity to finally examine the impact of space travel on epigenetic,
epitranscriptomic, and expression changes for identical twins. We have
generated genome-wide maps of DNA and RNA methylation sites for
the twins, as well a complete catalog of coding and noncoding RNA
expression, which is mid-way through a 13 time-point, integrated por-
trait of gene regulation before, during, and after space travel. We used
open-source algorithms to profile the methylation state of these sam-
ples, which revealed thousands of inter-twin differences and intra-person
temporal changes in DNA and RNA. This thorough, genome-wide mo-
lecular portrait of the epigenetic, epitranscriptomic, and gene regulatory
landscape of these twins will help address the potential epigenetic and
long-term genome regulatory risk of space travel, and also discern if
there is similarity of the twins’ epigenetic changes to other phenotypes
like aging and cancer.
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Vitamin D and risk of Multiple Sclerosis: a Mendelian Randomiza-
tion Study. L.E. Mokry', S. Ross’, O.S. Ahmad'?, V. Forgetta', G. Davey
Smith3, A. Leong?, C.M.T. Greenwood®, J.B. Richards"?¢7. 1) Centre for
Clinical Epidemiology, Lady Davis Institute, Jewish General Hospital,
Montreal, Quebec, Canada; 2) Department of Medicine, McGill Universi-
ty Montreal; 3) MRC Integrative Epidemiology Unit, School of Social and
Community Medicine, University of Bristol, Bristol, UK, School of Social
and Community Medicine, University of Bristol,; 4) Division of Gener-
al Internal Medicine, Massachusetts General Hospital and Department
of Medicine, Harvard Medical School, Boston, Massachusetts, United
States; 5) Department of Oncology, Epidemiology, Biostatistics and Oc-
cupational Health, and Human Genetics, McGill University, Montreal,
Quebec, Canada; 6) Department of Human Genetics, McGill University,
Montréal, Québec, Canada; 7) Department of Twin Research and Genet-
ic Epidemiology, King’s College London, United Kingdom.
Background: Observational studies have demonstrated an associa-
tion between decreased vitamin D levels and risk of multiple sclerosis
(MS), however it remains unclear whether this relationship is causal. We
undertook a Mendelian randomization (MR) study to evaluate whether
genetically lowered vitamin D levels influence risk of MS. Methods and
Findings: We identified single nucleotide polymorphisms (SNPs) asso-
ciated with 25-hydroxyvitamin D (250HD) levels from the SUNLIGHT
consortium, the largest (n = 33,996) genome-wide association study
(GWAS) to date for vitamin D. Four SNPs were genome-wide significant
for 250HD levels (P-values ranging from 6x10° to 2x10-'%) and all SNPs
lay in, or near, genes strongly implicated in separate mechanisms in-
fluencing 250HD. We then ascertained their effect on 250HD levels in
the Canadian Multicentre Osteoporosis Study, a population-based co-
hort (n = 2,347), and tested the extent to which the 250HD-decreasing
alleles explained variation in 250HD levels. We found that the count of
250HD-decreasing alleles across these four SNPs was strongly associ-
ated with lower 250HD levels (F-test statistic = 49.7, P = 2.4x107?). Next,
we conducted an MR study to describe the effect of genetically lowered
250HD on the odds of MS in the International MS Genetics Consortium,
the largest genetic association study to date for MS (n = 14,498 cas-
es, n = 24,091 controls). Alleles were weighted by their relative effect
on 250HD levels and sensitivity analyses were performed testing MR
assumptions. MR analyses found that each genetically determined stan-
dard deviation decrease in log transformed 250HD levels conferred a
2.0-fold increase in odds of MS (95% Cl: 1.7-2.5; P=7.7x107"%; I> = 63%),
95% Cl: 0%-88%) . These results persisted after sensitivity analyses ex-
cluding SNPs possibly influenced by population stratification or pleiotro-
py (OR=1.7,95% Cl: 1.3-2.2; P = 2.3x10%; 12 = 47% 95% CI: 0%-85%)
and including only SNPs involved in 250HD synthesis or metabolism
(OR,,pesic= 21, 95% Cl: 1.6-2.6; P=1x10°and OR_, ;.,.= 1.9, 95% CI:
1.3-2.7; P=0.002). While these sensitivity analyses decrease the possi-
bility that pleiotropy may have biased the results, residual pleiotropy is
difficult to exclude entirely. Conclusions: Genetically lowered 250HD
levels are strongly associated with MS susceptibility. Whether vitamin D
sufficiency can delay, or prevent, MS onset merits further investigation in
long-term randomized controlled trials.
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Genome-wide interaction study of Parkinson disease and vitamin
D deficiency implicates immune system pathways. W.K. Scott"?, L.
Maldonado? G.W. Beecham'?, E.R. Martin’?, M.L. Evatt’, J.C. Ritchie?,
J.L. Haines®, C.P. Zabetian®’, H. Payami®®, M.A. Pericak-Vance'?, J.M.
Vance'?, L. Wang"2. 1) Dr. John T. Macdonald Foundation Department
of Human Genetics, University of Miami Mlller School of Medicine, Mi-
ami, FL; 2) John P. Hussman Institute for Human Genomics, University of
Miami Miller School of Medicine, Miami FL; 3) Department of Neurology,
Emory University, Atlanta, GA; 4) Department of Pathology, Emory Uni-
versity, Atlanta, GA; 5) Department of Epidemiology and Biostatistics,
and Institute for Computational Biology, Case Western Reserve Univer-
sity, Cleveland, OH; 6) Veterans Affairs Puget Sound Health Care Sys-
tem, Seattle, WA, 7) Department of Neurology, University of Washington,
Seattle, WA; 8) Departments of Neurology and Genetics, University of
Alabama-Birmingham, Birmingham, AL; 9) HudsonAlpha Institute for
Biotechnology, Huntsville, AL.

Parkinson disease (PD) is influenced by both genetic and environ-
mental risk factors. Meta-analysis of 15 genome-wide association
studies (GWAS) identified 28 common loci associated with PD. These
loci explain only part of the overall risk of PD; the remainder is likely
composed of rare variants, epistasis, and gene-environment (GxE) inter-
action. Vitamin D deficiency (VDD; plasma concentration <20 ng/mL) is
reproducibly associated with PD. To identify novel loci, we conducted a
genome-wide interaction study (GWIS) in samples from two GWAS: one
with 477 PD cases and 430 controls and one with 482 PD cases and 412
controls, both imputed to 5.3 million single nucleotide polymorphisms
(SNP) using the 1000Genomes reference panel. Vitamin D concentra-
tion was measured by tandem mass spectrometry. VDD was associated
with PD in both datasets (OR=2.7, p<0.0001; OR=1.9, p=0.009). GWIS
analysis compared two logistic regression models from each dataset:
a full model with SNP allele dosage, VDD, SNP*VDD interaction, and
covariates (sex, age, sampling season), and a restricted model of VDD
and covariates. Then a 2-df joint meta-analysis (JMA) of SNP main effect
and GxE interaction was conducted using JMA implemented in MET-
AL. The only genome-wide significant result (p<5x10%) was due to SNP
main effects in SNCA, a known PD gene. Three other loci had results
with p<10. Two were due to main effects (in MAPT, a known PD gene,
and a novel intergenic locus on 20q13.33 between MIR548AG2 and
LOC100506470. The third resulted primarily from GxE and was located
at 5gq11.2 in LOC401188. To evaluate potential clustering of nominally
significant results in pathways, we selected 465 genes with at least one
joint test p<0.05 after adjusting for the number of SNPs in the gene.
These genes were tested for enrichment of KEGG pathways using Web-
Gestalt. In total, 11 pathways were over represented (p<0.05 after FDR
correction for multiple comparisons); 8 were immune system-related,
the most significant of which was antigen processing and presentation
(p=0.0026). These results show that GWIS might reveal novel loci (such
as LOC401188) associated with PD, and that consideration of GXE in-
teractions across pathways might reveal biological mechanisms for dis-
ease. The clustering of nominally significant joint tests in immune system
pathways is consistent with the role vitamin D plays in immune response
and our prior GWAS results associating PD with SNPs in the HLA class
Il region.
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DNAJC6 mutations associated with early-onset Parkinson’s dis-
ease. S. Olgiati’, M. Quadri’, M. Fang? J.P.M.A. Rood® J.A. Saute?, H.F.
Chien®, C.G. Bouwkamp'®, J. Graafland’, M. Minneboo’, G.J. Breed-
veld', J. Zhang? F.W. Verheijen', W. Mandemakers’, A.J.W. Boon?®, J.A.
Kievit', L.B. Jardim*’, E.R. Barbosa®, C.R.M. Rieder®, K.L. Leenders®, J.
Wang?'%'"12, '\ Bonifati’. 1) Department of Clinical Genetics, Erasmus
MC, Rotterdam, the Netherlands; 2) BGI-Shenzhen, Shenzhen, China;
3) Department of Neurology, Erasmus MC, Rotterdam, the Netherlands;
4) Medical Genetics Service, Hospital de Clinicas de Porto Alegre, Porto
Alegre, Brazil; 5) Department of Neurology, University of Sdo Paulo, Sao
Paulo, Brazil; 6) Department of Psychiatry, Erasmus MC, Rotterdam, the
Netherlands; 7) Department of Internal Medicine, Universidade Federal
do Rio Grande do Sul, Porto Alegre, Brazil; 8) Neurology Service, Hos-
pital de Clinicas de Porto Alegre, Porto Alegre, Brazil; 9) Department of
Neurology, University Medical Center Groningen, the Netherlands; 10)
Department of Biology, University of Copenhagen, Copenhagen, Den-
mark; 11) Princess Al Jawhara Center of Excellence in the Research of
Hereditary Disorders, King Abdulaziz University, Jeddah, Saudi Arabia;
12) Macau University of Science and Technology, Avenida Wai long, Tai-
pa, Macau, China.

Background DNAJC6 mutations were recently described in two fam-
ilies with autosomal recessive juvenile parkinsonism with onset before
age 11, prominent atypical signs, poor or absent response to levodopa,
and rapid progression to wheelchair-bound state within ~10 years from
onset. However, DNAJC6 mutations have not been associated with Par-
kinson’s disease (PD) so far.Methods The entire DNAJC6 open reading
frame was analyzed in 274 patients with early-onset sporadic PD (n=182),
or familial PD compatible with autosomal recessive inheritance (n=92).
Selected variants were followed up by cosegregation, homozygosity
mapping, linkage analysis, and whole-exome sequencing.Findings We
identified two families and a sporadic patient with different biallelic DNA-
JC6 mutations segregating with PD. In each of the two families, novel
DNAJC6 homozygous substitutions (c.2779A>G and c.2223A>T) were
flanked by long runs of homozygosity within significant linkage peaks
(LOD score 3.07 and 3.18). High-coverage whole-exome sequencing did
not detect additional pathogenic variants within the linkage regions. The
sporadic patient carried two rare variants (c.2038+3A>G, c.1468+83del)
with a possible effect on RNA splicing. All these cases fulfilled the criteria
for a clinical diagnosis of early-onset PD, had symptoms onset in the
third-to-fifth decade, and slow disease progression. Response to dopa-
minergic therapies was prominent but, in some patients, limited by psy-
chiatric side-effects. The clinical phenotype overlaps that of other mono-
genic forms of early-onset PD, caused by mutations in parkin, PINK1,
or DJ-1. Furthermore, another 11 PD probands carried rare DNAJC6
variants in single heterozygous state, including a frameshift mutation
cosegregating with PD in two siblings.Interpretation Our findings delin-
eate a novel form of hereditary early-onset PD. Screening of DNAJC6 is
warranted in all patients with early-onset PD compatible with autosomal
recessive inheritance. Our data provide further evidence for the involve-
ment of synaptic vesicles endocytosis and trafficking in PD pathogene-
sis.Funding Stichting ParkinsonFonds; Beijing Genomics Institute.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.



ASHG 2015 Abstracts 49

102
A novel protein aggregation mechanism triggered by translation
of cryptic amyloidogenic elements in the 3’ UTR of neurofilament
genes. A. Rebelo’, A. Abrams’, E. Cottienne?, A. Horga®, M. Gonzalez',
A. Sanchez-Mejias1', L. Matilde?, H. Houlden?, J. Blake?, C. Woodward?,
M. Sweeney?, J. Holton?, M. Hanna? J. Dallman®, M. Auer-Grumbach?,
M. Reilly?, S. Zuchner'. 1) Dr. John T Macdonald Department of Human
Genetics and John P. Hussman Institute for Human Genomics, Miller
School of Medicine, University of Miami, Miami, FL; 2) MRC Centre for
Neuromuscular Diseases, UCL Institute of Neurology, Queen Square,
London,UK; 3) Department of Biology, University of Miami, Miami, FL; 4)
Department of Orthopaedics, Medical University Vienna, Vienna, Austria.
Abnormal protein aggregation is commonly observed in an expand-
ing number of neurodegenerative diseases including amyotrophic lateral
sclerosis (ALS), Alzheimer’s and Parkinson’s diseases. We describe a
novel mechanism for intracellular toxic aggregates induced by an un-
usual mutational event in axonal neuropathy families. We identified fami-
lies with Charcot-Marie-Tooth disease type 2 (CMT2) carrying frameshift
mutations in the neurofilament heavy gene (NEFH) leading to stop-loss
and extended translation of 40 amino acids in the 3’'UTR. In silico aggre-
gation prediction analysis combined with experimental results demon-
strated that the terminal 20 residues in the alternative protein is amyloi-
dogenic and critical for the formation of aggregates. Expression of the
mutant NEFH in neuro-2a cells resulted in prominent abnormal protein
aggregates, leading to disruption of the neurofilament network, altered
cell morphology and abnormal mitochondrial distribution. Zebrafish em-
bryos injected with mRNA encoding the mutant NEFH resulted in sig-
nificantly decreased lengths of motor neuron axons. We also identified
a similar aggregation induced mechanism triggered by translation of a
cryptic amyloidogenic element present in the 3’'UTR of the neurofilament
light (NEFL), also known to cause aggregation in CMT and other diseas-
es. Our studies expand on the hypothesis of neurofilament aggregation
and dysfunction as a disease mechanism for axonopathies. In addition,
we present a novel protein aggregation-triggering mechanism, which
should be taken into consideration when evaluating stop-loss variations.
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Identification of a founder mutation in ABCA?7 in a Belgian cohort of
Alzheimer’s disease patients. K. Sleegers’?, E. Cuyvers'?, T. Van den
Bossche'?34, A. De Roeck™? C. Van Cauwenberghe'’?, S. Vermeulen'?,
M. Mattheijssens’?, K. Peeters’?, S. Engelborghs?*, M. Vandenbulcke®,
R. Vandenberghe®, P.P. De Deyn?#, C. Van Broeckhoven'?, BELNEU Con-
sortium. 1) VIB and University of Antwerp, Antwerp, Belgium; 2) Institute
Born-Bunge, Antwerp, Belgium; 3) Department of Neurology, Antwerp
University Hospital, Edegem, Belgium; 4) Department of Neurology
and Memory Clinic, Hospital Network Antwerp, Middelheim and Hoge
Beuken, Antwerp, Belgium; 5) Department of Old Age Psychiatry and
Memory Clinic, University of Leuven and University Hospitals Leuven
Gasthuisberg, Leuven, Belgium; 6) Laboratory for Cognitive Neurology,
Department of Neurology, University of Leuven and University Hospitals
Leuven Gasthuisberg, Leuven, Belgium.

ABCA?7 was identified as a risk gene for Alzheimer’s disease (AD) in
genome-wide association studies (GWAS) and is one of the genes most
strongly associated with AD risk in the Belgian population. Recently, sig-
nificant association of ABCA7 loss-of-function (LOF) variants with AD
was reported in an Icelandic population. In the context of a targeted
massive parallel re-sequencing of GWAS-identified AD risk genes in our
Belgian AD cohort (772 unrelated Belgian patients; 757 Belgian healthy
elderly), we could substantiate an increased frequency of predicted
LOF mutations in AD patients compared to control individuals (RR 4.03,
95%CI 1.75-9.29), with 4 frameshift and 2 nonsense mutations pres-
ent only in patients. One frameshift mutation (p.E709fs) was observed
in 9/772 patients and not in control individuals. Moreover, this mutation
was found to segregate with disease in a Belgian family with autosomal
dominant inheritance of AD. This mutation causes a reading frameshift
leading to a premature stop codon and predicting an N-truncated protein
which is degraded. As expected a decrease of ABCA7 expression was
observed in brain and/or lymphoblast cell lines of the mutation carri-
ers.To explore a founder effect, additional unrelated AD patients (n=183,
mean AAO 78:8+6-0 years) and control individuals (n=265) from the
source population as well as 356 Belgian AD patients originally referred
for molecular diagnostic screening of monogenic dementia (mean AAO
61.8+10.2 years), were screened for p.E709fs using Sanger sequencing.
We identified 6 additional carriers among patients, of whom 4 from the
diagnostic cohort, and no carriers among controls. The mutation is locat-
ed on a common haplotype indicating that all carriers are descendants
of a common genetic founder. The diagnostic cohort further included
1 carrier (0.3%) of a probable pathogenic PSENT mutation, and 1 car-
rier (0.3%) of a pathogenic GRN mutation, which was lower than the
frequency of the ABCA7 founder mutation in this cohort (1.1%). All 15
patients carrying the ABCA7 founder mutation showed a classical AD
phenotype, with a relatively late onset age (73.7 + 8.1 years) but a wide
range of 36 (54-90) years, and an increased proportion of patients with
positive family history.In conclusion, we describe a founder effect of a
rare LOF mutation in the GWAS-identified AD risk gene ABCA7 which
may underlie unexplained familial clustering of AD in patients with an
otherwise classical late-onset AD phenotype.
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SORL1 rare variants: a major risk factor for familial early onset
Alzheimer disease. G. Nicolas" %3, C. Charbonnier?, D. Wallon? 34, O.
Quenez?, C. Bellenguez®, B. Grenier-Boley®, S. Rousseau? A.-C. Rich-
ard?, A. Rovelet-Lecrux®, K. Le Guennec®, D. Bacq®, J.-G. Garnier, R.
Olaso®, A. Boland®, V. Meyers, J.-F. Deleuze®, P. Amouyel®, H.-H. Munter’,
G. Bourque’, M. Lathrop’, T. Frebourg™" 3, R. Redon?, L. Letenneur®, J.-F.
Dartigues®, E. Génin'®, J.-C. Lambert®, D. Hannequin™ 2 34 D. Campi-
on'’. 1) Department of Genetics, Rouen University Hospital, Rouen, Nor-
mandy, France; 2) National Reference Center for Young Onset Alzheimer
Patients, Rouen, Normandy, France; 3) Inserm U1079, IRIB, Normandy
Univ, Rouen, France; 4) Department of Neurology, Rouen University Hos-
pital, Rouen, Normandy, France; 5) Pasteur Institute and Inserm U1167,
Lille, France; 6) Centre National de Génotypage, Evry, France; 7) Mc-
Gill University and Génome Québec Innovation Centre, Montréal, Can-
ada; 8) Inserm, UMR 1087, Iinstitut du thorax, Nantes, France, CNRS,
UMR 6291, Nantes, France, Université de Nantes, Nantes, France, CHU
Nantes, l'institut du thorax, Service de Cardiologie, Nantes, France,; 9)
Inserm, U897, Bordeaux France; Univ Bordeaux, Bordeaux, France; 10)
Inserm UMR1078, CHU Brest, Univ Bretagne Occidentale, Brest, France;
11) Department of Research, Rouvray Psychiatric Hospital, Sotteville-
les-Rouen, France.

Causative variants within the APP, PSENT or PSEN2 genes are de-
tected in 77-85% of families with Autosomal Dominant Early Onset Alz-
heimer Disease (ADEOAD). All these mutations result in increased ag-
gregation of the AB peptide in the brain, leading to AD. In 5/14 ADEOAD
unrelated patients with no pathogenic variant within these genes, we
previously reported potentially pathogenic variants in the SORL7 gene.
SORL1 encodes the Sortilin-related receptor with A-type repeats (also
known as SORLA or LR11) which plays a key role in the trafficking of
the Amyloid B8 (AB) Precursor Protein (APP), as an APP neuronal sorting
receptor, and redirects nascent AB peptides to the lysosome. It therefore
plays a protective role against AR neuronal secretion. Based on these
results obtained in a small set of families, we aimed to determine if rare
predicted damaging SORL17 variants may contribute to EOAD genetic
risk. For that purpose, we conducted a whole exome analysis in 484 pa-
tients with EOAD and 498 ethnically-matched controls from France. We
used the following strategy: (1) selection of extreme forms of the disease
(age of onset before 65 years, 52% had an onset before 55 years), (2)
stringent diagnostic criteria, (3) enrichment in cases with positive fami-
ly history (42%), (4) rigorous matching of controls on ethnicity, (5) high
depth of coverage (mean ~120x), (6) filtering of rare (MAF<1%) variants
to retain only disruptive (nonsense, frameshift, splice site) or missense
variants predicted damaging by three algorithms, and (7) collapsing of
variants at the gene level. Exome wide, SORL1 was the top hit: we de-
tected an enrichment of disruptive and predicted damaging missense
rare SORL1 variants in cases (Odds Radio (OR) = 5.03, 95% Confidence
Interval [Cl] =[2.02-14.99], p= 7.49.10%). This enrichment was even stron-
ger when restricting the analysis to the 205 cases with positive family
history (OR=8.86, 95% Cl=[3.35-27.31], p=3.82.107). These results re-
mained highly significant after adjustment on APOE status or restriction
to the cases with the highest level of diagnostic evidence. We conclude
that predicted damaging rare SORL1 variants are a strong risk factor for
EOAD and that the association signal is mainly driven by familial cases.
This is the first study reporting a gene-based association of rare variants
with an exome wide significance in AD, using case-control whole exome
sequencing data.

105

Loss-of-function mutations in TBK17 are a frequent cause of fron-
totemporal dementia and amyotrophic lateral sclerosis in Belgian
and European cohorts. C. Van Broeckhoven’ ?, I. Gijselinck’ ?, S. Van
Mossevelde' 2, J. van der Zee' ?, A. Sieben’ 23, B. Heeman'? S. En-
gelborghs? 4, M. Vandenbulcke®, R. Vandenberghe®, P. De Jonghe' 2, P.
Cras? 7, P. De Deyn? 4, J-J. Martin?, M. Cruts’?, BELNEU Consortium,
EU EOD Consortium. 1) Department of Molecular Genetics, VIB, Univer-
sity of Antwerp, Antwerp, Belgium; 2) Institute Born-Bunge, University
of Antwerp, Antwerp, Belgium; 3) Department of Neurology, University
Hospital Ghent and University of Ghent, Ghent, Belgium; 4) Department
of Neurology and Memory Clinic, Hospital Network Antwerp Middelheim
and Hoge Beuken, Antwerp, Belgium; 5) Department of Psychiatry, Uni-
versity Hospitals Leuven and University of Leuven, Leuven, Belgium; 6)
Department of Neurology, University Hospitals Leuven and University of
Leuven, Leuven, Belgium; 7) Department of Neurology, Antwerp Univer-
sity Hospital, Edegem, Belgium.

In the Belgian frontotemporal dementia (FTD) patient cohort, mutations
in known FTD genes accounted for 30% of the familial FTD patients and
75% of familial FTD-ALS patients, with several autosomal dominant fam-
ilies remaining genetically unresolved. In an informative, 4-generations
FTD-ALS family, whole-genome- sequencing identified the tank-binding
kinase 1 gene (TBKT1) as the strongest candidate gene. Further, other
groups recently published TBK7 as a gene for amyotrophic lateral scle-
rosis (ALS), FTD-ALS and FTD. Hence, we aimed to assess the genetic
contribution of TBK1 in a Belgian cohort of 481 FTD and FTD-ALS pa-
tients, and 147 ALS patients. We used multiplex parallel sequencing of
TBK1 in the family and the patient cohorts, and in a control group.We
identified a loss-of-function (LOF) mutation, p.Glu643del, in TBK1 that
segregated in the extended FTD-ALS family. In the cohorts, we observed
10 patients carrying a mutation resulting in an overall mutation frequency
of 1.6% (10/628): 0.9% in FTD patients (4/459), 3.4% in ALS patients
(5/147) and 4.5% in FTD-ALS patients (1/22).Mean onset age of TBK1
carriers was 62.1 + 8.9 years with ALS carriers being much younger.
Disease penetrance is incomplete, with 70% of the carriers affected by
age 70 years and two carriers remaining unaffected aged over 80 years.
Five of the unrelated patients were carrying the p.Glu643del mutation
with the mutation located on 3 different haplotypes sized between 3 and
17.5 Mb. The p.Glu643del mutation carriers had a signficant later onset
age and longer disease duration suggesting a milder pathological effect.
The LOF mutations (frameshift, nonsense, amno acid deletions), includ-
ing the p.Glu643del mutation, led to loss of transcript and/or protein in
blood and/or brain. Preliminary data of the TBK1 mutation screening in a
large European cohort of FTD and ALS patients (approx. n=2500), ascer-
tained with the European Early-Onset dementia (EU EOD) consortium,
confirmed our findings and will provide information regarding mutation
spectrum and frequencies in different countries.These findings are in line
with published studies and extend and reiterate that FTD and ALS be-
long to one disease continuum. Decreased expression of TBK1 in brain
suggests (partial) haploinsufficiency as an underlying disease mecha-
nism. Several FTLD and ALS proteins are in the same pathway as TBK1,
including optineurin and p62, stressing a role for autophagy and inflam-
mation in neurodegeneration.
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The C90orf72 repeat expansion modulates onset age of FTD-ALS
through increased DNA methylation and transcriptional downregu-
lation. M. Cruts™?, I. Gijselinck™?, S. Van Mossevelde'?, J. van der Zee'?,
A. Sieben'?3, S. Engelborghs®#, J. De Bleecker®, A. lvanoiu®, O. Deryck®,
D. Edbauer’®, M. Zhang®, B. Heeman'?, E. Rogaeva®’®, P. De Jonghe™>'",
P. Cras?'", J.-J. Martin?, P.P. De Deyn?#, C. Van Broeckhoven'?, BELNEU
Consortium. 1) Department of Molecular Genetics, VIB, University of An-
twerp , Antwerp, Antwerp, Belgium; 2) Institute Born-Bunge, University
of Antwerp, Antwerp, Belgium; 3) Department of Neurology, University
Hospital Ghent and University of Ghent, Ghent, Belgium; 4) Department
of Neurology and Memory Clinic, Hospital Network Antwerp Middel-
heim and Hoge Beuken, Antwerp, Belgium; 5) Department of Neurology,
Saint-Luc University Hospital and Institute of Neuroscience, Université
Catholigue de Louvain, Brussels, Belgium; 6) Department of Neurolo-
gy, General Hospital Sint-Jan Brugge-Oostende, Bruges, Belgium; 7)
German Center for Neurodegenerative Diseases (DZNE), Munich, Ger-
many; 8) Adolf Butenandt Institute, Biochemistry and Munich Cluster of
Systems Neurology (SyNergy), Ludwig-Maximilians University Munich,
Munich, Germany; 9) Tanz Centre for Research in Neurodegenerative
Diseases, University of Toronto, Toronto, Canada; 10) Department of
Medicine, Division of Neurology, University of Toronto, Toronto, Cana-
da; 11) Department of Neurology, Antwerp University Hospital, Edegem,
Belgium.

Pathological expansion of a G,C, repeat in the 5’ regulatory region of
C9orf72 (MIM *614260) is the most common genetic cause of fronto-
temporal dementia and/or amyotrophic lateral sclerosis (FTD-ALS MIM
#105550). C9orf72 patients have highly variable onset ages suggesting
the presence of modifying factors and/or anticipation. We assessed the
effect of G,C, repeat expansion size on onset age, the role of genetic
anticipation and the effect of repeat size on DNA methylation and activity
of the C9orf72 promoter in 72 index patients and 61 affected or unaf-
fected relatives with a C90rf72 repeat expansion derived from a Belgian
cohort of 593 patients with FTD including 40 FTD-ALS patients, and 227
ALS patients. Repeat expansion sizes measured in blood DNA varied
between 45 and over 2100 G,C, repeat units with short expansions of 45
to 78 units present in 5.6% of the 72 index patients carrying an expan-
sion. Short expansions as little as 47 units co-segregated with disease in
two families. A subject with a short expansion in blood but an indication
of mosaicism in brain showed the same TDP-43 and dipeptide-repeat
(DPR) pathology as those with a long expansion. Further, we provid-
ed evidence for an association of G,C, expansion size with onset age
(p<0.05) most likely explained by an association of methylation state of
the 5’ flanking CpG island and repeat expansion size in blood (p<0.0001)
and brain (p<0.05). In several informative C9orf72 parent-child transmis-
sions, we identified earlier onset ages, increased expansion sizes and/or
increased methylation state of the 5 CpG island across two generations
reminiscent of disease anticipation. Also, intermediate repeats of 7 to 24
units showed a slightly higher degree of methylation (p<0.0001) and a
decrease of C9orf72 promoter activity (p<0.0001) compared to normal
short repeats of 2 to 6 units, possibly explaining the associated risk with
disease. Decrease of transcriptional activity was even more prominent in
the presence of disease-related small deletions flanking G,C, (0<0.0001).
Together, we provided evidence that increased methylation of CpG se-
quences in the C9orf72 promoter due to an increased G,C, repeat size
may lead to loss of function of C9orf72 in FTD-ALS.
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Missed connections: failure to recombine is a common feature of
human oogenesis. T. Hassold, H. Maylor-Hagen, J. Gruhn, P. Hunt. Mo-
lecular Biosciences, Washington State University, Pullman, WA.

Failure to recombine is arguably the most important known cause of
human nondisjunction, having been linked to maternally- or paternal-
ly-derived cases of sex chromosome trisomy and autosomal trisomies
13, 14, 15, 18, 21 and 22. However, almost all information on these “ex-
changeless” homologs has come from studies of trisomic conceptuses.
Thus the incidence of this defect and its impact on gametogenesis is
not clear; e.g., if oocytes or spermatocytes containing exchangeless ho-
mologs are selected against during meiosis, the incidence may be even
higher in gametes than in zygotes. To address this, we initiated com-
parative studies of exchangeless chromosomes in fetal ovarian samples
from elective terminations of pregnancy and already collected data from
testicular biopsies involving males with obstructive azoospermia. To
date we have examined over 8,000 oocytes from 191 females and over
4,000 spermatocytes from 56 males. We have identified striking male:fe-
male differences, with approximately 10% of occytes — but only 1-2%
of spermatocytes — containing at least one exchangeless chromosome
pair. Detailed analyses of oocytes indicates striking chromosome-spe-
cific differences, with almost all exchangeless homologs involving chro-
mosomes 21 or 22. Further, the effect is linked to the overall level of
recombination in the cell, with the presence of one or two exchangeless
chromosomes per cell associated with 10% and 20% reductions, re-
spectively, in the total number of crossovers in the cell; thus, extremely
low levels of recombination increase the likelihood of one or more ex-
changeless chromosomes. Finally, our observations indicate significant
inter-individual variation in the incidence of exchangeless chromosomes:
although, on average, 10% of oocytes exhibited this recombination de-
fect, in some samples over 25% of oocytes contained at least one ex-
changeless chromosome pair. Taken together, our observations indicate
a remarkably high level of aberrant recombination in human oocytes and
provide important initial evidence of a genetic predisposition to meiotic
nondisjunction.
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An isogenic trisomic-disomic model system using cells from peo-
ple with mosaic Down syndrome unmasks trisomy 21 associated
increases in age-related chromosomal instability and telomere
shortening. K. Rafferty’, C. Charalsawadi’? C. Jackson-Cook"*. 1) De-
partment of Human and Molecular Genetics, Virginia Commonwealth
University, Richmond, VA; 2) Department of Pathology, Faculty of Medi-
cine, Prince of Songkla University, Songkhla, Thailand; 3) Department of
Pathology, Virginia Commonwealth University, Richmond, VA.

It is known that age-related changes impacting multiple organ sys-
tems occur earlier in people with Down syndrome (Ds), but the biological
basis underlying this trisomy 21-associated propensity for premature
aging is poorly understood. Given that the trisomic/normal cells from
people with mosaic Ds (mDs) are identical with regards to environmental
exposures and genes (except for chromosome 21 copy number), com-
parisons of these isogenic trisomic/disomic cells allow one to “unmask”
the cellular consequences of trisomy 21 by removing extraneous fac-
tors. The primary aim of this study was to determine if trisomy 21 results
in an increase in the acquisition of age-related somatic chromosomal
changes. To meet this aim chromosome-specific telomere lengths and/
or instability frequencies were compared between the isogenic trisomic/
normal cells of 24 people with mDs ranging from 1 to 44 years of age.
Somatic chromosomal instability (CIN) frequencies were quantified by
scoring 1000 cells using the cytokinesis-block micronucleus (MN) assay
coupled with FISH (RUNX1 probe to distinguish trisomic/euploid nuclei).
Chromosome-specific telomere lengths were quantified using a Q-FISH
(pantelomeric probe) method. In the younger participants (ages 1-10;
n=15), no significant difference was observed in CIN frequencies in the
euploid (0.18 mean + 0.02 SEM) compared to trisomic (0.19 + 0.03) cells
(p>0.05), but in the older participants (ages 16-44; n=9), the trisomic
binucleates showed a significant increase in the relative proportion of
cells with CIN (0.33 + 0.06) when compared to their euploid (0.15 + 0.03)
cells (p=0.01). MN containing chromosome 21 occurred more often than
expected by chance (p<0.01), but accounted for only 8.8% of the total
MN detected, with the other MN containing chromatin from other chro-
mosomes. Trisomic cells also had significantly shorter telomeres across
all chromosomes compared to euploid cells (to date, n=13; p<0.001),
with this difference being apparent as early as age 2. Overall, the short-
est telomeres tended to be observed for 9q in both euploid and trisomic
cells. Collectively, these results suggest that the cellular effects related
to aging in Ds/mDs arise from a “network” involving multiple acquired
chromosomal findings and are not limited to alterations involving chro-
mosome 21. They also support the use of this isogenic mDs model sys-
tem for providing new insight about cellular changes that arise from a
trisomy 21 imbalance.
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Runs of homozygosity (ROH) reveal correction of chromosomal im-
balances during fetal development. A.L. Penton’, D. Segal?, R. Burn-
side’, P. Papenhausen’, Runs of homozygosity (ROH) reveal correction
of chromosomal imbalances during fetal development. 1) Laboratory
Corporation of America Holdings, Durham, NC; 2) Rutgers New Jersey
Medical School.

Trisomy and monosomy rescue are well known processes that correct
early embryonic aneuploidies resulting from non-disjunction. This occurs
by loss of the extra chromosome in the case of trisomy and duplication
of a single chromosome in the case of monosomy. Although the genomic
imbalance is “corrected” this process often results in uniparental disomy
(UPD) during trisomy rescue and always results in UPD during mono-
somy rescue. In contrast, segmental UPD (sUPD) is localized to a spe-
cific region of the chromosome and the etiology is not always clear. We
present patients that display evidence of UPD by SNP array (visualized
as ROH) due to correction of a genomic imbalance to disomy during fetal
development. Fetal material from one patient showed potential UPD 12
as well as a low level of trisomy 12 (17%) consistent with incomplete
trisomy rescue. A newborn with features of Down Syndrome displayed
complete allele homozygosity of the most proximal portion of 21q con-
tiguous with a 10.16 Mb duplication of the remaining distal portion of
the long arm. This likely resulted from a (3:1) unbalanced meiotic segre-
gation of a parental balanced translocation, and non-viable monosomy
for the centromeric portion of chromosome 2. Subsequent duplication
of the normal chromosome 21 resulted in viable trisomy for the Down
Syndrome critical containing distal region of chromosome 21. A nine
year old referred for developmental delay carried a 9.4 MB terminal ROH
on chromosome 1p that was rescued from an unbalanced der(1)(t(1;17)
(p36.3;g21) prenatally. This is consistent with a mitotic recombination
based correction mechanism. A 42 year old woman referred for infertility
carried a 58.54 Mb ROH on terminal 15q, yet did not have Prader-Willi
or Angelman syndrome. This suggested segmental UPD15 which was
confirmed by parental analysis. We suspect a deletion rescue mecha-
nism similar to the derivative rescue of the previous patient. These cases
show that UPD can result not only from correction of aneuploidy due to
non-disjunction but also from correction of partial aneuploidy caused
by the segregation of unbalanced translocation derivatives, or deletions.
Clinical features in these individuals may be caused by residual effects
from the early gestational presence of imbalance. If correction occurs
early enough so that little or no clinical features are present, transmission
of imbalance is possible from germ cells.
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Genomic imbalances in fetuses and patients with congenital heart
malformation. |. Maya', S. Kahana', T. Tenne', S. Jakobson’, J. Yesha-
ya', M. Shohat'?, L. Basel-Vanagaite'?%% 1) Recanaty Genetic Institute,
Rabin Medical Center, Petah Tikva, Israel; 2) The Sackler Faculty of Med-
icine, Tel Aviv University, Tel Aviv, Israel; 3) Pediatric Genetics, Schneider
Children s Medical Center of Israel, Petah Tikva, Israel; 4) Felsenstein
Medical Research Center, Rabin Medical Center, Petah Tikva, Israel.
Background:Congenital heart malformations(CHM) have been re-
ported to be associated with pathogenic copy number variants (CNVs).
The purpose of this study was to compare the frequency of clinically
significant (likely pathogenic or pathogenic) submicroscopic CNVs in:1)
fetuses with CHM 2)postnatal cohort of patients with CHM.We also re-
port on prenatal and postnatal diagnostic yield of clinically significant
CNVs in the specific types of CHM. Methods:During 2010-15 our clinical
diagnostic hospital-based laboratory performed 10,000 chromosomal
microarray tests on fetal and postnatal samples using CGH and SNP
array platforms.In total,300 of cases were referred due to CMH including
200 prenatal and 100 postnatal cases.In the prenatal cohort 67% had
isolated CHM.For postnatal cases, 10% of the individuals presented with
an isolated CHM. Results:Overall,clinically significant CNVs were identi-
fied in 13% (39/300) of the specimens referred with normal or unknown
karyotypes.Clinically significant CNVs were detected in 24% of the pa-
tients and 10% of the fetuses. Known clinically significant CNVs were
detected in 62% and unique CNVs in 38% of the cases.Velo-Cardio-Fa-
cial syndrome comprised 25% of the known pathogenic CNVs.Out of the
clinical significant CNVs,18% were also later detected by karyotyping.
The most common CHM(n=121) was ventricular septal defect (VSD).80%
of the prenatal cases and 10% of the postnatal cases presented as an
isolated VSD.The detection rate of clinically significant CNVs was lowest
in fetuses with isolated VSD(2%) and highest in postnatal cases with
additional abnormalities(25%).In CHM group with aortic arch abnor-
malities (coarctation, dilatation,double aortic arch,overriding aorta,right
aortic arch),the detection rate was 10% in both prenatal and postnatal
group.In cases with Tetrallogy of Fallot,clinically significant CNVs were
detected in 23%;in cases with transposition of great arteries(TGA),clini-
cally significant CNVs were detected in 12%.Variants of unclear clinical
significance(VUS) were identified in prenatal and postnatal CHM cases
in 3 and 9%, respectively.In the control group of low risk pregnancies,-
clinically significant CNVs were identified in 1.8%.Conclusion:The overall
diagnostic yield of clinically significant CNVs in prenatal cases with CHM
was significantly lower than in postnatal cases with CHM.This can be
explained by to the presence of additional abnormalities,such as intel-
lectual disability,in 90% of the postnatal cohort.

111

The role of copy number losses in non-syndromic cleft lip and pal-
ate. L.A. Harney'23 B.W. Darbros, A. Long? J. Standley’, R.A Cornell*4,
J.C. Murray’3, J.R. Manak™2%. 1) Department of Pediatrics, University of
lowa, lowa City, IA; 2) Department of Biology, University of lowa, lowa
City, IA; 3) Interdisciplinary Program in Genetics, University of lowa, lowa
City, IA; 4) Department of Anatomy and Cellular Biology, University of
lowa, lowa City, IA.

Clefts of the lip and/or palate (CL/P) occur in about 1 in 700 live births
and are categorized as non-syndromic (NSCL/P) or syndromic (SCL/P).
Individuals with NSCL/P have isolated clefts and account for about 70%
of clefting cases, whereas syndromic occurrences include cognitive or
structural anomalies. Although genome-wide association, candidate
gene, and animal model studies have been used to study CL/P, a large-
scale analysis of copy number variation (CNV) in CL/P has yet to be
performed. We performed a high resolution array-based comparative
genomic hybridization study to identify copy number variants associat-
ed with NSCL/P in a cohort of 851 cases from the Philippines. Focus-
ing on rare copy number losses, our preliminary analysis identified 74
genes that were deleted in greater than one individual while 213 genes
were deleted in a single case; collectively, the majority of genes were
not previously implicated in clefting. After comparing the list of delet-
ed genes to OMIM, DECIPHER, NCBI, and MGI databases, four were
selected for functional follow-up in zebrafish. These genes, GALNT13
[MIM 608369], PKP2 [MIM 602861], MYO5C [MIM 610022] and ULK4
[MIM 615075], are all novel clefting candidates, are overlapped by a CNV
loss in greater than one individual, and appear in less than 1% of the
cohort. Six additional genes identified have been previously implicated
in clefting through association studies (NTN7 [MIM 601614], PCYT1A
[MIM 123695]), variant analyses (ZNF750 [MIM 610226], CDH1 [MIM
192090], OFD1 [MIM 300170]), or chromosomal microarrays (IMMP2L
[MIM 605977]). Replication studies with a Caucasian cohort of over 300
individuals with NSCL/P (in addition to 302 individuals with SCL/P) are
currently underway. Together, these studies will define the contribution of
copy number variants to disease incidence of CL/P.
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Interchromosomal core duplicons drive recurrent complex in-
versions within the chromosome 8p23.1 region. K. Mohajeri’, C.D.
Campbell’, J. Huddleston'?, B. Nelson’, C.R. Catacchio’®, M. Ventura?®,
E.E. Eichler'2. 1) Department of Genome Sciences, University of Wash-
ington School of Medicine, Seattle, WA, USA; 2) Howard Hughes Med-
ical Institute, Seattle, WA, USA; 3) Department of Biology, University of
Bari, Bari, Italy.

The chromosome 8p283.1 region harbors one of the largest and most
common inversion polymorphisms in the human population. The inver-
sion haplotype is thought to predispose to recurrent rearrangements as-
sociated with congenital heart defects and the region is the source of
extensive structural variation of beta-defensin gene families, which are
risk factors for autoimmune disease. The complexity of the region and
its enrichment in recent segmental duplications has complicated disease
association, assembly and studies of natural genetic variation. We gen-
erated a high-quality sequence assembly of an inverted 6.2 Mbp haplo-
type of the 8p23.1 locus by single-molecule real-time sequencing of 70
large-insert clones from a CH17 human hydatidiform mole BAC resource.
The alternate haplotype configuration shows nine genic differences and
an increased propensity for non-allelic homologous recombination. We
find two highly identical, directly orientated duplications ~385 kbp in
length, which are largely missing from the human reference genome,
mapping on either side of a congenital heart defect-associated critical
region. Instead of a single inversion polymorphism, we identify three in-
version events of 311 kbp, 442 kbp and 4.6 Mbp in length. Our phylo-
genetic analysis with outgroup non-human primate genomes suggests
that all three events are specific to the human lineage arising between
0.6-0.9 million years ago. Remarkably, each inversion breakpoint within
8p23.1 is flanked by an inversion-associated repeat (IAR) that ranges in
size from 54-62 kbp. We have identified a total of 16 genomic IARs and
estimate the duplication expansions that distributed these interchromo-
somal cores throughout seven chromosomes to have occurred between
10-20 million years ago across primate evolution. In addition to flanking
the 8p23.1 inversions, IARs are observed at the bounds of two additional
inversion events that have led to the structural differences between pri-
mates on chromosomes 3 and 11. Through constructing an alternate ref-
erence assembly of the 8p23.1 locus, we were able to further understand
structural variation within the locus, supply a framework for the role of
this alternate haplotype in congenital heart defect-related deletion, and
characterize interchromosomal cores we identify as sequence elements
mediating inversions.

113
Characterization of Mosaic Chromothripsis in the Human Germ-
line by Chromosomal Microarray and Whole Genome Sequencing.
F. Quintero-Rivera’, C. Redin? N. Dorrani®, J.A. Martinez-Agosto?*, M.E.
Talkowski?. 1) Department of Pathology and Laboratory Medicine, David
Geffen School of Medicine at UCLA, UCLA Clinical Genomic Center,Los
Angeles,CA; 2) Center for Human Genetic Research, Massachusetts
General Hospital, Boston, MA; 3) Dept. of Pediatrics and Human Genet-
ics, UCLA David Geffen School of Medicine, Los Angeles, CA; 4) Dept.
of Pediatrics, UCLA David Geffen School of Medicine, Los Angeles, CA.
Complex human germline chromosomal rearrangements, with more
than three breakpoints, can originate from deconstruction of chromo-
somal segments via a single devastating event into multiple smaller frag-
ments which are subsequently rejoined. This phenomenon, defined as
‘chromothripsis’, was first detected in cancer cells. We later defined ex-
amples of chromothripsis in the human germline of subjects with congen-
ital anomalies, with the presence of oscillating reciprocal dosage chang-
es that were characteristic in cancer cells. The reconstructed derivative
chromosomes exhibited a complex genomic architecture comprised of
translocations and/or inversions. However, to our knowledge, mosaic
germline chromothripsis exhibiting complex balanced and unbalanced
rearrangements has not been described.Here, we report a 29-year-old
female with mosaic partial trisomy of eight regions of chromosome 19.
The proband has facial dysmorphism, skeletal defects, hypotonia, de-
layed speech and motor skills, mild intellectual disability, progressive
insidious decline in cognitive function, difficulty with immediate short-
term memory, and mild loss of brain volume. G-banded karyotype and
M-FISH analysis of peripheral blood revealed a de novo mosaic intrach-
romosomal duplication of the long arm of chromosome 19913.11 due
to insertion of material from the same chromosome 19 (q13.33913.43)
in 35% of cells examined [mos 46,XX,ins dup(19)(q13.11913.33913.43)
[71/46,XX[13]dn.ish ins dup(19)(wcp19+)]. Chromosomal microarray anal-
ysis (CMA) revealed eight de novo mosaic gains of part of the short arm
of chromosome 19p13.11p12 and of part of the long arm of chromo-
some 19912913.42 with disomic regions in between duplicated intervals,
in about 60% of cells. These regions encompass a total of 18.68 Mb;
6.7 Mb on p-arm and 11.98 Mb on g-arm. Whole-genome sequencing
(WGS) of large-inserts, e.g. jumping libraries, was performed, generat-
ing 79.8-fold physical coverage of the genome. These analyses revealed
still greater complexity, including multiple inserted inverted segments at
cytobands 19p12 and 19p13.3. These data represent one of the most
complex examples of germline chromothripsis described to date, and
suggest that WGS may represent a powerful tool to accurately charac-
terize mosaicism in routine cytogenetic practice.
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Mechanistic Insights of Complex Insertional Translocations. S. Gu’,
C.M.B. Carvalho', B. Yuan', W. Bi', A. Patel’, S.W. Cheung’, J.R. Lups-
ki2%4 1) Molecular & Human Genetics, Baylor College of Medicine,
Houston, TX; 2) Texas Children’s Hospital, Houston, TX; 3) Department of
Pediatrics, Baylor College of Medicine, Houston, TX; 4) Human Genome
Sequencing Center, Baylor College of Medicine, Houston, TX.
Chromothripsis-like chromoanasynthesis causes germline complex
genomic rearrangements (CGRs) observed in patients with congenital
disorders. In contrast to the oscillation between two copy number states
(copy number neural and deletion) in chromothripsis, frequent copy
number changes with interspersed regions containing deletions/dupli-
cations/triplications are found in chromoanasynthesis; such events are
usually restricted to one chromosome or one chromosome arm. A very
recent in vitro study of DNA damage in micronuclei in single human cells
showed chromothripsis-like events involving translocations between
two chromosomes (Zhang et al., Nature 2015, PMID: 26017310). Here,
we observed chromoanasynthesis events involving two or three chro-
mosomes in patients with complex insertional translocations (ITs). IT is
defined as a segment of one chromosome being inserted into a new
region of the same or a non-homologous chromosome, while complex
IT may generate gain or loss of chromosome segments at the insert-
ed loci. We identified 16 individuals with complex IT involving known
disease genes or disease candidate genes among the 56,000 individ-
uals tested from January 2007 to November 2014 at Baylor College of
Medicine Medical Genetics Laboratories using a combination of clinical
microarray and fluorescence in situ hybridization (FISH). Subsequently,
customized high-density aCGH was performed on 10 individuals with
available DNA, and breakpoint junctions were fine-mapped at nucleotide
resolution by long-range PCR and DNA sequencing in 7 individuals. We
observed that complex ITs involving two or three chromosomes could be
part of a chromoanasynthesis event. In addition, microhomologies and
small-scale complexities, in the form of insertion of fragments apparently
templated from nearby sequence at the breakpoint junctions, were ob-
served. These observations resemble the breakpoint junction signatures
found in CGRs generated through chromoanasynthesis. We showed that
chromoanasynthesis generated through replicative-based mechanism(s)
could involve different chromosomes and may generate interchromo-
somal complex IT and thus not be restricted to one chromosome.
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Pathogenesis, risk stratification and management of pregnancy-as-
sociated aortic dissection in Marfan syndrome and related connec-
tive tissue disorders. M.L. Russo’, G.L. MacCarrick? E. Sparks? H.C.
Dietz?, J.P. Habashi®. 1) Gynecology and Obstetrics & McKusick-Nathans
Institute of Genetic Medicine, Johns Hopkins University, Baltimore, MD;
2) McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins Uni-
versity, Baltimore, MD; 3) Pediatric Cardiology, Johns Hopkins Universi-
ty, Baltimore MD.

Marfan syndrome (MFS) is an autosomal dominant connective tissue
disorder caused by mutations in FBN7 with a strong predisposition for
aortic aneurysm and dissection. Studies in MFS mouse models and hu-
mans suggest that excessive TGFb signaling in the aortic wall contrib-
utes to disease pathogenesis through noncanonical activation of ERK.
Pregnant MFS women have an elevated risk of aortic dissection in the
peripartum period. We have strong evidence in MFS mice to suggest that
production of oxytocin throughout pregnancy, particularly in the third tri-
mester, and the sustained release with lactation, drives this increased
risk through ERK signaling. Indeed, avoidance of lactation or use of an
oxytocin antagonist abrogates risk of peripartum aortic dissection in
MFS mouse models. Through an IRB approved patient survey and ret-
rospective chart review, pregnancy, delivery and nursing data were col-
lected in MFS (n=176) and Loeys-Dietz syndrome (LDS; n=53), a related
connective tissue disorder. Pregnancies were included with survival past
20 weeks gestation. Risk of dissection in pregnancy was not significantly
different between MFS (5.6%) and LDS (5.7%). Sub-analysis of patients
in whom pre-pregnancy aortic root diameter was known revealed a sig-
nificant increase in the incidence of aortic dissection if diameter was
>4cm (4/16, 25%) versus <4cm (3/64, 4.7%; p<0.05). There were 10
dissections in MFS, 6 during pregnancy and 4 postpartum (PP, defined
as birth-12 months post-delivery) and 3 PP dissections in LDS. 5/13 dis-
sections were type B (MFS 3/10 and 2/3 LDS). Of the 7 PP dissections,
there was no significant difference in mode of delivery (3/133 vaginal,
4/106 c-section) or induction with pitocin (2/53 induction vs. 5/186 no
induction). PP aortic dissection (average 4.5 months PP) was uniquely
seen among lactating women with MFS (4/145 versus 0/31), but greater
numbers of study participants will be needed to reach firm conclusions.
There was a significant linear trend towards increasing dissection rate
with increasing pregnancy number (p<0.05). Aortic dissection in MFS
and LDS remains a significant cause of morbidity and mortality and the
risk persists through 12 months PP, particularly in lactating women and
c-section does not appear to mitigate this risk. Type B dissections occur
as often as type A in pregnant MFS women, which may limit the utility
of prophylactic aortic root replacement in anticipation of pregnancy and
modify imaging surveillance in pregnancy.
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Williams-Beuren syndrome as an epigenetic disease: association of
GTF2IRD1 with chromatin silencing complexes. P. Carmona-Mora’,
F. Tomasetig’, C.P. Canales', A. Alshawaf?, M. Dottori?, J.l. Young® R.
Barres*®, E.C. Hardeman', S.J. Palmer'. 1) Cellular and Genetic Medi-
cine Unit, School of Medical Sciences, UNSW Australia, Sydney, NSW,
Australia; 2) Centre for Neural Engineering, The University of Melbourne,
Melbourne, VIC, Australia; 3) John P. Hussman Institute for Human Ge-
nomics, University of Miami Leonard Miller School of Medicine, Miami,
FL, USA; 4) The Novo Nordisk Foundation Center for Basic Metabolic
Research, University of Copenhagen, Copenhagen, Denmark; 5) School
of Medical Sciences, UNSW Australia, Sydney, NSW, Australia.
GTF2IRD1 is a member of the GTF2/ gene family, located on 7q11.23
a region prone to genomic rearrangements. Hemizygous deletions in
7911.23 cause Williams-Beuren syndrome (WBS) and duplications
cause WBS duplication syndrome. Human mapping data and analyses
of mouse knockouts implicate GTF2/RD1 and GTF2I as the prime candi-
dates for the craniofacial abnormalities, mental retardation, visuospatial
construction deficits and hypersociability of WBS. Exploring the mo-
lecular role of GTF2IRD1 and GTF2I (TFlI-I) therefore provides a means
to understand the cellular cause of WBS, but also provides a unique
opportunity to study the genetic and epigenetic mechanisms that con-
tribute to many aspects of human behaviour. To understand the basis
of the phenotypes related to GTF2IRD1, we have studied its molecular
function in vivo and in vitro. In previous transgenic mouse studies, we
showed that GTF2IRD1 repressed a specific functional group of genes
in muscle tissue, but recent follow-up results from a DNA methylation
analysis by MBD-Seq showed that DNA methylation is not the mecha-
nism by which this repression occurs. Yeast two-hybrid screening has
allowed us to identify a range of novel protein interaction partners for
GTF2IRD1, which mainly include proteins involved in chromatin modi-
fication and transcriptional regulation. We have demonstrated the pres-
ence of GTF2IRD1 in chromatin modifier complexes and identified direct
associations with histone deacetylases (HDACs) in human embryonic
stem cell-derived neurons at the endogenous level; thus developing
the GTF2IRD1 interactional network and creating testable hypotheses
for GTF2IRD1 molecular function. These hypotheses predict a function-
al association with HDAC activity. Alteration of GTF2IRD1 levels in cell
lines by forced expression or siRNA knockdown was found to affect the
assembly of core HDAC complex proteins and the level of global HDAC
enzymatic activity, suggesting that a major element of GTF2IRD1-medi-
ated gene regulation operates via histone deacetylation. These findings
are also consistent with much of the work emerging for TFlI-I. On this ba-
sis, one may hypothesise that WBS and WBS duplication syndrome are
largely epigenetic diseases, in which cellular abnormalities are caused
by disturbances in the ratio of elements of the chromatin modifying ma-
chinery, leading to abnormalities of gene regulation that are cell context
dependent.
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Pseudoxanthoma elasticum: Expanding ABCC6 mutation database
and pathogenicity test of missense mutations by zebrafish mRNA
rescue. S. Raftari’, H. Vahidnezhad'?%, L. Youssefian'?, A. Mirzaei', M.
Daneshpazhouh?, M. Salehi?, H.R. Mahmoud/?, Q. Li', J. Uitto’. 1) Thom-
as Jefferson University, Philadelphia, PA; 2) Tehran University of Medical
Sciences, Tehran, Iran; 3) Pasteur Institute of Iran, Tehran, Iran.
Pseudoxanthoma elasticum (PXE), the prototype of heritable ectopic
mineralization disorders, is characterized by calcium hydroxyapatite
deposition in the skin, eyes and the cardiovascular system with consid-
erable morbidity and mortality. The disease is inherited in an autosomal
recessive pattern, and the majority of cases is caused by mutations in
the ABCC6 gene which encodes a putative transmembrane efflux trans-
porter expressed primarily in the liver and the kidneys. Attesting to the
genetic heterogeneity are recent demonstrations of mutations also in the
ENPP1 and GGCX genes in patients with PXE-like phenotypes. In this
study, we examined a cohort of 7 families of Iranian ancestry diagnosed
by characteristic clinical features and by skin histopathology as PXE.
Mutation detection strategy consisted of PCR amplification of all 31 ex-
ons of ABCCS6, together with 50-70 bp flanking intronic sequences. Se-
quencing of the PCR products revealed sequence variants in all patients,
two of them being homozygous for nonsense mutations (p.R1141X and
p.Y1069X). The remaining sequence variants resulted in amino acid
substitutions, two of them (p.G1405V and p.R760W) being pathogenic
based on bioinformatics predictions by PolyPhen-2 (probably damag-
ing, score 1.0) and SIFT programs (damaging, score 0). Furthermore, the
wild-type amino acids, G1405 and R760, were conserved through evo-
lution and they were not present in SNP databases. The pathogenicity of
ABCC6 missense mutations has been tested by an mRNA rescue assay
in zebrafish. Specifically, morpholino-mediated knock-down of Abcc6,
preventing splicing of pre-mRNA with subsequent formation of prema-
ture termination codon of translation, resulted in profound phenotype
consisting of pericardiac edema, curved tail, and stunted growth, and
demise of the embryos by day 7 of post-fertilization. Wild-type human or
mouse ABCC6 mRNA, when injected concomitantly with the morpholi-
no, resulted in essentially complete rescue of the phenotype, while mu-
tant mMRNAs harboring the pathogenesis missense mutation did not elicit
such rescue. This mMRNA rescue assay can be utilized for further analysis
of the putative missense mutations for cataloging additional ABCC6 mu-
tations in PXE towards expanding database, with implications for genetic
counseling, prenatal testing and preimplantation genetic diagnosis, as
well as for development of mutation-based personalized treatment.
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Comparison of phenotypic features associated with TGFBR1 and
TGFBR2 mutations: results of the Montalcino Aortic Consortium. G.
Jondeau'?, J. Ropers®, E. Regalado?, A. Braverman®, A. Evangelista®, G.
Teixedo®, J. De Backer’, L. Muino Mosquera’, S. Naudion®, C. Zordan?, T.
Morisaki®, H. Morisaki®, Y. Von Kodolitsch', S. Dupuis-Girod'’, S.A. Mor-
ris’?, R. Jeremy'3, S. Odent', M. Langeois’, M. Spentchian’, M. Aubart'?,
C. Boileau™'s, R. Pyeritz'¢, D. Milewicz*, Montalcino Aortic Consortium. 1)
CNMR Syndrome de Marfan et apparentés, APHP Hopital Bichat, paris,
paris, France; 2) INSERM U1148, LVTS, Hopital Bichat, 75017 France;
3) ) Unité de Recherche Clinique HU Paris CEle-de-France Ouest, Hopi-
tal Ambroise Paré, 92100 Boulogne, France; 4) Division of Medical Ge-
netics, University of Texas at Houston Health Science Centre, Houston,
Texas; 5) Cardiovascular Division, Department of Medicine, Washington
University School of Medicine, St. Louis, MO 63110; 6) Servei de Cardi-
ologia, Hospital Universitari Vall d’Hebron, Barcelona, Spain; 7) Depart-
ment of Cardiology and Center for Medical Genetics, University Hospital
Ghent, Belgium; 8) Service de Génétique Médicale, Hopital Pellegrin,
33076 Bordeaux Cedex, France; 9) Department of Bioscience and Ge-
netics, National Cerebral and Cardiovascular Center Research Institute,
Suita, Osaka, Japan; 10) German Aorta Centre Hamburg at the Centre of
Cardiology and Cardiovascular Surgery, University Medical Centre Ham-
burg-Eppendorf, Hamburg; Germany; 11) Service de Génétique, Hopital
Femme-Mere-Enfant - Groupe Hospitalier Est, 69677 BRON, France; 12)
Department of Pediatrics-Cardiology, Texas Children’s Hospital / Baylor
College of Medicine, Houston, TX 77030; 13) Marfan and Aortic Disease
Clinic, Royal Prince Alfred Hospital, University of Sydney, Sydney, NSW,
2006, Australia; 14) Service de Génétique Clinique, CHU de Rennes; In-
stitut de Génétique et Développement, CNRS UMR6290, Université de
Rennes 1, Rennes, France; 15) Service de Genetique, AP-HP, Hopital
Bichat, 75018 Paris, France; 16) Perelman School of Medicine at the
University of Pennsylvania. Smilow Center for Translational Research 11-
1383. Philadelphia, PA 19104.

Background: Mutations in genes encoding the TGF-beta Type | and Il
receptors (TGFBR1 and TGFBR2) have been reported in patients with
either syndromic or non-syndromic Heritable Thoracic Aortic Disease.
Purpose: We sought to determine the range of phenotypic expression
and phenotypic differences between patients with TGFBR1 vs. TGFBR2
mutations.Methods: Data were collected using a standardized question-
naire and compared between the two populations.Summary of results:
Clinical data from 397 patients from 188 families, assessed in 13 institu-
tions were collected.

TGFBR1 TGFBR2 p

n=157 (40%) n=240 (60%)
Probands 61 (39) 96 (40) 0.9
Females 90 (57) 124 (52) 0.3
Presenting feature 0.7
Aortic root aneurysm 25 (16) 51 (21)
Ao dissection 24 (15) 37 (15)
Dysmorphy 13 (8) 16 (7)
Familial screening 94 (60) 133 (55)
Age at last FU (median [IQR]) 33[19, 51] 3119, 44] 0.3
Head and neck arterial tortuosity 47/93 (50) 67/126 (53) 0.8
Hypertelorism 31/123 (25) 53/179 (30) 0.4
Translucent skin 56/129 (43) 72/207 (35) 0.1
Wide scars 33 (26) 60/200 (30) 0.4
Broad or bifid uvula 28/126 (22) 61/199 (31) 0.1
Arched palate 81 (65.9) 97/206 (47) 0.02
Craniosynostosis 9/105 (9) 17/168 (10) 0.8
Marfan systemic score : mean (sd) |[3.95 (3.44) 4.13 (2.99) 0.6
% systemic score 7 or greater 26/120 (21.7) 33/176 (18.8) 0.6
Cardiac defect (BAV, VSD, PDA...) 12/147 (8.2) 39/224 (17.4) 0.01
First aortic event 0.03
Thoracic Aneurysm repair 32 (52) 54 (53)
Type A Ao dissec 28 (45) 33 (32)
Type B Ao dissec 2 (3) 15 (15)
Extra aortic arterial event 16 (10) 20 (9) 0.7

An aortic event (surgery and/or aortic dissection) occurred more fre-
quently in males than females with TGFBR1 mutations (54% of males
(median age 27 years [21-39]) and 30% of females (34 years [28-43)),
p=0.003), but gender differences for aortic events were not significant
in patients with TGFBR2 mutations (55% of males (median age 31 [20-

41]) and 40% of females (31 years [20-41], NS}.The last maximal aortic
root diameter recorded before or at the time of type A aortic dissection
was greater in TGFBR1 mutation carriers than in TGFBR2 (65mm (+22)
vs. 50 (£12); p= 0.04). The prevalence of aortic dissection was similar in
the 2 but type B aortic dissections were more frequent in patients with
TGFBR2 mutations.Conclusions: Clinical features of patients carrying a
TGFBR1 and TGFBR2 are similar but aortic disease presentation differs.
Aortic dissection appears to be more frequent in men, is observed at a
larger aortic diameter, and less frequently affects the descending aorta in
patients with TGFBR1 mutation.
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Variations in non-coding regions of TGFB3, CDH2 and IRF6, af-
fecting their expression, show association with cleft lip and palate
(CL%P). P. Kumari', S.K. Singh?, R. Raman’. 1) Cytogenetics Laborato-
ry, Department of Zoology, Banaras Hindu University, Varanasi, Uttar
Pradesh-221005, India; 2) G.S. Memorial Plastic Surgery Hospital and
trauma Center, Mehmoorganj, Varanasi, Uttar Pradesh-221010, India.

A number of genes and variations within their coding regions have
shown association with CL+P. We report variations in non-coding regions
of 3 candidate genes (TGFB3-MIM 190230, CDH2-MIM 114020, /RF6-
MIM 607199) and their association with non syndromic cleft lip with or
without cleft palate (NSCL+P) or Van der Woude syndrome (VWS; MIM
119300), a syndromic condition of CL+P. Sequencing of TGFB3 showed
3 variants in promoter region and one in 3'UTR. In-silico analysis re-
vealed each promoter variant creating a different transcription factor
binding site. Possible effect of these variants on the promoter activity of
TGFB3 was studied by luciferase assay. One variant exhibited 3.7 times
greater activity than the normal one while in the construct having the
other two variants expression was marginally higher than the control.
In a family having the monogenic, autosomal disorder, VWS, whole ge-
nome sequencing detected a variation within the intronic region of the
adhesion gene, CDH2, cosegregating with the disease. A case-control
association study of the intronic variant with NSCL+P, using ARMS-PCR
showed its association in the recessive model. RT-PCR, performed in the
lip/palate tissue samples of NSCL+P cases to analyse the expression
potential of this region, showed its expression which was confirmed by
SLOT-BLOT RNA hybridization. In addition, 5" and 3° RACE along with
Southern hybridization confirmed transcription within the intronic re-
gion. In-silico modelling of RNA folding, through RNA Fold Web Server
showed a more stable stem and loop structure in the mutant rather than
the normal intronic sequence. The mutant sequence also indicated pos-
sibility of the formation of miRNA from this region. In another VWS family,
screening of IRF6 gene exhibited a haplotype involving 3 non-coding
region variations (2 intronic and one 3'UTR) that co-segregated with the
disease. Association of IRF6 with VWS has been established in Cau-
casans but not in Asian, especially Indian, cases. The gRT-PCR analysis
revealed that the expression of the mutant was 2.27 times lower than
the normal haplotype which was also confirmed by the luciferase assay.
This report highlights the role of mutations in non-coding region in gene
regulation and manifestation in disease conditions such as cleft lipxpal-
ate in this case.
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Natural history of dermatan 4-O-sulfotransferase 1 (D4ST1)-defi-
cient Ehlers-Danlos Syndrome (DDEDS): from an international col-
laborative clinical study by the International Consortium for EDS. T.
Kosho', D. Syx?, T. Van Damme?, H. Morisaki®, H. Kawame?, T. Sonoda®,
Y. Hilhorst-Hofsteeb, A. Maugeri’, N. Voermans®, R. Mendoza-Londono®,
K. Wierenga'®, P. Jayakar'', K. Ishikawa’®, T. Kobayashi'®, Y. Aoki', S.
Watanabe'®, T. Ohura’, M. Kono'®, K. Mochida'’, T. Morisaki®, N. Mi-
yake'®, M. Malfait>. 1) Department of Medical Genetics, Shinshu Uni-
versity School of Medicine, Matsumoto, Japan; 2) Center for Medical
Genetics, Ghent University Hospital, Ghent, Belgium; 3) Department of
Bioscience and Genetics, National Cerebral and Cardiovascular Center
Research Institute; 4) Division of Genomic Medicine Support and Genet-
ic Counseling, Tohoku Medical Megabank Organization; 5) Department
of Pediatrics, University of Miyazaki, Miyazaki, Japan; 6) Department of
Clinical Genetics, Leiden University Medical Center, Leiden, The Nether-
lands; 7) Department of Clinical Genetics, Center for Connective Tissue
Disorders, VU University Medical Center, Amsterdam, The Netherlands;
8) Department of Neurology, Radboud University Nijmegen Medical Cen-
tre, Nijmegen, The Netherlands; 9) Clinical and Metabolic Genetics, the
Hospital for Sick Children, Toronto, Canada; 10) Section of Genetics,
Department of Pediatrics, the University of Oklahoma College of Medi-
cine, Oklahoma City, OK; 11) Division of Genetics and Metabolism, Mi-
ami Children’s Hospital, Miami, FL; 12) Department of Pediatrics, Iwate
medical University School of Medicine, Morioka, Japan; 13) Department
of Pediatrics, Tohoku University School of Medicine, Sendai, Japan; 14)
Department of Medical Genetics, Tohoku University School of Medicine,
Sendai, Japan; 15) Department of Orthopedics, Nakajima Hospital, Sen-
dai, Japan; 16) Department of Dermatology, Nagoya University Graduate
School of Medicine, Nagoya, Japan; 17) Department of Dermatology,
University of Miyazaki, Miyazaki, Japan; 18) Department of Human Ge-
netics, Yokohama City University Graduate School of Medicine.
Dermatan 4-O-sulfotransferase 1 (D4ST1)-deficient Ehlers-Danlos syn-
drome (DDEDS), caused by recessive loss-of-function mutations in
CHST14 encoding D4ST1, is a recently delineated form of EDS, char-
acterized by various malformations and progressive multisystem fragili-
ty-related manifestations. At present, 31 patients (21 families) have been
published. To establish the natural history, an international collaborative
study was planned. We have collected detailed and comprehensive clin-
ical information from 20 published patients (17 families) and 15 addition-
al patients (14 families). Craniofacial features in infancy included large
fontanelle, hypertelorism, short and downslanting palpebral fissures,
blue sclera, low-set and rotated ears, high arched palate, long philtrum,
small mouth, and micro-retrognathia. Facial shapes became slender and
asymmetrical with protruding jaw from adolescence. All had congeni-
tal multiple contractures, with adducted thumbs and clubfoot in most.
Finger shapes were characteristic (tapering, slender, cylindrical). Feet
were progressively deformed to pes planus with valgus. Joint hyper-
mobility was significant especially at small joints. (Kypho)scoliosis was
frequently seen and surgically corrected in six. Skin hyperextensibility
was observed from early infancy, progressing to redundancy into adult-
hood. Wrinkling palmar creases were more evident according to aging.
Large subcutaneous hematomas, observed in most, were frequently the
most serious problem, occurring after minor traumas, spreading in sev-
eral hours with severe pain, and sometimes accompanying hemorrhagic
shock. Two fatal complications were described: a massive skin necro-
sis resulting from a large subcutaneous hematoma all around the leg,
caused by manual reposition of traumatic hip dislocation; perforation of
descending colon diverticula followed by skin rupture, with deterioration
of general conditions to death. Other important complications included
congenital heart defects (atrial septal defects) and retinal detachment
in some and cryptorchidism (male) and constipation in most. The cur-
rent study illustrates the natural history that at birth patients manifest
an arthrogryposis-like appearance and later fit the hallmark of EDS (skin
hyperextensibility, joint hypermobility, tissue fragility) with a decrease of
ADL/QOL and sometimes with potential lethality due to progressive skel-
etal deformities, large subcutaneous hematomas, and visceral/ophthal-
mological complications.
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Cbx3 and its role in craniofacial development: zebrafish as a model
system for testing dysmorphology candidate genes. H.E. Edelman’,
C. Woods’, J.E. Hoover-Fong? A.S. McCallion'. 1) McKusick-Nathans
Institute of Genetic Medicine, The Johns Hopkins University School of
Medicine, Baltimore, MD; 2) Greenberg Center for Skeletal Dysplasias,
McKusick-Nathans Institute of Genetic Medicine, Department of Pediat-
rics, Johns Hopkins University, Baltimore, MD.

With the wide range of craniofacial abnormalities seen in children, it
is important to have an efficient pipeline to identify and test the candi-
date genes involved in these developmental anomalies. Because we can
easily manipulate the zebrafish genome using CRISPR/Cas9 technology
and the cartilage structures of its head are well characterized, zebrafish
make an excellent model system for studying craniofacial abnormalities.
In 2003, Hoover-Fong et al. published a report of a patient with severe
facial dysgenesis and a deletion of 7p15.1-p21.1. We compared a SNP
array from this patient to that from a patient with a partially overlap-
ping deletion on chromosome 7p, but no craniofacial abnormalities. This
process narrowed the genomic region that was uniquely deleted in our
patient with the extreme facial malformation. The result was a region with
5 relatively uncharacterized candidate genes. We have begun to system-
atically determine the biological requirement for the genes in the interval
beginning with the gene cbx3 (chromobox homolog 3), whose protein
product is known as heterochromatin protein 1 gamma (HP1-gamma)
and is thought to be involved in the switch from euchromatin to heter-
ochromatin. In zebrafish, cbx3 has been duplicated during evolution and
exists as cbx3a and cbx3b. To check for biologically relevant expression
of this candidate gene, we did whole-mount in situ hybridization at var-
ious time points in development. We saw that both cbx3a and cbx3b
begin to express throughout the whole zebrafish embryo at 24 hours
post fertilization (hpf) but expression becomes restricted to the head at
48 and 72 hpf. Since this confirmed a probable role for cbx3 in the devel-
opment of craniofacial structures, we used CRISPR/Cas9 technology to
create a line of fish with a 2 base pair deletion in the first exon of cbx3a.
This frameshift mutation results in a premature termination codon and
predicted nonsense-mediated decay resulting in a loss of function of
the allele. We are currently phenotyping the offspring of this line using
acid-free double staining with alcian blue and alizarin red to examine
the developing cartilage and bone of the head. Although our data are
preliminary, they are suggestive of a requirement for cbx3a in normal
facial development. We are using this work as a platform from which to
build a systematic pipeline for the analysis of the genetic architecture of
craniofacial anomalies.
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Cerebro-costo-mandibular syndrome revisited: phenotype and
outcome of twenty molecularly confirmed individuals. D.C. Lynch’,
M. Tooley?, E.J. Bhoj, E.G. Lemire*, B.N. Chodirker®, J.P. Taylor®, D.K.
Grange’, E.H. Zackai®, E.P. Kirk®, J. Hoover-Fong®, L. Fleming™, R. Sa-
varirayan'', S.F. Smithson?, A.M. Innes’'?, J.S. Parboosingh®'?, F.P. Ber-
nier"2, 1) Medical Genetics, University of Calgary, Calgary, Alberta, Can-
ada; 2) Department of Clinical Genetics, St. Michael’s Hospital, Bristol,
UK; 3) Division of Genetics, The Children’s Hospital of Philadelphia, Phil-
adelphia, Pennsylvania, USA; 4) Division of Medical Genetics, Depart-
ment of Pediatrics, University of Saskatchewan, Saskatoon, Saskatch-
ewan, Canada; 5) Department of Pediatrics and Child Health, University
of Manitoba, Winnipeg, Manitoba, Canada; 6) Genetic Health Service,
Auckland, New Zealand; 7) Division of Genetics and Genomic Medicine,
Washington University School of Medicine, St Louis, Missouri, USA;
8) School of Women’s and Children’s Health, University of New South
Wales, Randwick, New South Wales, Australia; 9) Greenberg Center for
Skeletal Dysplasias, McKusick-Nathans Institute of Genetic Medicine,
Johns Hopkins University, Baltimore, Maryland, USA; 10) National Hu-
man Genome Research Institute, National Institutes of Health, Bethesda,
Maryland, USA; 11) Victorian Clinical Genetics Services, Murdoch Chil-
drens Research Institute, and University of Melbourne, Parkville, Victoria,
Australia; 12) Alberta Children’s Hospital Research Institute for Child and
Maternal Health, Calgary, Alberta, Canada.

Cerebro-costo-mandibular syndrome (CCMS) is an autosomal domi-
nant disorder with reduced penetrance that we recently identified to be
caused by hypomorphic mutations in SNRPB. Smith et al. first described
CCMS in 1966 as a triad of Pierre Robin sequence, posterior rib gaps,
and intellectual disability. The prognosis was initially reported to be poor,
with approximately 50% of patients dying in the first year of life from
respiratory insufficiency. It has been suggested that the initial reports
of poor CNS outcome were a result of neonatal hypoxic brain injury.
However, the long term clinical and in particular neurological prognosis
remains poorly documented. Here we discuss the clinical spectrum of
CCMS in a cohort of 16 families (20 individuals) with mutations in SN-
RPB. All but two patients were born after 1990. All penetrant patients
had the classic posterior rib gap anomalies. Of the 20 patients, four
(20%) died before the age of one year. Improved survival is likely due
to aggressive use of early tracheostomy, which was required in seven of
our patients. Respiratory distress was noted in 13 patients (65%), and
five required a period of mechanical ventilation. All patients who under-
went mandibular distraction were subsequently able to breathe without
ventilation. Scoliosis is present in 60% of patients in this cohort, with
four patients requiring surgery. While three patients in the cohort have
learning difficulties, all are cognitively normal, supporting that intellectual
disability is in fact not a common or genetically determined feature of
CCMS. We also note that severity and prognosis do not correlate with
SNRPB genotype and observe variable disease expression across family
members with the same mutation. While there is a broad range of sever-
ity associated with CCMS, in our cohort the prognosis for most affected
children has improved in recent years, with most patients now surviving
with little or no risk of neurodevelopmental or intellectual disabilities. Al-
though the name of disorder will likely remain cerebro-costo-mandibular
syndrome, deemphasizing the “cerebro” component initially reported to
be common in this condition has important counselling implications for
affected individuals and their families.
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Development of the GLASS: Genetics Literacy Assessment for Sec-
ondary Schools. R.J. Okamura’, S.S. Lee? B. Bowling®, K.E. Ormond’?.
1) Genetics, Stanford University, Stanford, CA; 2) Stanford Center for
Biomedical Ethics, Stanford, CA; 3) Biological Sciences, Northern Ken-
tucky University, Highland Heights, KY.

With the advent of Next Generation Science Standards, the way ge-
netics is taught in secondary schools is changing. There is currently no
validated psychometric measure of secondary school genetics knowl-
edge. Without a validated measure, there is no way to measure learning
gains in genetics as a result of changes in education. To address this
deficit, we developed the GLASS (Genetics Literary Assessment for Sec-
ondary Schools), an instrument to measure genetics knowledge at the
secondary school level. We began with a list of core concepts created
by the American Society for Human Genetics’ (ASHG) Information and
Education Committee. We used these concepts to create a psychomet-
ric instrument consisting of nine demographic and 25 knowledge-based
questions assessing genetics literacy with an emphasis towards con-
cepts important in healthcare. We assessed content validity via an expert
review of members of ASHG’s Information and Education Committee and
the National Society of Genetic Counselors’ education special interest
group (n=17). Finally, to test the instrument, we conducted a pilot study
at three high schools in the San Francisco Bay Area. We surveyed 105
subjects and conducted 15 think-aloud interviews. The average GLASS
score was 12.70 points (out of 25 possible) with a standard deviation of
3.91. Data from the pilot study show evidence of construct validity. Sub-
jects with higher grade point averages scored higher than subjects with
lower grade point averages (p<0.001) and participants who completed
honors biology scored higher than those who only completed biology
(p<0.001). In addition, participants indicating an interest in health, med-
icine, and science performed better than those that did not (p=0.023).
GLASS scores did not differ among genders, ethnic backgrounds, or ra-
cial identities. Based on our findings, we plan to conduct a large sample
of participants with varying levels of genetics knowledge and geographic
distribution in 2016 to complete validation of the GLASS.
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New tool for measuring genetic variation knowledge among health
professionals. K. Abdallah’, M. Moss’, J. Jenkins?, K. Calzone®, S. Sell-
ers?, . Bonham'. 1) Social and Behavioral Research Branch, National
Human Genome Research Institute, NIH, Bethesda, MD; 2) Division of
Policy, Communications, and Education, National Human Genome Re-
search Institute, NIH, Bethesda, MD; 3) Center for Cancer Research,
National Cancer Institute, NIH, Bethesda, MD; 4) Department of Family
Studies and Social Work Miami University, Oxford, OH.

Background: As genomic medicine advances, it has become increas-
ingly important for healthcare providers to integrate an understanding
of genetic variation into clinical care. Yet, there is a dearth of survey
measures that assesses healthcare providers’ knowledge of genetic
variation. The Bonham and Sellers Genetic Variation Knowledge Index
[GKAI] was developed to address this gap. Methods: The GKAI was
developed through focus groups, cognitive interviews, expert advisory
panels (geneticists and survey methodologists), and exploratory factor
analysis of pilot data. Items included questions such as “the DNA se-
quences of two randomly selected healthy individuals of the same sex
are 90-95% identical.” The items were scored true/false, with a “don’t
know” category. “Don’t know” was considered an incorrect response for
analytic purposes. Scores were obtained by summing the correct re-
sponses. Higher scores indicate greater scientific knowledge of human
genetic variation.The index was validated with a national random sam-
ple of general internists in the USA (N=787) and modified for use with
registered nurses (RNs) and nurse practitioners (NPs). The GKAI survey
items were modified to conform with scope of practice standards for
RNs and NPs. The final measure for physicians is a 6-item index with
a 0-6 score range, while for RNs (N=694) and NPs (N=63), the index is
8-items with a 0-8 score range.Results: Physicians scored significantly
higher on genetic knowledge than RNs (p-value<.0001) and NPs (p-val-
ue=0.01). The mean GKAI for physicians is 3.26/6.00 (54.3% correct,
SD= 1.17), for RNs 3.63/8.00 (45.4% correct, SD= 1.99), and for NPs
3.76/8.00 (47% correct, SD=1.8). Previous genetic training was a sig-
nificant predictor of GKA | scores for RNs only (p-value=0.02 RNs, 0.72
NPs, 0.78 physicians); while self-rating of genetic knowledge/percep-
tion of genetic knowledge positively associated GKAI scores for all three
groups (p-value=0.06 RNs, 0.04 NPs, 0.04 physicians).Conclusion: The
GKAI provides a quick and accurate tool for assessing human genetic
variation knowledge across health professions. It can be administered
as a pre-post education assessment. Additionally, analysis suggests that
exploring individual-level provider characteristics associated with differ-
ences in knowledge may provide a more comprehensive understanding
of specific healthcare provider genetic education needs.
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Knowledge and attitudes of medical residents and fellows working
in various hospitals of United States of America, on genetic testing
for disease specific biomarkers and knowledge of Precision Med-
icine. S. Ghavimi', H. Azimi?34, P. Sealy’. 1) Department of Medicine,
Howard University Hospital , Washington, District of Columbia - DC; 2)
Carleton University, Ottawa, Ontario, Canada; 3) Psychogenome, Otta-
wa, Ontario, Canada; 4) All Saints University School Of Medicine, Dom-
inica.

Objectives: The aim of the study was to assess knowledge and atti-
tudes of medical residents and fellows working in various hospitals of
United States of America, on genetic testsing for disease specific bio-
markers and knowledge of Precision Medicine. Methods: We distribut-
ed self-administered questionnaire to the residents and fellows either
through email or by being in contact with them with phone. Logistic re-
gression models were used to evaluate the determinants of knowledge
and attitudes towards their knowledge of Genetics and Precision Med-
icine. Results: 3835 residents and fellows answered the survey ques-
tions. Among the fields which answered the questions Internal Medicine
(831%) and Pediatrics residents (28%) wore among the highest number
of residents which answered the questions. Around 10% answered cor-
rectly the questions on regarding the genes involved in developing ge-
netic disorders. Knowledge of Precision Medicine was highest among
residents and fellows which had prior genetic testing during graduate
training (11%) and inversely associated with male gender. As for can-
cer screening and specific biomarkers, residents and fellows were more
knowledgeable if they attended courses on cancer genetic testing for
biomarkers (12%) or postgraduate training courses in epidemiology and
evidence-based medicine (9%). More than 90% asked for the additional
training on the genetic testing and genetic testing for cancer during the
specialization training. Conclusion: The knowledge of Genetic testing for
disease specific biomarkers and Precision Medicine among residents
and fellows who answered the questionnaire appears to be insufficient.
There is a need for additional training in this field. We suggest ACGME
to incorporate at least one month of Genetic testing training for disease
specific biomartkers and/or further Continuing medical education on Ge-
netic testing and Precision Medicine.
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Evolution from Expository to Open Inquiry Learning to Improve Ge-
netic Literacy. T.C. Tatum Parker, D. Karge-Galik. Biological Sciences,
Saint Xavier University, Chicago, IL.

Genetic literacy fosters dialogue about the scientific, social and ethi-
cal implications of genetic technologies. This literacy should respect that
there are uncertainties inherent in science and that genomic research is
an engine of innovation and job creation. Genetic science, and the tech-
nologies that are rapidly arising from it, are becoming increasingly more
powerful in the world outside of labs and hospitals. Genomics has result-
ed in increased crop yields and also numerous GMO debates, DNA tech-
nology is edging open the door to personalized medicines while fueling
debates over who ‘owns’ an individual’s genetic information. Genetic
literacy among the public and media is low; with the benefits often being
over shadowed in the spotlight by the more sensational detrimental side
effects. A study by Bates (2005) showed that the public processed a
greater variety of messages than assumed by previous researchers, in-
cluding documentaries, non-science fiction films, and popular television
in addition to previous researchers’ focuses on science fiction and news
media. There were two overarching goals of this project 1) to improve the
genetic literacy of students enrolled in the course; and 2) to familiarize
students with genetics research and the impacts, both explicit and im-
plicit, it can have on society. To do this we examined the efficacy of using
an immersion exercise (I.E.) where students took on the role of the inves-
tigator. Students read primary literature, discussed amongst themselves,
developed their own methods for recreating the experiment they read.
Students then collected their data sets, 5 — 15 samples per student, fol-
lowing the protocol approved by the Institutional Review Board of Saint
Xavier University. Then students compared their results with those of
their peers and those of the published study. This study examined 3
years without I.E. and two years with the I.E. On the post assignment re-
flection, 87.5% of student responses indicated that the student felt that
the inquiry based-cooperative learning laboratory had a positive effect
on their ability to perform the tasks associated with scientific inquiry and
experimental design. This was also reflected in exam scores (ANOVA p
< .0001). It is our belief that this lead to increased genetics education in
our major’s classes by increasing student ownership through their par-
ticipation in the process of experimental design, implementing sample
collection, and data analysis.
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Evaluation of a web-based decision aid for people considering the
APOE genetic test for Alzheimer’s risk. D.T. Zallen', M. Ekstract?, G.I.
Holtzman3, K.Y. Kim?* S.M. Willis®. 1) Science and Technology in Soci-
ety, Virginia Tech, Blacksburg, VA; 2) Breakneck Turtles Productions, NY;
3) Dept. of Statistics (emeritus), Virginia Tech; 4) Catawba Hospital and
Virginia Tech Carilion School of Medicine, Roanoke, VA; 5) Virginia Tech
Center for Survey Research.

Some forms of genetic testing enable individuals to estimate their risk
for developing diseases that can occur later in their lives. Among these
is the test for genes at the apolipoprotein E (APOE) locus, where the e4
allele is a marker for increased risk for the common form of Alzheimer’s
disease (AD2 [MIM 104310]). While Alzheimer’s risk information can be
useful for some people, for others it can provoke serious emotional dis-
tress, have adverse effects on family members, and evoke concerns
about possible misuse. In the past, decisions about genetic testing were
made in consultation with genetic counselors. Now, tests are offered
through physicians’ offices and on the internet. There is little time or
opportunity for counseling. Many now enter into testing with inadequate
information or preparedness. We have developed an online decision-aid
prototype designed for people considering APOE genetic testing. It con-
tains four components that consumers have identified as the most im-
portant when deciding about genetic testing (D.T. Zallen, To Test or Not
to Test, Rutgers 2008). Among these is a values-clarification component
with dramatized vignettes that present the pros and cons of genetic test-
ing. The decision aid has been evaluated using before-and-after surveys
to determine its effectiveness in communicating relevant knowledge, in
improving understanding of risk, and in eliciting the value components of
genetic testing. Suggestions for improvements were also solicited. More
than 1,200 participants completed both surveys and provided extensive
feedback. Quantitative and qualitative analysis of the survey responses
showed considerable satisfaction with this web-based tool as a guide for
decision making. Over 90% wrote that they would recommend this on-
line aid to others. Individuals who initially indicated that they were poorly
informed reported a substantial gain in insight after using it. There was
an expressed preference for using the decision aid as the basis for fur-
ther discussions with genetic counselors and physicians. Slightly more
than half the participants changed their perceived likelihood of testing
after using the tool: 35% shifting to greater likelihood and 20% to lesser
likelihood. Specific suggestions for improvement have been implement-
ed to enhance overall utility and functionality.
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Introduction of population based NGS expanded carrier screening in
the Netherlands. K.M. Abbott, M. Viel, M. Veldhuis, M. Plantinga, T. Di-
jkhuizen, J. Schuurmans, I. van Langen, R. Sinke. Department of Genet-
ics, University Medical Center Groningen, Groningen, The Netherlands.
With increased international focus on personalized healthcare and
preventative medicine, NGS expanded carrier screening (ECS) of severe
recessively inherited diseases offers a substantial benefit to existing
healthcare options. These tests offer reproductive options not previously
available for couples, and may ultimately reduce the number of young
children with devastating disorders.ECS testing in the Netherlands cur-
rently offers targeted-mutation testing relevant to specific at (higher) risk
populations and, as such, is skewed to illnesses more common to the as-
sociated populations. By using a targeted-mutation panel, potential early
onset disease-relevant variants can be missed.At the University Medical
Center Groningen, in the Netherlands, we have developed a whole-gene
screenings test of rare, recessive single-gene illnesses. In collaboration
with our (Dutch) colleagues we compiled a list of monogenic diseases
reported in the clinic that have profound consequences with early-onset
and a shortened life span. A final list of 70 genes associated with 50 re-
cessively inherited diseases was established. In contrast to other tests,
this is a whole-gene sequencing test and it is offered and analyzed
per couple and not per individual, meaning that couples receive a result
based on their collective genetic information.The Dutch population-spe-
cific database, Genome of the Netherlands (GoNL), was used to test the
appropriateness of our approach. We compared the70 gene-associat-
ed variants with the relevant Human Gene Mutation Database (HGMD)
‘damaging’ variants. Other deleterious variants (premature loss or gain of
termination codons, shifts in the reading frame and consensus splice site
changes) not currently present in the HGMD were also examined. Based
on known population frequencies and our in silico analysis of the Dutch
GoNL database we expect a positive result for 1 out of 100-150 couples,
implying a risk of 1 in 400-600 of conceiving a child with this disease per
pregnancy, which is higher than the average risk for Down syndrome.We
are currently offering this test through the Dutch healthcare system for
couples with a medical indication. It is the first test of its kind to be of-
fered in Europe. In the fall we will begin a pilot study of the general public,
offering the test through physicians to enrolled couples in the North of
the Netherlands with a desire to conceive.
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Preconception genome sequencing and patient choice: The psy-
chosocial impact of adverse results. T.L. Kauffman’, M. Gilmore?, P.
Himes?, E. Morris?, Y. Akkari®, L. Amendola?, J. Davis', M.O. Dorschner®,
G. Jarvik’, M. Leo’, C. McMullen', D. Nickerson®, C. Pak® S. Punj, J.A.
Reiss’, J. Schneider’, C.S. Richards?®, D.K. Simpson?, A.L. Rope?, P. Rob-
ertson®, B. Wilfond®, K.A.B. Goddard', CSER consortium and NextGen
study team. 1) Center for Health Research, Kaiser Permanente North-
west, Portland, OR; 2) Department of Medicine, Division of Medical
Genetics, University of Washington, Seattle, WA; 3) Oregon Health and
Science University, Portland, OR; 4) Kaiser Permanente Northwest, De-
partment of Medical Genetics, Portland, OR; 5) Seattle Children’s Re-
search Institute, Seattle, WA; 6) Department of Genome Sciences, Uni-
versity of Washington, Seattle, WA.

IntroductionGenetic screening for reproductive decision making is
typically limited to a handful of conditions. As genomic sequencing be-
comes more cost effective, the option to receive carrier status for hun-
dreds of conditions may be overwhelming to patients. As part of the
NHGRI Clinical Sequencing Exploratory Research (CSER) consortium,
the NextGen study enrolled women and their male partners seeking
preconception genetic screening. Our preparatory focus groups found
that patients value choice about selecting the categories of results being
shared. However, enabling this choice is challenging because of the large
number of options. We developed a strategy to support patient choice,
while keeping the task manageable and practical. This presentation
highlights the impact of offering broad choices that result in participants
learning about specific abnormal genetics results. MethodsWe placed
~800 conditions into five categories related to carrier screening and one
category for secondary findings. These categories were developed to
improve communication by using terms that are familiar to most people,
while reducing the number of options that participants need to consider.
All participants receive results in the lifespan-limiting category, but they
can select whether to receive results for conditions in the remaining cate-
gories; serious, mild, unpredictable outcomes, adult onset, and medical-
ly actionable secondary findings. ResultsTo date, 186 participants have
enrolled in the study. Most women (89%) chose to receive all categories
of results. Of the 18 men, 17 chose all categories. Several of the findings
to date have had immediate relevance, including a symptomatic carrier,
an x-linked condition in a pregnant woman, and a pathogenic BRCA2
variant in a male. This presentation will include illustrative case studies
that demonstrate that participants who received results in the context of
categorical choices did not experience any significant adverse effects
following genetic counseling. DiscussionAlthough participants receiving
genome sequencing desire choice about the results they receive, they
have overwhelmingly chosen to receive all categories of results. When
genome sequencing in the preconception context detects findings that
are immediately relevant for the participant’s health or family planning,
the psychosocial impact can be managed with genetic counseling.
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Economic impact of genome sequencing for preconception carri-
er screening: the time costs for genetic counseling. P. Himes', F.L.
Lynch’, M.J. Gilmore', E.M. Morris’, J.A. Reiss’, T.L. Kauffman’, C. Mc-
Mullen’, J.V. Davis', M.C. Leo’, J.L. Schneider', K.A.B. Goddard’, B.
Wilfond?. 1) Kaiser Permanente Northwest Center for Health Research,
Portland, OR; 2) Seattle Children’s Research Institute, Treuman Katz
Center for Pediatric Bioethics.

Backgound: Genome sequencing (GS) will play an increasing role in
clinical practice. As part of the Clinical Sequencing Exploratory Research
(CSER) consortium, we are investigating the use of GS in the clinical con-
text of preconception carrier screening. GS can identify gene variants
associated with hundreds to thousands of genetic conditions, compared
with currently available clinical tests or panels that typically evaluate one
or a few conditions. GS may increase and improve reproductive choices
for individuals and couples planning a pregnancy; however, the impact
on genetic counseling services (GCS) to deliver this expanded informa-
tion is poorly understood. While other studies have looked at the cost
of providing GCS, the time costs required have not been investigated
for GS. Time costs are an important factor to consider for complex be-
havioral services, such as GCS, and there is a risk of underestimating
the impact of delivering a new service, such as GS, if the time costs
are ignored. Methods: We quantified the time required to prepare for,
counsel, and provide follow-up for preconception women and couples
regarding results for ~800 pathogenic and likely pathogenic carrier
status variants and 112 medically actionable incidental findings using
prospective tracking. We then compared how similar genetic counsel-
ing for GS is to other services and which aspects of the GCS are most
time intensive.Results: Over 60% of study participants were a carrier of
at least one condition. The time needed to prepare for the visit ranged
from 15 minutes to over two hours, with more preparation time being
required for very rare conditions. The counseling visit took an average
of 35 minutes (range, 15-50 min.), with visits being longer for multiple
or complex results, or when the study participant was pregnant when
the results were disclosed. The post-visit follow-up, including documen-
tation in the EMR and coordinating clinical care, took an average of 20
minutes (range, 10-60 min.).Conclusions: Preliminary policy implications
of this study if this technology is expanded to a clinical setting will likely
include a substantial increase in the time required to deliver GCS, which
we estimate would scale to ~1 FTE per million covered lives. This impact
could be mitigated by streamlining and standardizing information on rare
(and unfamiliar) results in order to reduce preparation time.
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Phenome-wide association study provides biologic insights into the
etiology of age-related macular degeneration. M. Birilliant’, J. Mayer®,
J. Liu', W. Lee?, B. Hoch?, S. Schrodi’, J. Joyce’, A. lkeda?, S. Hebbring'2.
1) Center for Human Genetics, Marshfield Clinic Research Fndn, Marsh-
field, WI; 2) Department of Medical Genetics, University of Wisconsin
Madison, Madison, WI; 3) Bioinformatics Research Center, Marshfield
Clinic Research Fndn, Marshfield, WI.

Age-related macular degeneration (AMD) is the leading cause of
blindness in adults. Risk factors include advanced age, gender, ethnicity,
smoking, and family history. Early stage AMD is characterized by medi-
um sized extracellular deposits called drusen and loss of endothelial cells
from the pillars of choriocapillaris, which serves as the vascular supply
for the retinal pigmented epithelium (RPE). Numerous genome-wide as-
sociation studies (GWASs) have demonstrated that AMD is a genetically
complex disease with over 30 independent genetic loci. Conversely, it
remains to be elucidated on how these genes increase AMD risk. To
better understand the genetic contribution to AMD pathology and etiol-
ogy, we conducted a comprehensive phenome-wide association study
(PheWAS) using ten independent SNPs known to be associated with
AMD. We hypothesized that other phenotypes may share a common ge-
netic biology with AMD. We genotyped ten AMD-associated SNPs on
3,887 Marshfield Clinic patients linked to an extensive electronic medical
record system. A PheWAS was then conducted by calculating weighted
genetic risk scores on the ten SNPs across 4,653 phenotypes defined by
diagnostic ICD9 codes. As expected, these ten SNPs were strongly as-
sociated with AMD (P=5.5E-22). More importantly, these ten SNPs were
also significantly associated with clinical conditions defined as “disorders
of the arteries and arterioles” (DAA) (P=2.1E-7). This genetic association
was further validated in an independent population. Patients diagnosed
with DAA and AMD were further analyzed in approximately 1.4 million
Marshfield Clinic patients. In the larger clinic population, DAA was asso-
ciated with AMD risk (P=1.9E-37, OR_, 1 5) and patients diagnosed with
DAA tended to be diagnosed with AMD three years earlier compared
to those never diagnosed with DAA (P<0.0001). Immunohistochemistry
staining of two AMD candidate genes in endothelial cell lines and clinical
DAA tissues demonstrate strong expression. This study demonstrates
an expanded application of the PheWAS approach to study complex dis-
eases such as AMD. In conjunction with the known pathology of AMD,
these results also provide strong evidence that AMD-predisposing SNPs
may increase AMD risk by directly affecting blood vessels of the eye and
that these genetic effects are not limited to the eye.
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Complex diseases are associated with variation in Mendelian genes:
A phenome-wide study using Human Phenotype Ontology and a
population genotyped on the Exome BeadChip. L.A. Bastarache’, J.
Mosely?, T. Edwards?, R. Carroll’, H. Mo, L. Wiley', W. Wei', J. Denny2.
1) Biomedical informatics, Vanderbilt University, Nashville, TN; 2) Depart-
ment of Medicine, Vanderbilt University Medical Center, Nashville, TN.
Many Mendelian syndromic diseases have been identified and as-
sociated with genes. These diseases are caused by exposure to high
penetrance genotypes and are often phenotypically extreme, which fa-
cilitates case ascertainment and genetic mapping. However, it is known
that Mendelian disease genes can harbor mutations that modulate risk
for common, complex disease that are similar to the more severe syn-
drome. We searched for this phenomenon using the Human Phenotype
Ontology in over 25,822 European ancestry individuals genotyped on
the Exome BeadChip in the Vanderbilt BioVU resource. BioVU is a DNA
biorepository linked to an extensive electronic medical records data-
base. We classified individuals as cases or controls for 513 phenotypes
defined using PheWAS codes (curated abstractions of ICD-9 diagnosis
codes). The Human Phenotype Ontology (HPO) has been mapped to
both Orphanet and OMIM. We mapped HPO traits to PheWAS traits to
define clusters of PheWAS traits that are subphenotypes of a Mendelian
syndromic trait. For example, thyroid dyshormonogenesis caused by the
DUOX2 gene is defined in PheWAS traits for hypothyroidism, Goiter, mild
cognitive impairment, etc.We created a syndrome score for each individ-
ual for all HPO traits by summing the number of PheWAS traits, weight-
ed by the inverse of the incidence in our population. We regressed the
syndrome score on to dominantly coded genotypes in a logistic model
adjusted for age and sex using rare (MAF<5% and >0.1%) nonsynony-
mous variants within the Mendelian gene.Results:Eight gene-syndrome
pairs crossed the Bonferroni threshold 1.0e-5 (4,806 tests). Some of
these were replications. Three of these associations were related to a
mutation on the JAK2 gene and Polycythemia vera and Essential Throm-
bocythemia (p-values 6.4e-27 to 1.3e-51). Alpha-1 antitrypsin deficiency
was associated with SERPINA1 (p=2.3e-6). The remaining significant
results were novel and included Joubert syndrome and KIF7 (p=4.3e-6)
characterized by cognitive impairment, abnormal gait, strabismus, and
four other traits; and Keratitis-ichthyosis-deafness syndrome and GJB2
(p=8.1e-6), characterized by Keratoconjunctivitis sicca, Hypohidrosis,
Oral leukoplakia, and six other traits; and Bohring-Opiz syndrome and
ASXL1 (p=7.1e-6), defined by Mental retardation, Exophthalmos, Sei-
zures, Hirsutism, and 19 other traits.Conclusion:We replicated known
associations and identified several novel loci associated with syndromes
defined by Mendelian diseases.
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PheWAS study using research participants’ self -reported data
provides insight into Th17/IL-17 pathway. M.G. Ehm’, J.L. Aponte?,
S.F. Cook®, S. Ghosh', A. Gupta', D.A. Hinds* C.G. Lariminie? L. LP®,
T. Johnson?, C. Tian* S.C. Zelt®, D. Rajpal’, D.M. Waterworth'. 1) Tar-
get Sciences, GlaxoSmithKline, King of Prussia, PA; 2) Target Sciences,
GlaxoSmithKline, Stevenage, UK; 3) PAREXEL International, Research
Triangle Park, NC; 4) 23andMe, Inc., Mountain View, CA.

T helper 17 cells (Th17) and their signature cytokine, IL-17, play a role
in multiple autoimmune diseases. There are promising drugs targeting
this pathway, recently approved and in development for dermatology
and immuno-inflammation diseases. We performed a phenome-wide as-
sociation study (PheWAS) to provide insight into pathway mechanisms
and to identify traits not previously shown to be influenced by variants af-
fecting the Th17/IL-17 pathway. The PheWAS was performed for known
or putatively functional variants in IL17A, IL17F, IL17RB, IL23R, RORC,
TRAF3IP and TYK2 (one in each gene). The seven variants were analyzed
across 1255 traits consisting of research participants’ self-reported phe-
notypes in the 23andMe database of 700,000 research participants, in-
cluding more cases of psoriasis, eczema, acne and rosacea, than in pre-
vious studies. The threshold for statistical significance was determined
by Bonferroni correction for independent traits (p=0.05/1000=5x10").
The results replicated known associations with several autoimmune
phenotypes, illustrating that participants’ self-reported outcomes can be
a surrogate for clinically assessed conditions. There were several statis-
tically significant novel associations, including: (i) association of allergy
phenotypes with rs4845604, a variant known to have a regulatory effect
on RORC expression, which may be indicative of counter regulation of
Th1/Th2 and Th17/IL-17 pathways; (i) association of throat infections
with the TYK2 lle684Ser variant, validating a previous hypothesis that
individuals carrying TYK2 variants might be at increased risk of serious
infection due to partial inhibition of TYK2 (Diogo et al PMID: 25849893);
and (jii) an association of dandruff, with I[L23R Arg38Gly. Suggestive as-
sociations (FDR<0.1) included (a) associations of eczema and rosacea
with IL23R Arg38Gly; (b) associations of stroke and migraine with RORC
rs4845604; and (c) associations of male pattern baldness and acne with
TRAF3IP Asp10Asn. The associations of eczema, stroke, migraine, male
pattern baldness and acne will be studied in independent datasets. In
summary, the 23andMe database enabled a rapid study of dermatolog-
ical and immuno-inflammation phenotypes in large numbers as well as
the study of phenotypes like allergies and infections that would likely
not have been considered a priori and haven’t been comprehensively
studied.
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Functional Variant PheWAS in 30,000 exomes using EHR-extracted
Laboratory Measures in the Geisinger Health System MyCode - Re-
generon Genetics Center Collabrative Project DiscovEHR. A. Ver-
ma’, J. Leader?, S. Dudek’, J.R. Wallace’, C. Dushlaine®, C. Van Hout®,
L. Haebagger®, A. Lopex?, F.E. Dewey?, O. Gottesman®, J. Overton?®, J.G.
Reid® A. Baras®, A.R. Shuldiner®, D.J. Carey?, J.L. Kirchner?, D.H. Led-
better’, M.D. Ritchie®, S.A. Pendergrass®. 1) Center for Systems Genom-
ics, The Pennsylvania State University, State College, PA; 2) Center for
Health Research, Geisinger Health System, Danville, PA; 3) Regeneron
Genetics Center, Tarrytown NY; 4) Weis Center for Research, Geisinger
Health System, Danville, PA; 5) Biomedical and Translational Informatics,
Geisinger Health System, Danville, PA.

Phenome-Wide Association studies (PheWAS) using electronic health
records (EHRs) have mainly evaluated associations between genetic
variants and case/control status derived from international classification
of disease (ICD) codes. The rich resource of clinical laboratory measures
collected within the EHR can be used for high-throughput PheWAS
analyses and discovery. Using the Geisinger Clinic MyCode bioreposi-
tory, we have developed a novel and sound methodology for extracting
a wide range of high-quality laboratory measures. Using this approach
as proof-of-principle, we extracted 23 different clinical laboratory tests
from more than 50,000 participants of the MyCode biorepository, and
calculated the median result value from these laboratory test results for
~30,000 subjects matching samples with whole exome sequencing from
the Geisinger Health System — Regeneron Genetics Center DiscovEHR
project. Tools for evaluating the functionality of SNPs can be leveraged
for identifying SNPs more likely to be functional, thus we identified 1,430
SNPs with MAF > 0.01 that are putative loss of function variants. We
evaluated the association between these SNPs and 23 clinical labora-
tory measures along with 1,706 ICD-9 based case/control diagnoses.
We replicated known associations, and identified potentially novel as-
sociations, as well as potential pleiotropy. For example, we found an
association between the stop-gain PARVB SNP rs201332415 and the
laboratory measures of aspartate aminotransferase (p = 3.92x10?), ala-
nine aminotransferase (p = 9.65x10'?), and platelet count (p = 1.95x10),
as well as ICD-9 derived diagnoses of “571.8 other chronic non-alcoholic
liver disease” (p = 8.67x10%) and “794.8 nonspecific abnormal results
of liver function study” (p = 3.57x10%), all associations with the same
direction of effect and all related measures for liver disease. Associations
were also identified between the stop-gain CCHCR1 SNP rs3130453,
and “696.1 other psoriasis” (p = 4.27x10%), “250.01 type 1 diabetes” (p =
6.98x107), additional ICD-9 diabetes related codes, as well as the diabe-
tes related laboratory measure of hemoglobin Alc (p = 2.53x10%). In our
future studies we will apply our clinical laboratory extraction method to
access thousands of phenotypes from the EHR, and evaluate SNPs and
rare variants within the PheWAS framework for novel hypothesis gener-
ation and greater understanding of the impact of genetic architecture on
diagnoses and traits.
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Exome-wide study identifies loci displaying pleiotropic associa-
tions with multiple cardiometabolic traits in continental Africans.
F. Tekola-Ayele', A. Adeyemo’, A.R. Bentley', A.P. Doumatey’, J. Zhou’,
G. Chen', D. Shriner’, C. Adebamowo?, J. Achaempong? J. Oli“, O.
Fasanmade?®, T. Johnson®, A. Amoah®, K. Agyenim-Boateng®, B.A. Eghan
Jr8, D. Ngare’, C.N. Rotimi'. 1) Center for Research on Genomics and
Global Health, National Human Genome Research Institute, National In-
stitutes of Health, Bethesda, MD; 2) School of Medicine, University of
Maryland, MD; 3) University of Science and Technology, Kumasi, Ghana;
4) University of Nigeria Teaching Hospital, Enugu, Nigeria; 5) University
of Lagos, Lagos, Nigeria; 6) University of Ghana Medical School, Accra,
Ghana; 7) Moi University, Eldoret, Kenya.

Clustering of cardiometabolic abnormalities displays high heritabili-
ty. However, the underlying physiological dysregulations behind these
shared abnormalities remain unresolved. Here we aim to identify genetic
loci with pleiotropic effects on cardiometabolic traits and inflammation
markers in the largest sample (n=4,218) of continental Africans geno-
typed to-date on the lllumina HumanExome BeadChip v1.1 and the Affy-
metrix Axiom Exome 319® Array. After filtering-out variants that were
non-exonic, with minor allele frequency <0.01, genotype call rate <0.98,
and Hardy-Weinberg equilibrium P<=10%, a total of 32,889 exonic vari-
ants in 11,049 genes were retained for analysis. Gene-based analysis
was performed with SKAT on 16 quantitative traits (including levels of
albumin, creatinine, HDL, LDL, cholesterol, BMI, glucose, insulin, urea,
uric acid, triglycerides, total protein, waist circumference, waist to hip ra-
tio, systolic blood pressure, and diastolic blood pressure), each adjusted
for age, sex, the first three principal components and genotyping chip.
We found that A2ML1, COL4A1, PARVB, TTN, and CDK5RAP2 genes
showed Bonferroni-corrected significant associations (P<4.53 x10-6) with
five or more traits including albumin, HDL, insulin, triglycerides, systol-
ic blood pressure, and uric acid levels. The encoded proteins of these
genes have important cardiometabolic roles: A2ML1 is a ligand of the
well-known low density lipoprotein receptor-related protein 1 (LRP1) that
plays an important role in lipid metabolism; over-expression of PARVB
enhances PPARG activity and lipogenesis; COL4A1 is expressed in the
vascular tissue. Three of these loci (COL4A1, TTN and PARVB) were
previously reported to be associated with coronary artery disease and
arterial stiffness (COL4A1), hip circumference and lipid traits (TTN), and
non-alcoholic fatty liver disease and serum triglycerides (PARVB) in Eu-
ropeans and Asians. In all, we identified five loci displaying pleiotropic
associations with several cardiometabolic traits providing insight into the
pathogenesis of the clustering of metabolic disorders in Africans and
other human populations.
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Trans-ethnic meta-analysis reveals novel loci and effector genes for
kidney function in diverse populations. A. Morris’?, A. Mahajan?, J.
Haessler’, Y. Okada®, A. Stilp®, J. Whitfield®, C. Laurie®, N. Franceschini’.
1) Department of Biostatistics, University of Liverpool, Liverpool, Unit-
ed Kingdom; 2) Wellcome Trust Centre for Human Genetics, University
of Oxford, Oxford, United Kingdom; 3) Public Health Sciences Division,
Fred Hutchinson Cancer Research Center, Seattle, WA; 4) Graduate
School of Medical and Dental Sciences, Tokyo Medical and Dental Uni-
versity, Tokyo, Japan; 5) Department of Biostatistics, University of Wash-
ington, Seattle, WA; 6) QIMR Berghofer Medical Research Institute, Bris-
bane, Australia; 7) University of North Carolina, Chapel Hill, NC.

Chronic kidney disease (CKD) is a major public health problem in
diverse racial populations. Reduced estimated glomerular filtration
rate (eGFR) is a measure of kidney function used to define CKD. Ge-
nome-wide association studies (GWAS) have been successful in identi-
fying loci for eGFR, primarily in individuals of European ancestry. Howev-
er, these loci typically map to large genomic intervals, limiting progress in
identifying causal transcripts and understanding the downstream patho-
genesis of CKD. To address these challenges, we performed trans-eth-
nic meta-analysis to: (i) discover novel eGFR loci; and (i) fine-map eGFR
loci by leveraging differences in linkage disequilibrium between diverse
populations.We considered 9 GWAS including 71,638 individuals of
European, African American, Hispanic, and East Asian ancestry, each
imputed up to the 1000 Genomes Project reference panel (March 2012
release). Within each study, association with eGFR was tested under an
additive model. We combined association summary statistics across
studies using fixed-effects meta-analysis for discovery. We identified 20
loci at genome-wide significance (p<5.0x107%), including two not previ-
ously reported: LRP2 (p=5.6x10"°) and NFATC1 (p=1.3x10%). LRP2 en-
codes megalin, a kidney epithelial receptor known to be involved in the
uptake of filtered nutrients, hormones and other compounds.We con-
structed “credible sets” of variants that account for 99% of the posterior
probability of driving the association signal at each locus. We resolved
fine-mapping to less than 10 variants at 11 loci. At two loci, the credible
set included protein altering variants: GCKR P446L and CPS1 N1412T.
At the remaining 9 loci, the credible set mapped only to non-coding se-
quence, suggesting that variants driving these association signals im-
pact eGFR through regulatory mechanisms. For example, at the RGS714-
SLC34A1 locus, the two variants in the credible set overlap promoter
histone marks and DNAse hypersensitivity sites in multiple cell types.
The lead SNP, rs35716097, is an eQTL for RGS14 in multiple tissues,
highlighting this gene as the likely effector transcript at this locus.Our
findings provide evidence that trans-ethnic GWAS across diverse pop-
ulations at high risk for CKD are useful for discovery of novel loci and
for prioritisation of potential causal variants that can be taken forward
for experimental validation, thereby enhancing our understanding of the
pathophysiology of kidney function.
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How low can you go: cohort-wide 1x whole genome sequencing
in a Greek isolate reveals multiple quantitative trait signals. A. Gil-
ly', L. Southam'?, R. Moore', A.-E. Farmaki®, J. Schwartzentruber’, P.
Danecek’, E. Tsafantakis®, G. Dedoussis®, E. Zeggini'. 1) Wellcome Trust
Sanger Institute, Wellcome Genome Campus, Hinxton, Cambridgeshire
CB10 1SA, UK; 2) Wellcome Trust Centre for Human Genetics, Oxford
OX3 7BN, UK; 3) Department of Nutrition and Dietetics, School of Health
Science and Education, Harokopio University, Athens, Greece; 4) Anogia
Medical Centre, Crete, Greece.

Very low-depth sequencing has been proposed as a potential means
to increase sample sizes in next-generation association studies while
keeping sequencing costs low. Simulations have shown that the in-
crease in power provided by a greater sample size outweighs the loss
of accuracy caused by reduced depth. Isolated populations offer power
gains in detecting associations in rare and low-frequency variants. Here,
we conduct sequence-based association studies in an isolated cohort
from Crete, Greece using very low depth (1x) whole genome sequencing
(WGS). We first established a reference pipeline for the analysis of 1x
WGS data. Following benchmarking of 15 different pipelines involving
state-of-the-art imputation tools (BEAGLE, IMPUTE2, MaCH/Thunder,
MVNCall), we find that a two-pass BEAGLE approach using a large ref-
erence panel can detect over 80% of true low-frequency (1% <MAF<5%)
variants and 100% of common-frequency variants, with an average mi-
nor allele concordance of 90% across the allele frequency spectrum.
We carried out single-point association of 29,616,352 variants with 42
medically-relevant quantitative traits, including anthropometric (8), lipid
(5), glucose and insulin-related (12), cardiometabolic and haematological
(12), thyroid-related (2), liver function (2) and bone formation (1) mea-
surements. We find 57 independent genome-wide significant (p<1x10-
8 signals (binomial p<1x10%) in the HELIC-MANOLIS cohort of 1,239
individuals, 4 of which are shared across two or more traits. Two thirds
of these signals arise from variants with frequency <1%; 86% of all asso-
ciated variants are intronic or outside of genes. Initial analysis indicates
a mixture of known and novel loci. For example, we replicate associ-
ation of the rare R19X variant in APOC3 with blood triglyceride levels
(B=-1.09,0=0.164, p=1.01x10-19). We find it to contribute to a rare variant
burden in APOC3 (p=3.0x10-'¥), which remains genome-wide significant
after excluding R19X (p=6.15x10"°). This strong burden signal was not
recapitulated in an analysis of GWAS data in the same cohort imputed
up to a combined reference panel of 4,873 sequenced individuals from
the 1000 Genomes Project and UK10K, as well as 250 individuals from
the same population with WGS at 4x depth. We present one of the first
population-based next-generation association studies based on very
low depth WGS, and demonstrate the advantages of this approach over
a mixed GWAS and imputation study design.
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Whole genome sequencing increase the power to detect trait-as-
sociated rare variants shifted towards high frequencies in the Sar-
dinian island population. C. Sidore’, M. Zoledziewska', F. Danjou’, F.
Busonero’, A. Maschio', E. Porcu’, A. Mulas'?, C. Chiang®, G. Pistis’,
M. Steri', S. Naitza’, M. Pitzalis’, J. Marcus®, R. Nagaraja®, A. Angius"®,
J. Novembre?®, S. Sanna’, D. Schlessinger®, G. Abecasis’, F. Cucca’?. 1)
IRGB CNR, Cagliari, Cagliari, Italy; 2) Universita degli Studi di Sassari,
Sassari, Italy; 3) Department of Ecology and Evolutionary Biology, Uni-
versity of California, Los Angeles, CA, USA; 4) Department of Human
Genetics, University of Chicago, IL, USA; 5) Laboratory of Genetics, Na-
tional Institute on Aging, National Institutes of Health, Baltimore, MD,
USA; 6) Center for Advanced Studies, Research, and Development in
Sardinia (CRS4), AGCT Program, Parco Scientifico e tecnologico della
Sardegna, Pula, Italy; 7) Center for Statistical Genetics, Ann Arbor, Uni-
versity of Michigan, MI, USA.

Large sequencing studies based on next generation technologies
profoundly improved the resolution of genome wide association studies.
Although such an approach allowed for the detection of a large num-
ber of rare variants, enough statistical power is needed to successful-
ly identify their associations with strong statistical support. Families
and founder populations, where variants rare elsewhere can occur at
moderate frequencies, provide an alternative to large meta-analyses
and help overcome these limitations. Here we performed a large whole
genome sequencing study of 3,514 individuals from the Sardinian pop-
ulation, whose demographic history provides a unique opportunity to
study the effect of variants enriched due to isolation or selection. We
detected >23M single nucleotide polymorphisms (SNPs) and generat-
ed a reference panel for imputation in 6,602 individuals genotyped at
~900K SNPs. This approach allowed us to reach extremely high imputa-
tion accuracy even for low frequency variants (r? with directly measured
genotypes=0.90 for variants with MAF 0.5-5%). The effects of isolation
are clear from the extent of genetic differentiation with mainland Euro-
peans (allele sharing ratio <0.6 for MAF 1-5%), and in the significantly
higher deleteriousness of variants enriched in Sardinians (p=0.02). We
then performed GWAS scans on several traits: height, 4 lipid levels (LDL,
HDL, TG and TC), 5 inflammatory markers (ESR, hsCRP, Adiponectin,
MCP-1, IL-6) and 3 hemoglobin levels (HbA1, HbA2, HbF). Overall, we
identified 58 independently associated variants including 18 variants not
previously described in prior GWAS. The advantages of analyzing this
founder population are particularly evident in two scenarios: a) signals
with strong effect and that are extremely rare in Europe (MAF<0.01%)
but enriched in Sardinia (MAF-0.5-5%) such as APOA5 associated with
TG, GHR associated with height and a long stretch of variants on chro-
mosome 12 region associated with hsCRP and ESR; b) signals rare in
Europe (MAF <1%) and common in Sardinia (MAF >5%) such as CCDN3
associated with HbA2 and KCNQ1 associated with height. Overall, these
results demonstrate the benefits of our sequencing-based approach for
the discovery of the effects on phenotypes of rare variants enriched in
the informative population of Sardinia.
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Phased Annotation of Protein-Coding Variants Across 60,706 Human
Exomes. A.J. Hill"?, B. Cummings®®4, K.J. Karczewski*®, M. Lek?3, D.G.
MacArthur?3, Exome Aggregation Consortium (ExAC). 1) Genome Sci-
ences, University of Washington, Seattle, WA; 2) Broad Institute, Cam-
bridge, MA; 3) Analytical and Translational Genetics Unit, Massachusetts
General Hospital, Boston, MA; 4) Harvard Medical School, Boston, MA.
Nearly all variant interpretation pipelines currently ignore local phasing
of variants. In order to demonstrate the importance of phasing on vari-
ant interpretation, we have identified multi-nucleotide polymorphisms
(MNPs) that change interpretation of protein coding variation in 60,706
human exomes as part of the Exome Aggregation Consortium. We found
approximately 6,000 MNPs (average 23 per sample) where analysis of
the underlying SNPs without phasing will result in incorrect functional
interpretation. These include cases where the effect of a loss of func-
tion (LOF) variant is eliminated by an adjacent SNP (Rescued LOF) or
where underlying synonymous or missense variants result in LOF MNPs
(Gained LOF). Using these annotations, we identified rescued LOF MNPs
in MLH1 and FANCA, where LOF variants are associated with autosomal
dominant Lynch syndrome risk and autosomal recessive Fanconi Ane-
mia, respectively. We also identified one sample as a carrier for a gained
LOF MNP in MUTYH, where homozygous or compound heterozygous
LOF variants have been tightly linked to MUTYH-associated polyposis.
Additionally our analysis revealed 10 MNPs that have previously been
reported as disease causing mutations in HGMD as deletion-insertions.
One such MNP created a stop gain in COH1, which has previously been
identified in a Cohen Syndrome patient, rendering the individuals carri-
ers of an autosomal recessive disease. These variants would be missed
by virtually all currently available next generation sequencing pipelines.
These results represent the first large-scale analysis of the functional im-
pact of MNPs, and illustrate the importance of considering local phase
information in variant calling and clinical annotation.
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Meta-analysis of more than 2,100 trios reveals novel genes for in-
tellectual disability. C. Gilissen’, S.H. Lelieveld’, M.R.F. Reijnders’, R.
Pfiundt', H. Yntema’, P. de Vries', B.A. de Vries', T. Kleefstra', M. Nelen'?,
J.A. Veltman'?, H.G. Brunner’, C. Vissers'. 1) Human Genetics, Radboud
University Nijmegen Medical Center, Nijmegen, Netherlands; 2) Depart-
ment of Clinical Genetics, Maastricht University Medical Centre, Maas-
tricht, Netherlands.

Trio-based whole exome sequencing (WES) studies of large cohorts
have shown the power of identifying novel disease genes for sporadic
disorders including various neurodevelopmental disorders such as au-
tism spectrum disorder, intellectual disability and epilepsy. As part of
routine genetic diagnostics at the Radboud university medical center,
we sequenced the exomes of 820 patients with intellectual disability and
their unaffected parents and identified 1,184 de novo mutations. Muta-
tions in this cohort are significantly enriched for loss-of-function vari-
ants (P = 2.019e-12) as well as recurrent gene mutations (P < 1e10-6).
Based on gene specific mutation rates we performed a statistical anal-
ysis for recurrent de novo gene mutations and identified 28 genes to
be significantly enriched for either loss-of-function or functional de novo
mutations, of which 6 were not previously implicated in ID. To increase
statistical power, we combined our results with those of four published
trio-based WES studies of ID cohorts. In the combined cohort of 2,104
trios, we performed a meta-analysis and we identified an additional 48
genes of which 12 were novel, giving rise to a total of 15 unique novel ID
genes. Notably, for three novel genes we identified only recurrent mis-
sense mutations rather than loss-of-function mutations. In support of our
results, the same analyses on a published cohort of control trios yielded
no significant results. Interestingly, assessment of the function of these
genes in pathways associated with intellectual disability, showed that
four of the novel genes have a role in synaptic Wnt-signaling and two
genes in TGFB signaling. Assessment of the clinical phenotypes of pa-
tients with de novo mutations in these 15 novel genes shows clear phe-
notypic overlap between individual cases with the same gene affected,
thereby corroborating our findings. Moreover, analysis for tolerance to
population variation in these 15 novel genes shows the identified genes
to be similarly intolerant as >650 well-established genes for intellectual
disability. In summary, we identified 15 novel ID genes by performing a
meta-analysis on WES data of >2,100 intellectual disability trios, high-
lighting the potential of unbiased statistical analyses of large trio-based
sequencing studies to identify novel genes for sporadic diseases.
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Assessing the Pathogenicity of Insertion and Deletion Variants with
the Variant Effect Scoring Tool. C. Douville’, D.L. Masica', P.D. Sten-
son®, D.N. Cooper’, D. Gygax?, R. Kim*, M. Ryan*, R. Karchin'?. 1) Bio-
medical Engineering, Johns Hopkins University, Baltimore, MD; 2) De-
partment of Oncology, Johns Hopkins University School of Medicine,
Baltimore, MD; 3) Institute of Medical Genetics, School of Medicine, Car-
diff University, Heath Park, Cardiff CF14 4XN, UK; 4) In Silico Solutions,
Fairfax, VA, USA.

The average human exome contains over four hundred naturally oc-
curring insertion/deletion variants. Approximately half of these variants
disrupt the translational reading frame. Many researchers have assumed
that insertion/deletions are predominantly pathogenic, but if that were
true, we would expect a high prevalence of inherited disease in the gen-
eral population. Bioinformatics methods that predict whether or not in-
sertion/deletion variants are pathogenic are important for high-through-
put mutation analysis pipelines, and several novel methods have been
proposed. Here, we introduce a new Random-Forest based bioinformat-
ic method—the Variant Effect Scoring Tool for Insertions and Deletions
(VEST-indel). VEST-indel has high balanced accuracy when applied to
both in-frame and frameshift insertion/deletions (0.883 and 0.900, re-
spectively). We also show how several existing methods to predict
pathogenic insertion/deletions can be combined into a meta-predictor,
which is particularly useful for in-frame variants, representing a signifi-
cant methodological advance over other methods. We did not find any
evidence to support the view that selective pressure to maintain delete-
rious variants at higher than expected frequencies can explain the low
specificity of current methods that predict pathogenic frameshifts.
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Deep genetic connection between cancer and developmental dis-
eases. H. Q"% C. Dong??, K. Wang?3, Y. Shen**. 1) Department of Ap-
plied Physics and Applied Mathematics, Columbia University, New York,
NY, USA; 2) Biostatistics Division, Department of Preventive Medicine,
University of Southern California, Los Angeles, CA, USA; 3) Zilkha Neu-
rogenetic Institute, University of Southern California, Los Angeles, CA
90089, USA; 4) Departments of Systems Biology and Biomedical Infor-
matics, Columbia University Medical Center, New York, NY, USA; 5) JP
Sulzberger Columbia Genome Center, Columbia University Medical Cen-
ter, New York, NY, USA.

Cancer and developmental diseases share disrupted cellular process-
es like cell proliferation, growth, and differentiation. Underpinning these
processes are common molecular pathways and genes. Indeed, recent
large-scale genomic studies of cancer and developmental diseases,
such as autism, intellectual disability, epilepsy, and developmental de-
lay, revealed a substantial number of genes implicated in both class-
es of diseases, with recurrent somatic mutations in cancer and highly
penetrant germline de novo mutations in developmental diseases. In
this study, we aim to quantify the genetic connection between cancer
and developmental diseases. We compiled a large set of de novo muta-
tions from about 5500 developmental disease cases in recent published
studies and quantify the deep connection from three aspects. There is
a significant enrichment of germline de novo mutations in developmen-
tal disease patients among high-confidence cancer driver genes (en-
richment 2.6x; p=0.0002), especially the ones that are regulated during
development (enrichment 3.8x; p=1.5e-20). We estimated that these
cancer drivers made up to about a third of risk genes contributing to
developmental diseases. The implicated pathways include every level of
gene regulation, such as genome organization, chromatin modification,
transcription, pre-mRNA processing, post-translational modification,
and signaling cascades. We further inferred somatic missense muta-
tion hotspots in cancer using a hidden Markov Model, and observed
that missense variants in developmental diseases were often located in
these hotspots, which indicates these genes (such as PTPN11, CTCF,
PPP2R1A) and pathways are disrupted through similar molecular mode
of action between cancer and developmental diseases. By leveraging
the vast amount of somatic mutations observed in cancer patients, we
can improve our ability to identify causal mutations or variants in patients
with developmental diseases.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.



ASHG 2015 Abstracts 69

143

Characterizing Ribosome Readthrough in Humans. J. Moore, Z
Weng. Program in Bioinformatics and Integrative Biology, University of
Massachusetts Medical School, Worcester, MA.

Ribosome readthrough has been reported in several model organisms,
but has not been extensively studied in humans. Purely computational
predictions of readthrough events in humans have been unsuccessful
in identifying more than a handful of readthrough candidates. Howev-
er, studies have demonstrated it is possible to predict ribosome read-
through using ribosome profiling data. Our goal was to identify ribosome
readthrough events in humans from publically available ribosome pro-
filing data in several cell and tissue types. We first developed an exten-
sive computational pipeline to identify candidate ribosome readthrough
genes. We considered the “leakage” rate across stop codons as well
as the phasing of reads in the 3° UTR. We used our pipeline to analyze
data from several cell and tissue types including 72 Yoruban lymphoblast
cell lines (LCLs), normal and tumorigenic brain tissue, and fibroblasts.
We predicted over 40 high confidence candidate readthrough genes,
with candidates in every cell types. Several of our predictions, including
AQP4 and BRI3BP, support previous readthrough predictions based on
conservation and in vitro experiments. When we then further analyzed
readthrough candidates from LCLs, we found the genes were enriched
in ontology terms related to extracellular processes and the cell mem-
brane. Readthrough candidates were also significantly enriched with the
UGA stop codon, previously associated with readthrough. Of particular
interest was CNNM4, a gene with a UGA stop codon and a weak sele-
nocysteine element in its 3° UTR. The SECIS-like element could lead to
the observed high level of readthrough which results in the addition of
an AKT kinase phosphorylation site to the protein’s C-terminus. Simi-
larly, we were able to identify functional protein motifs in the C-terminal
extension of a quarter of the readthrough genes suggesting readthrough
may have important biological roles.We then analyzed common genetic
variants in the proximal 3’ UTRs of candidate readthrough genes. We
did not find any variants directly associated or in linkage disequilibrium
with disease associated variants. However these genes were enriched
in common variants in their proximal 3 UTRs compared to non-read-
through protein coding genes.Our data suggests that ribosome read-
through may have an important biological role in humans and should be
further characterized to understand its full biological impact. .
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A comprehensive methodology for assessing variant-specific gene
dysfunction in the context of non-disease-associated genomes.
M.J. Silver', J.L. Larson’, A.J. Silver', C. Borroto', B. Spurrier’, R.M.
Lim’, N. Delaney’, L.M. Silver2. 1) GenePeeks, Inc., New York, NY 10014
and Cambridge, MA 02142; 2) Department of Molecular Biology and the
Woodrow Wilson School of Public and International Affairs, Princeton
University, Princeton NJ, 08544.

Background: Carrier testing is unique among medical diagnostics in
that recessive disease liability is only predicted to occur in persons other
than those actually being tested. The utility of carrier testing is compro-
mised by multiple factors. First is the failure of a binary classification
system (with “positive” and “negative” endpoints) to illuminate allele- or
genotype-specific differences in predicted phenotypes. Second is the
inability of clinical testing panels to include the majority of deleterious
variants which have not been ascertained in clinical or functional studies.
Third is a reliance on clinical classifications that sometimes contravene
biological plausibility.Methods: We developed a dynamic algorithm to
generate Variant-specific Gene Dysfunction (VGD) scores along a con-
tinuous scale from zero to complete effect on gene function. Our com-
putational model uses a neural network-inspired approach to integrate
quantitative and categorical data from multiple information sources. This
tunable and extendable network provides the framework for balancing
oppositional assessments of gene dysfunction. Currently included in
the model are mutation class, clinical classifications of pathogenicity,
four computational models of evolutionary and structural constraints on
variant proteins, and population-specific allele and genotype frequen-
cy data from more than 60,000 individuals without pediatric disease in
the Exome Aggregation Consortium (ExAC) dataset. After completion of
the independent variant scoring phase, we use clinically classified vari-
ants as “standard candles” to validate our method and calibrate scores
on a gene-by-gene basis.Results: We calculated VGD scores for over
250,000 variants located in genes associated with recessive disease.
The median clinically naive VGD score of variants correlated with disease
is above 0.98, while benign variants have a median clinically naive VGD
score of less than 0.01.Conclusions: The primary goal of the methodol-
ogy presented here is to estimate a variant’s impact on the functionality
of a single copy of a recessive disease gene in the context of a diploid
organism. By focusing on the haploid-level molecular phenotype rather
than a patient’s disease state, we overcome the unrealistic imperative of
a binary classification system and better estimate the risk of conceiving
a child with disease.
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A Massively Parallel Pipeline to Clone DNA Variants and Examine
Molecular Phenotypes of Human Disease Mutations. H. Yu. Biologi-
cal Statistics and Computational Biology, Cornell University, Ithaca, NY.
Understanding the functional relevance of DNA variants is essential
for all exome and genome sequencing projects. However, current mu-
tagenesis cloning protocols require Sanger sequencing, and thus are
prohibitively costly and labor-intensive. We describe a massively-parallel
site-directed mutagenesis approach, “Clone-seq”, leveraging next-gen-
eration sequencing to rapidly and cost-effectively generate a large num-
ber of mutant alleles. Our innovative Clone-seq pipeline can generate
verified clones for >3000 mutations using one lane of 1x100 bp Illlumina
HiSeq sequencing with a >10-fold overall cost reduction. Clone-seq is
entirely different from previously described random mutagenesis ap-
proaches. In Clone-seq, each mutant clone has a separate stock and
different clones can therefore be used separately for completely inde-
pendent downstream assays; we can generate targeted mutations on
thousands of genes. In random mutagenesis, a pool of sequences con-
taining different mutations for one gene is generated. Therefore, it is not
possible to separate one mutant sequence from another and the whole
pool can only be used for the same assay(s) together. Using Clone-seq,
we further develop a comparative interactome-scanning pipeline inte-
grating high-throughput GFP, yeast two-hybrid (Y2H), and mass spec-
trometry assays to systematically evaluate the functional impact of
mutations on protein stability and interactions. We use this pipeline to
show that disease mutations on protein-protein interaction interfaces are
significantly more likely than those away from interfaces to disrupt corre-
sponding interactions. We also find that mutation pairs with similar mo-
lecular phenotypes in terms of both protein stability and interactions are
significantly more likely to cause the same disease than those with dif-
ferent molecular phenotypes, validating the in vivo biological relevance
of our high-throughput GFP and Y2H assays and indicating that both
assays can be used to determine candidate disease mutations in the
future. The general scheme of our experimental pipeline can be readily
expanded to other types of interactome-mapping methods to compre-
hensively evaluate the functional relevance of all DNA variants, including
those in non-coding regions.
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Gene Discovery in Mendelian Diseases. D. Vuzman'?, N.Y. Frank’,
N. Stitziel'®, S. Chopra’, S.R. Sunyaev'?, R.L. Maas’, Brigham Genom-
ic Medicine Program (BGMP). 1) Brigham and Women’s Hospital and
Harvard Medical School, Boston, MA; 2) Broad Institute of MIT in Har-
vard, Cambridge, MA; 3) Cardiovascular Division, Washington University
School of Medicine, St. Louis, MO.

Brigham Genomic Medicine Program (BGMP) is an interdisciplinary
collaboration among clinical geneticists, computational biologists and
physicians throughout BWH to identify the genetic basis of Mendelian
disorders of uncertain etiology. These disorders comprise ~7,000 dis-
eases that in the aggregate contribute significantly to disease burden,
both at Brigham and elsewhere. Mendelian diseases also provide unique
opportunities to understand disease etiology in individual patients, as
well as in more common forms of the same diseases. In turn, direct
knowledge of the causal mutation may resolve long-standing, expensive
diagnostic dilemmas and provide newfound knowledge that advances
our understanding of disease pathobiology. BGMP has developed a
unique genomic analysis pipeline that won the international 2012 CLAR-
ITY Challenge, and we have now successfully used genomic sequencing
to identify novel disease-causing genes in BWH patients. The findings
from these cases include high impact discoveries of disease-associat-
ed genes, such as PIEZO2, where we discovered that gain-of-function
missense mutations in the mechanically activated ion channel of PIEZO2
cause a subtype of Distal Arthrogryposis. In another case, we used se-
quence analysis to diagnose and discover the genetic etiology of disease
in a 34 year old male with a history of precocious polyarthritis that had
been previously attributed to rheumatoid arthritis, in the WISP3 gene.
We have also identified highly promising disease-gene candidates for
C3, LOX, and XRCC5 which are currently undergoing validation. Gain-
and loss-of-function mutations in these genes are associated with high
impact genetic disorders, including idiopathic acrocyanosis, cardiovas-
cular disease, and types of lung cancer.
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An important role for rare loss-of-function variants in spermatogen-
ic failure. R. George’, J. Hughes', L. Brown', L. Lin? D. Koboldt?, R. Ful-
ton?, R. Oates?®, S. Silber’, R. Wilson?, D. Page'*®. 1) Whitehead Institute,
Cambridge, MA; 2) McDonnell Genome Institute, Washington University,
St. Louis, MO; 3) Department of Urology, Boston University School of
Medicine, Boston, MA; 4) Infertility Center of St. Louis, St. Luke’s Hos-
pital, St. Louis, MO; 5) Howard Hughes Medical Institute, Chevy Chase,
MD; 6) Department of Biology, Massachusetts Institute of Technology,
Cambridge, MA.

Severe spermatogenic failure is the production of very little to no sperm
and affects roughly 1% of the male population. About 30% of cases can be
explained by cytogenetic abnormalities of the sex chromosomes and mi-
crodeletions of the Y chromosome. However, for the remaining 70% of cas-
es, the underlying cause remains unknown. We hypothesized that a large
fraction of unexplained cases are caused by rare deleterious variants scat-
tered across many independent loci. To test this hypothesis, we sequenced
the sex chromosomes and 500 candidate autosomal genes in 284 men with
unexplained non-obstructive azoospermia and 289 men with normal sperm
counts. Men with non-obstructive azoospermia have a significant excess
of rare loss-of-function variants in genes related to spermatogenesis com-
pared to our controls (OR = 3.58, p = 3.9 x 10%) or to an independent
cohort of unphenotyped individuals (OR = 2.99, p = 8.9 x 10™%). Further, our
results suggest that different sets of genes are disrupted in different clinical
subtypes of non-obstructive azoospermia. In particular, meiotic genes have
more rare loss-of-function variants in men with testicular maturation arrest
than in men with Sertoli-cell-only syndrome (p = 0.011). Collectively, we es-
timate that rare loss-of-function variants in spermatogenesis genes explain
up to 7% of unexplained cases of non-obstructive azoospermia and are
present in ~1 in 2,000 men who are otherwise healthy.
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Complex mitotic-origin aneuploidy in human embryos: genetic risk
factors and fertility consequences. R.C. McCoy’, Z. Demko? A. Ryan?,
M. Banjevic?, M. Hil?, S. Sigurjonsson? M. Rabinowitz?, H.B. Fraser’,
D.A. Petrov'. 1) Department of Biology, Stanford University, Stanford,
CA; 2) Natera, Inc., San Carlos, CA.

Aneuploidy—extra or missing chromosomes compared to a balanced
46-chromosome complement—affects three-quarters of human embry-
os at the cleavage stage. Aneuploid embryos rarely survive to term. We
applied 24-chromosome SNP-microarray-based preimplantation genetic
screening (PGS) to 46,439 embryos from 6366 in vitro fertilization (IVF)
cycles, assigning copy number variations to specific parental homologs
and achieving a high-resolution view of embryonic aneuploidy. Using
distinct chromosomal signatures, we classified aneuploidies of maternal
meiotic, paternal meiotic, and mitotic (postzygotic) origin without em-
bryo disaggregation, facilitating separate investigation of the cytogenetic
mechanisms underlying their formation and the consequences for early
development. Our data revealed an extreme diversity of aneuploidies in
day-3 blastomere biopsies. A common form of catastrophic, putative mi-
totic-origin aneuploidy involved multiple forms of chromosome loss (ma-
ternal monosomy, paternal monosomy, and nullisomy), presumably due to
centrosome and mitotic spindle aberrations leading to chromosomal cha-
os. These complex aneuploidies were comparatively rare in day-5 embryo
biopsies, suggesting strong selection following zygotic genome activation
at the 4-8 cell (day-3) stage. In line with this hypothesis, we found that pa-
tients referred for PGS due to previous IVF failure had significantly higher
rates of these mitotic-origin aneuploidies than patients referred for other
reasons. This finding also suggested that uncharacterized environmental
and genetic factors influence aneuploidy risk. Seeking to uncover these
factors, we performed a genome-wide association study of embryonic
aneuploidy. We identified a strong association between putative mitot-
ic-origin aneuploidies and common (~30% global minor allele frequency)
maternal genetic variants on chromosome 4. The associated region spans
over 600 Kb and encompasses the gene PLK4, a strong causal candi-
date given its well-described role in mediating centriole duplication and its
ability to induce chromosome mis-segregation upon minor dysregulation.
Intriguingly, the associated region also displays signatures of a selective
sweep in ancient humans, preceding out-of-Africa migrations. Together,
these findings shed light on novel characteristics of aneuploidies affecting
preimplantation embryos, uncover parental genetic variants influencing
their occurrence, and reveal important consequences for human fertility.
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Expanding non-invasive prenatal testing to include microdeletions
and segmental aneuploidy: cause for concern? 7. Sahoo, M.N Streck-
er, N. Dzidic, S. Commander, M.K Travis, C. Doherty, K. Hovanes. Com-
bimatrix, San Diego, CA.

INTRODUCTION: Evaluation of circulating cell-free fetal DNA by mas-
sively parallel shotgun or targeted sequencing has emerged as a power-
ful tool in screening for fetal aneuploidies. More recently, major providers
of this technology have expanded their test offerings to include screen-
ing for common microdeletion syndromes. Recent literature suggests a
cautious approach to the interpretation of non-invasive prenatal testing
(NIPT) results based on higher-than-previously reported false positive
rates when compared to invasive testing, as well as concerns regarding
the potential for over-representation of the positive predictive value for
specific aneuploidies. METHODS: We evaluated the outcome and con-
cordance of invasive prenatal diagnostic testing (by fetal karyotype and
or prenatal microarray) for 181 consecutive cases referred to our labora-
tory following NIPT.RESULTS: For all cases where both NIPT and inva-
sive testing results were available (173/181), the overall true positive (TP)
and false positive (FP) rates were estimated at 78% (135/173) and 22%
(38/173), respectively. The chromosome-specific TP and FP rates, re-
spectively, were 84% and 9% for Trisomy 21 (and with 7% partially con-
cordant), 72% and 24% for trisomy 18 (with 4% partially concordant),
60% and 40% for trisomy 13, and 53% and 42% for sex chromosome
aneuploidies (with 5% partially concordant). For cases that were predict-
ed by NIPT to harbor specific microdeletions (N=16), the outcomes were
particularly remarkable for high FP rates. There was a 60% FP rate for
22q11.2 deletion (DiGeorge syndrome), a 50% FP rate for 1p36 deletion,
and an 80% FP rate for 5p deletion. For single cases with a deletion or
duplication predicted by NIPT, the results of invasive testing were nor-
mal for a predicted 4p deletion and a 21q deletion but were confirmed
for a NIPT predicted 9p duplication and 15q deletion.CONCLUSIONS:
Overall TP and FP rates for the 16 cases with predicted microdeletion
or duplication were 37.5% and 62.5%, respectively. These results sug-
gest that claims regarding the reliability of NIPT for accurately predicting
segmental imbalances may be premature and that such results should
be evaluated with profound caution. It is imperative that both segmental
aneuploidy cases and predicted whole chromosome aneuploidies con-
tinue to be followed-up with invasive prenatal diagnostic testing, and
that clinical decisions not be undertaken purely based upon NIPT results.
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NLRP2: a paternally-imprinted gene implicated in innate immunity
and blastocyst development has a major gene effect on endometri-
osis. K. Ward, R. Chettier, P. Farrington, H. Albertsen. Juneau Bioscienc-
es, LLC, Salt Lake City, UT.

Endometriosis is a complex condition that affects 5-10% of wom-
en. Family studies have confirmed the heritability of endometriosis and
GWAS studies have implicated several chromosomal regions, GWAS
studies focus on SNPs typically with MAF >3%; but in contrast, exome
sequencing (ES) can detect private and rare variants which may have
larger functional effects. In this study, we sequenced the exomes of a
multiplex family and unrelated individuals with endometriosis to detect
variants likely to predispose women to develop endometriosis. METH-
ODS: ES was performed on 8 related women with endometriosis us-
ing the lon Proton platform (LifeScience Technologies). Pair-wise relat-
edness ranged from 1 meiosis to 5 meiosis apart. DNA variants were
determined and confirmed using the GATK (Genome Analysis Toolkit).
Prediction of protein function was evaluated using the Polyphen 2 da-
tabase. We examined damaging rare variants (ExAc MAF >0 but <0.01,
and polyphen2 >0.447). RESULTS: ES was accomplished with 100X
mean coverage and detected 2246 rare, probably-damaging variants in
8 related subjects. We found a single gene (harboring two mutations in
cis) shared by 8 out of the 9 affected women. The one affected woman
who does not carry these variants probably has a disease phenocopy
caused by a different mechanism (as frequently seen in pedigrees with
common, complex disorders). The variants are located in a paternally im-
printed gene NLRP2 (NACHT, LRR and PYD domains-containing protein
2). The variants were always transmitted by a mother in the index family.
Two other research subjects with endometriosis share the same finding,
they are third degree relatives, but they show no detectable (> 5MB)
identity-by-descent to the index family. Subsequently, we tested for cod-
ing variants (MAF<0.005) in NLRP2 gene in an independent set of 268
unrelated patients with endometriosis. 9 variants were observed in 14
affected women (5.2%), a 5-fold increase of these variants compared to
allele frequencies in the ExAc data (p= 1.6e-06, OR=5.2[3.0-9.0]) which
is expected to include the population rate of affected women and male
“carriers”. The NLRP2 gene is expressed in reproductive tissues, but
there are no prior studies suggesting a role in endometriosis. CONCLU-
SION: We identified the first endometriosis predisposition gene showing
a major gene effect. If confirmed, studying NLRP2 function and variation
may increase our understanding of the pathogenesis of endometriosis.
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Investigation of DNA variants responsible for Pre-eclampsia. R. Mc-
Ginnis', F. Dudbridge?, D. Lawlor®, J. Kemp?®, C. Franklin', N. Williams' On
behalf of the InterPregGen Consortium. 1) Human Genetics, Wellcome
Trust Sanger Institute, Cambridge, United Kingdom; 2) Department of
Non-communicable Disease Epidemiology, London School of Hygiene
and Tropical Medicine, London, United Kingdom; 3) MRC Integrative Ep-
idemiology Unit, School of Social and Community Medicine, University
of Bristol, Bristol, United Kingdom.

Pre-eclampsia (PE) is a potentially fatal disorder characterized by
hypertension and proteinuria after week 20 of pregnancy. Although
no single-locus PE associations have been replicated or achieved ge-
nome-wide statistical significance in PE mothers or offspring (“fetal
cases”), we evaluated evidence for shared DNA variants responsible for
PE and other diseases by applying three methods to GWAS datasets.
The polygenic score analysis (PGSA) and genome-wide complex trait
analysis (GCTA) methods require individual genotype data which we
sourced from Wellcome Trust Case-Control Consortium 1 (WTCCC1) for
6 disease phenotypes tested for correlation with our PE GWAS data. LD
score analysis (LDSC) requires only summary GWAS results and thus
could evaluate variant sharing between PE and more target diseases
with publicly available summary data from much larger meta-analysis
sample sizes. For PGSA, “discovery” GWAS SNPs below specific pvalue
thresholds were identified in our PE meta-analyses of 3830 maternal or
2650 fetal PE cases and 47000 European controls and were tested in
each WTCCCH1 phenotype (~2000 UK cases, ~3000 UK controls). For
GCTA, individual GWAS SNP genotypes from InterPregGen (1900 mater-
nal or 1000 fetal UK cases, 5500 UK controls) were tested for correlation
with each WTCCC1 phenotype. Both PGSA and GCTA found significant
evidence (p<0.001) for shared DNA variants responsible for the WTCCC1
hypertension (HT) phenotype and maternal PE despite strict exclusion of
pre-pregnancy HT from our maternal cases. No significant evidence of
variant sharing was observed for maternal or fetal PE and other WTC-
CC1 phenotypes by PGSA or GCTA. For LDSC, comparison of our PE
summary data with that of 11 other phenotypes found statistically signifi-
cant variant sharing between maternal PE and gestational HT (p<5x10°7),
coronary artery disease (p<0.00015), and type2 diabetes (p<0.00016).
These initial results suggest overlap in women for risk of PE and other
cardiometabolic diseases. We are refining our PGSA, GCTA and LDSC
investigations and continuing to genotype large replication datasets to
follow up statistical peaks from our PE GWAS meta-analyses. We will
provide an update of both our variant sharing results and our efforts to
identify genome-wide significant (p<5x10%) single-locus association
with maternal or fetal PE. Funding: EU FP7 grant 282540;Wellcome
Trust (WT090355/A/09/Z, WT090355/B/09/Z,WT088806,WT087997MA
102215/2/13/2);MRC (102215/2/13/2,MC_UU_12013/5).
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Ancestry Matched Genome-wide Association Study Identifies
Variants Associated with Spontaneous Preterm Birth. M. Sirota’,
J. Toung™, W. Sikora-Wohfeld?, C.R. Gignoux? C.D. Bustamante? G.
Shaw?, H. O’Brodovich? D. Stevenson?, A.J. Butte’. 1) Institute for Com-
putational Health Sciences, UCSF, San Francisco, CA; 2) Stanford Uni-
versity, Stanford, CA.

Preterm birth (PTB), or the delivery of an infant prior to 37 weeks of
gestation, is a significant determinant of infant morbidity and mortality.
Globally 15 million babies are born preterm, every year with a frequen-
cy approximating 10%. Causes of preterm birth remain largely myste-
rious and thus not amenable to intervention to reduce the rate of this
catastrophic event for children and their families. Although twin studies
estimate that genetics account for approximately 27 to 36% of the vari-
ation in preterm birth, to date no causal mutations have been identified
through unbiased genome-wide genetic screens. In this study, we per-
formed a large genome-wide association study of over 1300 preterm
birth babies and over 12,000 ancestry matched controls from the Health
and Retirement Study. To account for differences in population substruc-
ture between our cases and controls, we used 1,815 individuals from the
Phase 3 of the 1000 Genomes Project as an anchor point to match our
cases and controls. We tested over 2 million SNPs for association to the
spontaneous preterm birth phenotype with sex and the first ten princi-
pal components of genetic ancestry as covariates in our model across
five populations including African (AFR), the Americas (AMR), European
(EUR), South Asian (SAS) and East Asian (EAS). We identified 96 loci
associated with spontaneous preterm birth at a genome-wide level of
significance including 7 exonic hits in the AFR and EUR populations. The
most significant exonic hit corresponded to rs1937839 (P=1.04E-16), a
synonymous SNP in AKR1C3. AKR1C3, also known as Prostaglandin
F Synthase (PGFS), and acts as a key steroidogenic enzyme that me-
tabolizes various steroid hormones toward sex hormones. In particular,
studies on the biochemical pathways involved in human labor has found
AKR1C3 expression to be significantly correlated with gestational age
and tissue type. Furthermore, reactions catalyzed by AKR1C3 stimulate
smooth muscle contraction during parturition. Other exonic loci found
to be significantly associated to spontaneous preterm birth include
rs10417778, a synonymous SNP in PSG4 (P=9.98E-13) and rs33923703,
a nonsynonymous SNP (Met-to-Val) in AURKA (P=1.22E-8). In this work,
we were able to leverage publicly available data in order to identify a
large control group as well as match our cases and controls based on
their ancestry lineage in order to carry out population specific case-con-
trol analysis identifying variants associated with PTB.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.



ASHG 2015 Abstracts 73

153

Large scale genome-wide association study for birth weight iden-
tifies 13 novel loci and reveals genetic links with a variety of adult
metabolic and anthropometric traits. M. Horikoshi’?, F.R. Day?, J.R.B.
Perry®, J-J. Hottenga*®, R. Li-Gao®, M.N. Kooijman”8°, R. Beaumont',
N.M. Warrington 2, N.J. Timpson'3, Early Growth Genetics (EGG) Con-
sortium. 1) The Wellcome Trust Centre for Human Genetics, University of
Oxford, Oxford, UK; 2) Oxford Centre for Diabetes, Endocrinology and
Metabolism, University of Oxford, Oxford, UK; 3) MRC Epidemiology
Unit, University of Cambridge School of Clinical Medicine, Cambridge,
UK; 4) Netherlands Twin Register, Department of Biological Psychology,
VU University, Amsterdam, the Netherlands; 5) EMGO Institute for Health
and Care Research, VU University and VU University Medical Center,
Amsterdam, the Netherlands; 6) Department of Clinical Epidemiology,
Leiden University Medical Center, Leiden, the Netherlands; 7) The Gen-
eration R Study Group, Erasmus MC, University Medical Center Rot-
terdam, the Netherlands; 8) Department of Epidemiology, Erasmus MC,
University Medical Center Rotterdam, the Netherlands; 9) Department
of Pediatrics, Erasmus MC, University Medical Center Rotterdam, the
Netherlands; 10) Institute of Biomedical and Clinical Science, University
of Exeter Medical School, Royal Devon and Exeter Hospital, Exeter, UK;
11) The University of Queensland Diamantina Institute, The University
of Queensland, Translational Research Institute, Brisbane, Australia; 12)
School of Women’s and Infants’ Health, The University of Western Aus-
tralia, Perth, Australia; 13) MRC Integrative Epidemiology Unit at the Uni-
versity of Bristol, University of Bristol, UK.

Lower birth weight (BW) is associated with adult metabolic diseas-
es including type 2 diabetes (T2D) and cardiovascular disease, but the
underlying causes are poorly understood. We previously reported 7 loci
associated with BW, 5 of which were also associated with adult traits
(T2D, height and blood pressure (BP)). Here we report expanded anal-
yses with genome-wide association studies of 75,924 European (EUR)
and 9,960 non-EUR singletons from 36 studies and imputation up to
the phase 1 integrated 1000 Genomes Project reference panel. We
aimed to (i) discover novel BW loci through increased sample size and
improved coverage of variants with minor allele frequency (MAF)<5%,
and (i) explore the shared genetic overlap between BW and adult traits.
We combined association statistics between sex-specific BW Z-scores
and each of 10.3M SNPs across studies via fixed-effects meta-analysis.
We detected 13 novel loci at genome-wide significance (P<5x10%): near
EPAS1 (P=2.0x10"""), ESR1 (P=1.9x10"), YKT6 (P=2.9x10'?), CLDN7
(P=5.9x10"?), ZBTB7B (P=5.4x10"%), HHEX/IDE (P=5.7x10%), SREBF2
(P=8.1x10%), C200rf203 (P=1.1x10%), FOXA2 (P=1.4x10%), TBX20
(P=2.3x10%), CCND1 (P=3.3x10%), and WNT4-ZBTB40 (P=3.8x10?®) from
sex-combined analysis, and near INTS7 (P, . =3.6x10%, P _ =0.042)
from sex-specific analysis. The lead SNPs at all loci were common ex-
cept at YKT6 (MAF EUR: 1%, African-American: 0.2%). There was no
evidence of heterogeneity in allelic effects between studies at lead SNPs
at any of the loci (Cochran’s Q P>0.05), highlighting common BW sig-
nals are shared across ancestry groups. Conditional analyses confirmed
that multiple novel BW signals overlapped those associated with adult
metabolic and anthropometric traits: HHEX/IDE in T2D, FOXA2 in hy-
perglycemia, ZBTB7B in waist-to-hip ratio and INTS7 in height. Using
LD score regression, we estimated the genome-wide genetic correlation
(R,) between birth weight and publicly available GWAS of other traits
and found strong correlations with height (R,=0.43, P=7x10"), T2D
(R;=-0.35, P=4x10%), systolic BP (R,=-0.30, P=1x10"¥) and coronary ar-
tery disease (CAD, R;=-0.32, P=2x10¥). In summary, we extended the
number of BW associated loci from 7 to 20, and our analysis provided
strong genome-wide genetic links between lower BW and higher risk of
T2D, high BP and CAD in later life, which partially explain the complex
relationships between genetic variation, early growth and adult metabol-
ic disease.
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Assessing Genetic Counsellors’ Use of Shared Decision-Making.
PH. Birch’, A.V. Port-Thompson', S. Adam’, F. Legaré?, J.M. Friedman’.
1) Dept Med Genetics, Univ British Columbia, Vancouver, BC, Canada; 2)
Family Medicine and Emergency Medicine Dept., Université Laval, QC,
Canada.

Shared decision-making (SDM) is a clinical practice model whereby
clinicians and patients consider the evidence favouring or opposing all
options. They explore patient preferences together to reach a decision.
Genetic counsellors (GCs) are generally not trained in this technique but
it has been suggested that SDM is widely used in genetic counselling.
Our goal was to measure the extent that SDM is practiced in prenatal
counselling by GCs. 30 pregnant women at increased risk to have a
child with a birth defect owing to the presence of “soft markers” on ultra-
sound examination, elevated maternal serum screening or family history,
and who met with one of 10 experienced GCs, agreed to participate.
Genetic counselling sessions lasted 49+16 (mean+SD) minutes and were
audio-taped, transcribed verbatim, and scored independently by 3 re-
searchers using OPTION, a validated tool widely used to measure SDM
in clinical encounters [Elwyn G, et al., Health Expect 2005]. The OPTION
tool scores clinical sessions on criteria such as whether the clinician
draws attention to the identified problem, discusses available options
and their pros and cons, and explores patient concerns, expectations,
and understanding. Patients’ decisional conflict and state anxiety were
measured before and after the counselling session using self-adminis-
tered validated tools. OPTION scores ranged from 28 to 70 (out of 100),
with a mean score of 46 + 9 (mean+SD). Two consistently low scoring
areas were eliciting patients’ preferred involvement in decision-making
and assessing their preferred approach to receiving information. Mean
pre-encounter decisional conflict scores were 42+10 (possible range is
16 to 80), and mean state anxiety scores were 44+13 (possible range is
20 to 80), both indicating that the patients were anxious and conflicted
about their decision before the clinical encounter. Two weeks after the
encounter, decisional conflict and anxiety scores had dropped to 26+9
and 35+15, respectively. This is the first study to assess SDM in genet-
ic counselling sessions. OPTION scores were high compared to those
observed among physicians in previous studies [Couet N, et al., Health
Expect 2013], indicating that GCs often use SDM. Formal training of GCs
in SDM could enhance their use of this method, especially in particular
areas where its use was inconsistent, and might provide additional strat-
egies for GCs to use in clinical encounters.
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Mutations inDCHS1Cause Mitral Valve Prolapse. D. Milan’, R. Durst’,
K. Sauls?, M. Talkowski®, J.J. Schotté, x. Jeunemaitre?, A. Hagege®, R.A.
Levine', R.A. Norris?, S. Slaugenhaupt®. 1) Cardiovascular Research Cen-
ter, Massachusetts General Hospital, Charlestown, MA; 2) Department
of Regenerative Medicine and Cell Biology, Medical University of South
Carolina, Charleston SC; 3) Center for Human Genetic Research, Mas-
sachusetts General Hospital, Boston, MA; 4) INSERM, UMR-970, Paris
Cardiovascular Research Center, 75015 Paris, France; 5) Hopitaux de
Paris, Cardiologie Département, Hopital Européen Georges Pompidou,
Paris, France; 6) Inserm U1087; institut du thorax; University Hospital,
Nantes, France.

Mitral valve prolapse (MVP) is a common cardiac valve disease that af-
fects nearly 1 in 40 individuals. It can manifest as mitral regurgitation and
is the leading indication for mitral valve surgery. Despite a clear heritable
component, the genetic etiology leading to non-syndromic MVP has re-
mained elusive. Four affected individuals from a large multigenerational
family segregating non-syndromic MVP underwent capture sequencing
of the linked interval on chromosome 11. We report a missense mutation
in the DCHS1 gene, the human homologue of the Drosophila cell polarity
gene dachsous (ds) that segregates with MVP in the family. Morpholino
knockdown of the zebrafish homolog dachsous1b resulted in a cardiac
atrioventricular canal defect that could be rescued by wild-type human
DCHS1, but not by DCHS1 mRNA with the familial mutation. Further
genetic studies identified two additional families in which a second del-
eterious DCHS1 mutation segregates with MVP. Both DCHS1 mutations
reduce protein stability as demonstrated in zebrafish, cultured cells, and,
notably, in mitral valve interstitial cells (MVICs) obtained during mitral
valve repair surgery of a proband. Dchs1 +/- mice had prolapse of thick-
ened mitral leaflets, which could be traced back to developmental errors
in valve morphogenesis. DCHS1deficiency in MVP patient MVICs as well
as in Dchs1+/- mouse MVICs result in altered migration and cellular pat-
terning, supporting these processes as etiological underpinnings for the
disease. Understanding the role of DCHS1 in mitral valve development
and MVP pathogenesis holds potential for therapeutic insights for this
very common disease.
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ROBO-SLIT Mutations Predispose Individuals to Bicuspid Aortic
Valve with Ascending Aortic Aneurysm. R.A. Gould"?, H. Aziz'?, A.
Kumar®, C. Preuss?, C. Woods®, N. Sobreira®, H. Ling®, S.A. Mohamed’,
A. Franco-Cereceda®, G. Andelfinger*™, A.S. McCallion®, P. Eriksson®,
L.V. Laer’, B.L. Loeys®"", H.C. Dietz'?"2, MIBAVA Foundation Leducq. 1)
McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins Univer-
sity School of Medicine, Baltimore , Maryland, USA; 2) Howard Hughes
Medical Institute, Baltimore, Maryland, USA; 3) Center for Medical Ge-
netics, Faculty of Medicine and Health Sciences, Antwerp University
Hospital and University of Antwerp, Antwerp, Belgium; 4) Cardiovascu-
lar Genetics, Department of Pediatrics, Centre Hospitalier Universitaire
Sainte-Justine Research Centre, Université de Montréal, Montreal, Que-
bec, Canada; 5) Department of Molecular and Comparative Pathobiolo-
gy, Johns Hopkins University School of Medicine, Baltimore, Maryland,
USA; 6) Center for Inherited Disease Research, McKusick-Nathans In-
stitute of Genetic Medicine, Johns Hopkins University School of Medi-
cine, Baltimore, Maryland, USA; 7) Department of Cardiac and Thoracic
Vascular Surgery, University of Luebeck, Luebeck, Germany; 8) Cardio-
thoracic Surgery Unit, Department of Molecular Medicine and Surgery,
Karolinska Institutet, Stockholm, Sweden; 9) Atherosclerosis Research
Unit, Center for Molecular Medicine, Department of Medicine, Karolinska
Institutet, Stockholm, Sweden; 10) Department of Pediatrics, Université
de Montréal, Montreal, Quebec, Canada; 11) Department of Human Ge-
netics, Radboud University Medical Centre, Nijmegen, Netherlands; 12)
Department of Pediatrics, Division of Pediatric Cardiology, Johns Hop-
kins University School of Medicine, Baltimore, Maryland, USA.

Bicuspid aortic valve (BAV) is the most common congenital heart de-
fect, affecting up to 2% of people; a sizeable subset of individuals show
predisposition for ascending aortic aneurysm (AscAA) and tear. BAV/
AscAA segregates as an autosomal dominant trait with reduced pen-
etrance and overt male predominance. The etiology of this condition is
largely unknown, with mutations in NOTCH1 accounting for less than
1% of cases. No strong signals have been detected using parametric
linkage or GWAS, suggesting extreme locus heterogeneity and/or a
complex genetic architecture. We performed whole exome sequencing
(WES) on 181 patients, including a subset with familial segregation, to
identify genes predisposing to BAV/AscAA. A heterozygous obligate
splice site mutation in ROBO4 (c.2056+1G>T) was seen in all 7 affected
individuals in a multigenerational kindred, with complete penetrance in
males (6/6) but not females (1/3). Functional analyses demonstrated a
stable transcript lacking constitutively utilized exon 13, predicting the
formation of a transmembrane protein that binds ligands (SLITs) but
lacks signaling potential. We show that ROBO4 is normally expressed
in endocardial cushion and proximal aortic endothelium during relevant
stages of development, and that targeted silencing results in enhanced
endothelial cell migration with loss of tight junctions and barrier function.
Patient aortic tissue shows deep infiltration of ROBO4-expressing cells
into the aortic media with attendant upregulation of a-smooth muscle
actin and collagen production, which strongly suggests pathogenic en-
dothelial-to-mesenchymal transition. Overall, WES revealed significant
enrichment for rare (MAF<0.01%) and predicted deleterious variation
in the ROBO-SLIT axis, with particular enrichment in ROBO2 (with 4
highly deleterious variants that were entirely novel), but also relevance
in ROBO3 (3 putative pathogenic variants) and ROBO4 (2 variants). All
genes encoding Slit ligands (1-3) showed rare and predicted deleterious
variation including a novel mutation in SLIT7 that segregated with dis-
ease in a small kindred and an exceedingly rare (MAF<0.005%) variant in
SLIT3 that was recurrent among unrelated BAV/AscAA probands. Taken
together these data define a novel pathogenic mechanism for a common
human disease phenotype with major public health burden; a new em-
phasis on endothelial cell biology may reveal unanticipated therapeutic
strategies.
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Genetic, developmental and paracrine interactions in the complex
pathogenesis of heritable aneurysm conditions. E. Gallo MacFarlane’,
J.P. Habashi" 2, Y. Chen’, D. Bedja®, H.C. Dietz" 4 1) McKusick-Nathans
Institute of Genetic Medicine, Johns Hopkins University, Baltimore, MD,
USA,; 2) Division of Pediatric Cardiology, Department of Pediatrics, Johns
Hopkins University, Baltimore, MD, USA,; 3) Department of Molecular and
Comparative Pathobiology, Johns Hopkins University, Baltimore, MD,
USA,; 4) Howard Hughes Medical Institute, Bethesda, MD, USA.

Aortic aneurysm is a critical feature of Loeys-Dietz syndrome (LDS),
a connective tissue disorders with many features in common with Mar-
fan syndrome (MFS) and other TGF@ vasculopathies. LDS is caused by
heterozygous loss-of-function mutations in genes encoding positive ef-
fectors of the TGFB pathway (TGFBR1, TGFBR2, SMAD3, TGFB2 and
TGFBS3), however, a signature for paradoxically increased TGFp signal-
ing is found in aortic tissue from both patients and mouse models, as
assessed by phosphorylation of Smad2 and expression of TGFp tar-
get genes. This has engendered ambiguity regarding the precise role
of TGFB in aneurysm progression and the wisdom of treatments based
on TGFB antagonism. The spatial distribution of aneurysms in LDS and
MFS is distinctly nonrandom, with uniform involvement of aortic seg-
ments where vascular smooth muscle cells (VSMCs) of different embry-
onic origin interface. For example, the aortic root shows interspersion
of VSMCs derived from the second heart field (SHF) and cardiac neural
crest (CNC). We hypothesized that signaling overdrive in LDS might be
caused by TGFB signaling imbalance and consequent paracrine interac-
tions that are established postnatally. Using lineage tracing and FACS,
we observed that wild-type (WT) SHF- and CNC-VSMCs have equivalent
signaling potential in the acute-phase response to TGF. This signaling
response is also fully preserved in CNC-VSMCs harboring a heterozy-
gous LDS-associated missense mutation in Tgfbr1, but entirely abro-
gated in corresponding LDS SHF-VSMCs. Loss of suppressive TGF(
signaling in LDS SHF-VSMCs leads to upregulation of the angiotensin
Il (Angll) type 1 (AT1) receptor, unique sensitization to Angll-mediated
extracellular signal-regulated kinase (ERK) activation (not seen in LDS
CNC-VSMCs or in WT VSMC of either lineage), and ultimately increased
expression of TGFB1 ligand that can overdrive neighboring LDS CNC-
VSMCs, which retain full TGFB signaling potential, in a paracrine man-
ner. In keeping with this model, we find clear overlap between the CNC
lineage mark and gain of TGF signaling in LDS mice using in situ-based
assays. These data reconcile the low signaling/high signaling paradox,
the spatial distribution of aneurysms and prevention of aneurysm in LDS
mice treated with AT1 receptor blockers. They also suggest that potent
global or CNC-specific TGFf antagonism has therapeutic promise in
TGFpB vasculopathies, a concept under evaluation using pharmacologic
and genetic provocations.
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Discovery of novel genes underlying congenital heart defects driven
by analysis of 4,593 exomes from affected families. A. Sifrim’, M-P.
Hitz', S. Al Turki'3, A. Wilsdon?, J. McRae', T. Singh’, B. Thienpont®, J.
Breckpot®, K. Setchfield?, F. Bu’Lock™, A.K. Manickaraj’, A.V. Postmas,
S. Omer’, J. Bentham'', S. Bhattacharya'?, C. Cosgrove', H. Watkins'?,
H. Abdul-Khaliq'®, H-H. Kramer'’, O. Tokan'®, U. Bauer’®, P. Daubeney’,
R. Abu-Sulaiman®, K. Devriendt®, S. Mital’, B. Keavney’, J. Goodship?,
S. Klaassen®'°, D. Brook? M.E. Hurles', UK10K Consortium, Decipher-
ing Developmental Disorders Study. 1) Wellcome Trust Sanger Institute,
Cambridge, Cambridgeshire, United Kingdom; 2) School of Life Sci-
ences, University of Nottingham, Nottingham, United Kingdom; 3) De-
partment of Cardiac Sciences , King Abdulaziz Cardiac Center, Riyadh,
Saudi Arabia; 4) Division of Cardiology, Department of Pediatrics, Hos-
pital for Sick Children, University of Toronto, Toronto, Canada; 5) Centre
for Human Genetics, Katholieke Universiteit Leuven, Leuven, Belgium;
6) Heart Center, Academic Medical Center, Amsterdam, the Nether-
lands; 7) Institute of Cardiovascular Sciences, University of Manchester,
Manchester, UK; 8) Institute of Genetic Medicine, Newcastle Univer-
sity, Newcastle upon Tyne, UK; 9) Experimental and Clinical Research
Center (ECRC), Charite’ Medical Faculty and Max-Delbruck-Center for
Molecular Medicine, Berlin, Germany; 10) Competence Network for
Congenital Heart Defects, Germany; 11) Department of Cardiovascular
Medicine and Wellcome Trust Centre for Human Genetics, University of
Oxford, Oxford, United Kingdom; 12) Radcliffe Department of Medicine
and Wellcome Trust Centre for Human Genetics, University of Oxford,
Oxford, United Kingdom; 13) East Midlands Congenital Heart Centre,
University Hospitals of Leicester NHS Trust, Leicester, United Kingdom;
14) Division of Paediatric Cardiology, Royal Brompton Hospital; Reader
in Paediatric Cardiology at Imperial College, London, United Kingdom;
15) Department of Paediatric Cardiology, Saarland University, Homburg,
Germany; 16) Department of Pediatric Cardiology, Children’s Hospital,
Friedrich Alexander University Erlangen, Erlangen, Germany; 17) Depart-
ment of Congenital Heart Disease and Pediatric Cardiology, UKSH Kiel,
Kiel, Germany; 18) Deutsches Herzzentrum Berlin, Competence Network
for Congenital Heart Defects, Berlin, Germany.

Congenital heart defects (CHDs) are the most common form of birth
defect, occurring in 0.8% of live births. However, the majority of CHDs
remains of unknown genetic etiology, leading to poor clinical diagnostic
yields. By exome sequencing 1827 CHD probands (1383 parent-child
trios), covering a broad spectrum of syndromic/non-syndromic cardi-
ac abnormalities, we present the largest CHD rare variant sequencing
study to date. Using an unbiased genotype-driven approach across a
large cohort of probands we are able to confirm known and putative
CHD genes, as well as discover 13 novel candidate genes (with an es-
timated FDR=0.05, genes currently under validation at the time of ab-
stract submission). By combining de novo mutation analysis, recessive
inheritance analysis, rare inherited variant burden testing (using 11225
inhouse control exomes), a CNV meta-analysis and a network-based
pathway analysis we are able to further delineate the genetic etiology of
CHDs. Additionally, we are able to stratify our cohort into syndromic and
non-syndromic subcohorts in order to understand differences in their
respective underlying genetic architectures. By applying and integrat-
ing this broad scope of analyses on a large, and morphologically wide,
cohort of CHDs we hope to provide insights into the complexities of the
disease and pave the way for the next generation of CHD studies.
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A rare missense variant in the B-type natriuretic peptide gene NPPB
is associated with increased risk for incident heart failure. P. Salo’?,
A. Havulinna®, P. Jousilahti®, V. Salomaa®, M. Perola’?#. 1) Genomics and
Biomarkers Unit, Natl Inst Health & Welfare, Helsinki, Finland; 2) Institute
for Molecular Medicine Finland (FIMM), University of Helsinki, Finland;
3) Department of Health, Natl Inst Health & Welfare, Helsinki, Finland; 4)
Estonian Genome Center of the University of Tartu, Estonia.
Myocardiocytes release atrial and B-type natriuretic peptides (ANP &
BNP) into circulation when the heart muscle stretches excessively. Cod-
ed by NPPA and NPPB on 1p36, ANP and BNP are produced as prohor-
mones (proANP & proBNP) which are cleaved into N-terminal parts and
the active hormones. They regulate cardiovascular homeostasis, mainly
by increasing natrium excretion via kidneys lowering blood volume and
pressure. N-terminal parts of proANP and proBNP (MR-pro-ANP and NT-
pro-BNP) as well as the hormones themselves are assayed for diagnos-
tics, while recombinant BNP and inhibitors of neutral endopeptidase, the
main enzyme metabolizing AND and BNP, are being developed to treat
heart failure.We performed a genome-wide association study of plas-
ma BNP, MR-pro-ANP and NT-pro-BNP concentrations in 5,800 Finns
to identify genetic loci related to natriuretic peptide biology and, by ex-
tension, to heart failure. We identified a novel locus at 12921 as associ-
atied with NT-pro-BNP (rs11105298, P=4 x 10-"") near ATPB2 and refined
previously reported cis-associations of variants near NPPA and NPPB.
Furthermore, we identified the rare allele of the Arg72His missense vari-
ant rs61761991 within the N-terminal part of BNP to be associated with
reduced measured NT-pro-BNP concentration (P=2 x 10%). As plasma
natriuretic peptides are quantified using immunoassays, this association
may be caused by a reduced affinity of the antibody for proBNP for car-
riers of the rare allele, possibly resulting in missed diagnosis of heart
failure for carriers with misleadingly low measured plasma NT-pro-BNP.
We thus tested the association of rs61761991 with incident heart failure
in a cohort of 14,541 Finns with 570 cases of incident heart failure. Sur-
prisingly, we found the rare allele to be associated with increased risk
for incident heart failure (rs61761991 T allele, hazard ratio=1.48, 95% CI
=1.10-1.99, P= 0.00947).The frequency of the T allele of rs61761991 is
2.90% in Finns but it is extremely rare or absent in other European popu-
lations. Previous reports show that compared to other Europeans, Finns
are enriched in deleterious rare and low-frequency variants, particularly
in the 1% to 5% frequency range, supporting the potential pathogenicity
of rs61761991. As the N-terminal fragment of BNP is currently thought
to be mostly inactive, the identification of a deleterious variant within it is
unexpected and may advance our understanding of a central cardiovas-
cular regulatory system.
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Meta-analysis of exome chip variants identifies rare and common
variants associated with electrocardiographic left ventricular mass.
G. Kosova'?, N. Verweif®, P. van der Harst®, C. Newton-Cheh"? on behalf
of the CHARGE Consortium EX-EKG working group. 1) Center for Human
Genetic Research and Cardiovascular Research Center, Massachusetts
General Hospital, Boston, MA; 2) Program in Medical and Population
Genetics, Broad Institute of Harvard and MIT; 3) University of Groningen,
University Medical Center Groningen, Department of Cardiology.
Increased electrocardiographic left ventricular mass (eLVM) is a char-
acteristic of and risk factor for heart failure, as well as mortality in the
general population. Prior genetic studies of eLVM focused primarily on
common variants, most of which are non-coding. The role of low-fre-
quency (MAF 0.01-0.05) and rare (MAF <0.01) coding variants underlying
eLVM remain unexplored. In order to better understand the genetic deter-
minants of eLVM, we tested the association between 246,516 variants on
the Infinium HumanExome BeadChip, mostly coding and low-frequency/
rare, with 3 EKG measures of eLVM: products of QRS duration and a)
12-lead sum (12LS), b) Sokolow-Lyon (S-L), and c) Cornell (C) voltage.
48,611 individuals of European (n=43,041), African American (n=2,097),
Hispanic (n=1,322) and East Asian (n=725) ancestries were genotyped in
11 participating cohorts (AGES, CHS, CROATIA, GS, INTER99, KORA,
LIFELINES, MESA, SHIP, WHI and YFS) of the CHARGE EX-EKG con-
sortium. Single variant association tests in each cohort were performed
using RAREMETALWORKER, and results were combined using fixed ef-
fects meta-analysis in RAREMETAL, using P<1x10® as a genome-wide
significant threshold. We identified variants at 18 independent loci (10
missense, 4 intronic and 4 intergenic) significant for at least one eLVM
phenotype, representing 9 novel and 9 previously reported associations.
We then evaluated the effects of rare/low-frequency coding variants in
aggregate in gene-based tests using SKAT, identifying 4 genes at ex-
ome-wide significance (P<1x10®): TTN (S-L P=3.2x10""), DSP (12LS
P=3.3x10"%), KLHL38 (12LS P=2.4x107) and NPR1 (12LS P=7.5x107).
NPR1, KLHL38 and DSP associations were each explained by a single
missense low-frequency variant. The TTN SKAT association lost signifi-
cance (P=0.99) after adjusting for the two most significant low-frequency
variants, although a common variant remained significant (P=5.4x10"").
TTN encodes titin, a protein that influences elasticity of cardiomyocytes,
and DSP encodes desmoplakin, an essential component of intercellu-
lar junctions in cardiomyocytes; both are known to harbor rare coding
mutations as causes of Mendelian cardiomyopathy. NPR7 encodes the
receptor for atrial and B-type natriuretic peptides; activation of NPR1 has
vasodilatory, natriuretic and anti-fibrotic effects. Taken together, we have
identified 9 novel loci harboring common variants and 4 genes harboring
rare/low-frequency coding variants associated with eLVM.
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Investigating the effects of coding variants on QT and JT intervals
utilizing data from 95,626 individuals. N.A. Bihimeyer', J.A. Brody?,
D.E. Arking?, N. Sotoodehnia®, CHARGE Consortium EX EKG Working
Group. 1) Predoctoral Training Program in Human Genetics, McKu-
sick-Nathans Institute of Genetic Medicine, Johns Hopkins University
School of Medicine, Baltimore, MD, USA; 2) McKusick-Nathans Institute
of Genetic Medicine, Johns Hopkins University School of Medicine, BRB
Room 447, 733 N. Broadway St, Baltimore 21205, MD, USA; 3) Cardio-
vascular Health Research Unit, Department of Medicine, University of
Washington, Seattle, WA, USA.

QT interval, measured through a standard electrocardiogram, cap-
tures the time it takes for the ventricles in the heart to depolarize and
repolarize. JT interval, a measure of ventricular repolarization alone, can
be mathematically derived by subtracting the QRS interval from the QT
interval. Prolonged QT interval has been linked to higher risk of sudden
cardiac death.We performed anexome-wide analysis for both QT and
JT intervals, including both common and rare variants from the lllumina
ExomeChip using single variant and gene-based statistical models. The
gene-based model includes missense, nonsense, splice variants, and
indels in a SKAT association test.We perform a meta-analysis of 241,552
variants and 17,574 genes in a sample of 95,626 individuals from 23 co-
horts (comprised of 83,884 European ancestry, 9,610 African American,
1,382 Hispanic, and 750 Asian individuals) and identified 10 loci that
modulate QT interval and/or JT interval that have not been previously re-
ported in the literature. The novel loci are marked by the genes PM20D1
[HGNC: 26518], SLC4A3 [MIM: 106195], CASR [MIM: 601199], SENP2
[MIM: 608261], SLC12A7 [MIM: 604879], ZNF37A [MIM: 616085], NRAP
[MIM: 602873], NACA [MIM: 601234], KLF12 [MIM: 607531], GOSR2
[MIM: 604027]. Within these loci, 13 novel single nucleotide variants
were discovered, 8 of which are nonsynonymous, 1 splicing, 1 3’-UTR,
2 intronic, and 1 intergenic. Among the SKAT gene-based model results,
6 genes were implicated: GPR153 [MIM: 614269], RNF207 [HGNC:
32947], TEPP [MIM: 610264], HVCN1 [MIM: 611227], KCNH2 [MIM:
152427], and SLC4A3. Ongoing analyses include determining whether
genetic variants have differential effects on QT and JT intervals. We are
also using conditional analyses to determine if previously reported QT
interval associated loci from common variant GWAS are explained by
nearby coding variants.
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HUNTing for Susceptibility Genes for Myocardial Infarction with
Whole Genome Sequencing. C. Willer’23, O. Holmen*®, H. Zhang’, E.
Schmidt?, W. Zhou'?, J. Chen’, G. Abecasis®, M. Boehnke®, R. Mills?,
H.M. Kang® K. Hveem*°”. 1) Department of Internal Medicine, Divi-
sion of Cardiology, University of Michigan Medical School, Ann Arbor,
Michigan, 48109, United States of America; 2) Department of Compu-
tational Medicine and Bioinformatics, University of Michigan, Ann Arbor,
Michigan, 48109, United States of America; 3) Department of Human
Genetics, University of Michigan Medical School, Ann Arbor, Michigan,
48109, United States of America; 4) HUNT Research Centre, Department
of Public Health and General Practice, Norwegian University of Science
and Technology, 7600 Levanger, Norway; 5) St. Olav Hospital, Trondheim
University Hospital, Trondheim, Norway; 6) Department of Biostatistics
and Center for Statistical Genetics, University of Michigan School of
Public Health, Ann Arbor, Michigan, 48109, United States of America;
7) Department of Medicine, Levanger Hospital, Nord-Trendelag Health
Trust, 7600 Levanger, Norway.

We systematically assessed genome-wide variation to identify new
genes influencing myocardial infarction, fine map known disease loci
and evaluate whether low-frequency variants with large effects exist for
this trait. Using a combination of whole genome sequencing of 2,202
individuals (4.5x average depth) and genotyping of ~50,000 individuals,
we examined 18.7 million variants, including 112,487 coding variants in
participants in the Nord-Trendelag Health Study (The HUNT Study).An
early analysis in our study identified one variant in TM6SF2 (encoding
p.Glu167Lys), residing in a known genome-wide association study locus
for lipid traits, that influences total cholesterol levels and is associated
with myocardial infarction. Transient TM6SF2 overexpression or knock-
down of Tm6sf2 in mice altered serum lipid profiles, consistent with the
association observed in humans, identifying TM6SF2 as a functional
gene within a locus previously known as NCAN-CILP2-PBX4 or 19p13.
Other preliminary analyses suggests several small deletions that newly
show association with M, including one near the COL4A1 GWAS locus.
Whole genome sequence information is now available for 2,202 individ-
uals and follow-up genotyping and imputation is ongoing for ~50,000
individuals. Here we report further detailed analyses of Ml and lipid sus-
ceptibility loci, including testing of structural variants, enrichment with
regulatory regions and prioritization of potential functional variants,
gene-based burden tests for coding variants and regulatory-based bur-
den tests for non-coding variants.
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In Silico Predictive Modelling of CRISPR/Cas9 guide efficiency. J.
Listgarten’, I. Smith?, M. Hegde? J. Doench? N. Fusi’. 1) Microsoft Re-
search New England, Microsoft, CAMBRIDGE, MA; 2) Broad Institute of
MIT and Harvard, Cambridge, MA.

The CRISPR/Cas9 system provides state-of-the art genome editing
capabilities. However, several facets of this system are under investi-
gation for further characterization and optimization. One in particular is
the choice of guide RNA that directs Cas9 to target DNA--given that one
would like to target the protein-coding region of a gene, hundreds of
guides satisfy the constraints of the CRISPR/Cas9 Protospacer Adjacent
Motif sequence. However, only some of these guides efficiently target
DNA to generate gene knockouts. One could laboriously and systemat-
ically enumerate all possible guides for all possible genes and thereby
derive a dictionary of efficient guides, however, such a process would be
costly, time-consuming, and ultimately not practically feasible. Instead,
one can (1) enumerate all possible guides over each of some smaller set
of genes, and then test these experimentally by measuring the knockout
capabilities of each guide, (2) thereby assemble a training data set with
which one can “learn”, by way of predictive machine learning models,
which guides tend to perform well and which do not, (3) use this learned
model to generalize the guide efficiency for genes not in the training
data set. In particular, by deriving a large set of possible predictive fea-
tures consisting of both guide and gene characteristics, one can elicit
those characteristics that define guide-gene pairs in an abstract manner,
enabling generalizing beyond those specific guides and genes, and in
particular, for genes which we have never attempted to knock out and
therefore have no experimental evidence. Based on such a set of exper-
iments, we present a state-of-the art predictive approach to modeling
which RNA guides will effectively perform a gene knockout by way of
the CRISPR/Cas9 system. We demonstrate which features are critical
for prediction (e.g., nucleotide identity), which are helpful (e.g., thermo-
dynamics), and which are redundant (e.g., microhomology). Finally, we
combine our insights of useful features with exploration of different mod-
el classes, settling on one model which performs best (gradient-boosted
regression trees). Finally, we elucidate which measures should be used
for evaluating these models in such a context. A prediction server imple-
menting our final approach is available as a cloud service.
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A novel algorithm for estimating shared haplotype segments using
rare genetic variants. P. Albers’, M. McCarthy"?3, G. McVean™*. 1) Well-
come Trust Centre for Human Genetics, University of Oxford, Oxford,
Oxfordshire, United Kingdom; 2) Oxford Centre for Diabetes, Endocrinol-
ogy and Metabolism, University of Oxford, Churchill Hospital, Old Road,
Headington, Oxford, OX3 7LJ UK; 3) Oxford NIHR Biomedical Research
Centre, Churchill Hospital, Old Road, Headington, Oxford, OX3 7LJ UK;
4) Department of Statistics, University of Oxford, 1 South Parks Road,
Oxford OX1 3TG, United Kingdom.

Whole genome sequencing revealed that the majority of genetic vari-
ants resides in the lower end of the frequency spectrum. Rare alleles,
which are shared by few individuals in a sample, are typically popula-
tion-specific and young in age, having arisen a few generations ago
through mutation. A shared rare allele can be indicative that it has been
inherited from a common ancestor, along with the surrounding haplotype
region. As recombination had less time to break down LD, rare alleles are
expected to sit in longer haplotype tracts that are identical by descent
(IBD). Detection of such segments is not directly possible, as recombi-
nation leaves no detectable breakpoints. Here, we use rare alleles to tag
IBD tracts and find regions of extended haplotype sharing (EHS) that can
be identical by descent or state, enclosing the IBD region surrounding
the focal allele. EHS is delimited by genotypes distal to the focal site that
exhibit opposite homozygotes, where a genotype pair is unlikely to share
a haplotype, providing a first indication of recombination. We do this for
alleles that are shared by n>2 individuals in unphased genotype data.
First, we use this information to recover the sharing structure in individ-
uals carrying a rare allele, which is informative for recent ancestry and
fine-scale population structure. Using 1000 Genomes data (phase 3), we
compared alleles at different frequencies; e.g. 0.1% and 0.5%, where
median EHS length was 273kb (0.41cM) and 184kb (0.28cM) respec-
tively, and median fraction of individuals sharing rare alleles outside their
own continental population was 16% and 25% respectively, but showing
larger variations across populations. Second, by considering EHS in all
pairs of individuals sharing a focal allele and sharing patterns at nearby
loci, we attempt to distinguish chromosomes on which rare alleles re-
side. This phasing method is based on Hidden Markov Models, where
overall state space is reduced to EHS recovered per individual. At fre-
quencies <0.5% we found that EHS regions cover ~99% of the genome
on average across samples. Further, IBD breakpoints are unlikely to be
inferred from distances to a focal site or EHS bounds alone, reflecting
the random nature of recombination. We attempt to approximate break-
points after phasing, using identity distributions of shared and unshared
haplotypes across EHS overlaps. Algorithms exploiting rare allele shar-
ing may be powerful across a range of applications in statistical genetics.
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PADRE: Pedigree Aware Distant Relationship Estimation. J.E. Be-
low’, J. Staples?®, D.J. Whitherspoon?, L.B. Jorde?, U.W. C.M.G.?, D.A.
Nickerson?, C.D. Huff’. 1) Human Genetics Center, University of Texas
Health Science Center, Houston, TX; 2) Regeneron, Terrytown, NY; 3)
Dept of Genome Sciences, University of Washington, Seattle, WA; 4)
Dept of Human Genetics, University of Utah, Salt Lake City, Utah; 5) Dept
of Epidemiology, MD Anderson Cancer Center, Houston, TX.

Although accurate knowledge of shared ancestry has always been
important in genetic studies, in the current frontier of rare variation,
genetically reconstructing large pedigrees connected through distant,
and possibly cryptic, relatedness is key to designing appropriate and
well-powered analytic strategies. Current relationship prediction pro-
grams such as Estimation of Recent Shared Ancestry (ERSA) utilize the
length and distribution of shared genomic segments to estimate pair-
wise relationships as distant as ninth-degree relatives. On the other
hand, pedigree reconstruction algorithms, such as PRIMUS (Pedigree
Reconstruction and ldentification of a Maximum Unrelated Set), use
estimates of genome-wide IBD proportions to reconstruct actual ped-
igrees from genetic data. We demonstrate that combining these distant
relationship estimates with pedigree information can substantially im-
prove relationship estimation power and accuracy. We have developed a
Pedigree Aware Distant Relationship Estimation (PADRE) algorithm that
uses relationship likelihoods generated by ERSA to identify the maxi-
mum likelihood connection between family networks reconstructed by
PRIMUS. To demonstrate the power of PADRE to estimate relationships
from SNP genotypes, we performed pedigree simulations and we ana-
lyzed real data from 169 individuals within three previously described
extended pedigrees. PADRE results in substantial improvement of both
the accuracy and power to detect distant relationships compared to
ERSA alone- correctly predicting on average 20% more of the fourth-
through ninth-degree relationships within one degree. PADRE also cor-
rectly predicts 59% of the tenth- through thirteenth-degree simulated
relationships within one degree of relatedness, compared to 4% with
ERSA alone. The improvement seen in the real pedigrees is consistent
with the improvement seen with simulations. We also used PADRE to
estimate relationships among the HapMap3 CEU samples, illustrating
distant sixth- to eighth-degree relationships connecting established ped-
igrees. PADRE, which is publicly available, greatly expands the range
of relationships that can be estimated using genetic data in pedigrees.
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Haplotype phasing using cluster graphs. D.C. Aguiar', L.T. Elliott?
Y.W. Teh?, B.E. Engelhardt'. 1) Computer Science and Center for Statis-
tics and Machine Learning, Princeton University, Princeton, NJ; 2) Statis-
tics, University of Oxford, Oxford, UK.

Haplotype-based analyses, including genotype imputation, inferring
demographic history, and multilocus association mapping, suffer from
two problems that reduce their efficacy in genomics and medical re-
search. First, haplotypes are often not known precisely: experimental
methods to characterize haplotypes are prohibitively expensive, whereas
computational approaches either use complex models that are intracta-
ble for large samples, or use oversimplified models for computational
efficiency. Second, many haplotype-based analyses use the particular
haplotype sequences as a proxy for the latent genealogy (e.g., demo-
graphic history and association mapping); these analyses would greatly
benefit from a representation that captures the rich coalescent ances-
try of the sample in a computationally tractable and statistically robust
framework. Here, we present a Bayesian nonparametric statistical model
and efficient inference algorithms that improves on the Li & Stephens
PAC model by adding exchangeability [Li & Stephens 2003] with the
computational efficiency of HMM-based models such as SHAPEIT2
[Delaneau et al. 2012]. Our method, phaseME, improves on existing
methods by (a) estimating the haplotype clustering with an expressive
model that, at each locus, clusters the haplotypes as a coalescent pro-
cess; (b) using reference haplotypes with an exchangeable model so the
distribution across haplotypes does not depend on haplotype order; (c)
inferring a biologically meaningful latent structure, called a haplotype
cluster graph, that captures the evolutionary relationships between hap-
lotypes; and (d) exploiting the compressed latent structure of a large
collection of haplotypes to make haplotype phasing and imputation of
unphased genotypes tractable. In particular, phaseME captures complex
haplotype structure among reference haplotype sequences by inferring
the underlying haplotype cluster graph. Then, new genotypes can be
efficiently phased and the full set of reference loci imputed by threading
paths through the reference haplotype cluster graph. We apply phaseME
to compute complete genome-wide haplotype cluster graphs for the
1000 Genomes Project data, and use the cluster graphs to phase and
impute whole genome data. We compare the results from phaseME with
leading haplotype phasing and imputation software based on precision
and computational resources, and we illustrate the benefits of model
expressibility in this tractable framework.
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Fine-mapping cellular trait QTLs with RASQUAL and ATAC-seq.
N. Kumasaka, A. Knights, D. Gaffney. Wellcome Trust Sanger Institute,
Cambridge, United Kingdom.

When cellular traits are quantified using high-throughput DNA-sequenc-
ing quantitative trait loci (QTLs) can be detected using two orthogonal
sources of information: population level differences between individuals
and allelic differences between cis-haplotypes within individuals. We pres-
ent RASQUAL (Robust Allele Specific Quantitation and quality controL)
that combines both these sources information in an efficient framework
for association mapping. RASQUAL substantially improves association
detection and causal variant localisation over existing methods across
a broad range of next generation sequencing data sets, including RNA-
seq, DNasel-seq and ChlIP-seq. In addition, RASQUAL explicitly models
a range of technical biases in allele-specific data and can be applied to
existing data sets without requiring computationally expensive realign-
ment or generation of personal reference genomes, making it substantial-
ly quicker and easier to run than existing approaches. We illustrate how
RASQUAL can be used to maximise association detection in small sam-
ples by generating the first map of chromatin ccessibility QTLs (caQTLs)
in a European population using a recently developed assay for trans-
posase accessible chromatin (ATAC-seq). Despite a modest sample size,
RASQUAL identified 1,798 independent caQTLs at FDR10%, uncovering
regulatory variants that alter chromatin structure over very long distances,
revealing an intruiging potential link between chromatin accessibility and
replication timing, and providing powerful information for localising pu-
tatively causal disease-associated genetic variants. Our results illustrate
the power of joint modelling of population and allele-specific signatures
for functional interpretation of noncoding variation in health and disease.
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A phenotype-aware approach to the prioritization of coding and
non-coding rare disease variants. D. Smedley’, J. Jacobsen', C. MungalP,
N. Washington?, S. Kohler®, S.E. Lewis?, M. Haendel, PN. Robinson?. 1)
Wellcome Trust Sanger Institute, Cambridge, United Kingdom; 2) Genomics
Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA,
3) Institute for Medical and Human Genetics, Charite-Universitatsmedizin,
Berlin, Germany; 4) University Library and Department of Medical Informatics
and Epidemiology, Oregon Health & Sciences University, Portland, OR, USA.
Whole-exome sequencing has revolutionized rare disease research. How-
ever, many cases remain unsolved, in part because of the problem of pri-
oritizing the ~100-1000 loss of function, candidate variants that remain
after removing those deemed as common or non-pathogenic. We have
developed the Exomiser suite of algorithms to tackle this through addi-
tional use of patient phenotype data e.g. hiPHIVE assesses each candi-
date gene by comparing the patient phenotypes to existing phenotypic
knowledge from disease and model organism databases. For genes with
missing data, a guilt-by-association approach is used based on the phe-
notypic similarity of near-by genes in a protein-protein association net-
work. Benchmarking on known HGMD mutations added to unaffected
1000 Genomes Project exomes, reveals the causative variant is detected
as the top hit in 97% of samples and in 87% when phenotypic knowledge
of the known disease-gene association was masked to simulate novel dis-
ease gene discovery. Exomiser is being successfully applied to diagnosis
and gene discovery in the Undiagnosed Disease Program.However, many
cases still remain unsolved after exome analysis and a significant fraction
may be due to the presence of non-coding, causative variants. With many
projects such as the UK 100,000 Genomes Project adopting whole ge-
nome sequencing, the potential to detect such variants exists if scalable
and accurate analysis tools are developed. We have extended hiPHIVE to
also assess variants in proximal and distal non-coding regions including
tissue-specific enhancers. The predicted deleteriousness of these variants
is assessed through combining measures of conservation with indicators
of regulatory regions such as DNase | hypersensitivity and transcription
factor binding sites. Through manual curation of the literature, we have de-
veloped a database of genotype and phenotype associations for several
hundred regulatory mutations known to cause rare diseases. hiPHIVE was
able to detect these regulatory mutations as the top hit in 64% of samples
when they were added to whole genomes from the 1000 Genomes Proj-
ect. By variant category the performance was 55% for promoters, 79%
for 5’UTR, 47% for 3’'UTR, 100% for microRNA genes and 57% for en-
hancers. Finally, this extension to non-coding variation paves the way for
development of phenotype-aware analysis software for common disease.
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Subclonal hierarchy inference from somatic mutations: automatic
reconstruction of cancer evolutionary trees from multi-region next
generation sequencing. N. Niknafs'?, V. Beleva-Guthrie'?, DQ. Naiman?,
R. Karchin?#. 1) Biomedical Engineering Department, Johns Hopkins
University, Baltimore, MD; 2) Institute for Computational Medicine, Johns
Hopkins University, Baltimore, MD; 3) Applied Math and Statistics De-
partment, Johns Hopkins University, Baltimore, MD; 4) Oncology Depart-
ment, Johns Hopkins University, Baltimore, MD.

Recent improvements in next-generation sequencing of tumor sam-
ples and the ability to identify somatic mutations at low allelic fractions
have opened the way for new approaches to model the evolution of indi-
vidual cancers. The power and utility of these models is increased when
tumor samples from multiple sites are sequenced. Temporal ordering of
the samples may provide insight into the etiology of both primary and
metastatic lesions and rationalizations for tumor recurrence and thera-
peutic failures. Additional insights may be provided by temporal ordering
of evolving subclones- cellular subpopulations with unique mutational
profiles. We present a new modular framework based on a rigorous sta-
tistical hypothesis test to infer the SubClonal Hierarchy from Somatic
Mutations (SCHISM). Our framework decouples the problems of muta-
tion cellularity estimation and temporal ordering, and can thus be flexibly
combined with existing tools addressing either of these problems. The
SCHISM framework includes tools to interpret hypothesis test results,
which inform phylogenetic tree construction, and we introduce the first
genetic algorithm designed for this purpose. The utility of our framework
is demonstrated in simulations and by application to data from three
published multi-region tumor sequencing studies of (murine) small cell
lung cancer, acute myeloid leukemia, and chronic lymphocytic leukemia.
Using a number of different configurations of tools in SCHISM frame-
work, we were able to identify subclonal phylogenies that were either
identical to or inclusive of the phylogenies reconstructed by study au-
thors using manual expert curation. SCHISM can be applied in patients
with multiple characterized tumor samples, to study the genomic under-
pinnings of tumor evolution, and possibly therapeutic resistance.
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A powerful new method based on mutual information to simulta-
neously test for additive, dominance and interaction effects. A.l.
Young', F. Wauthier'?, P. Donnelly’2. 1) Wellcome Trust Centre for Human
Genetics, University of Oxford, Oxford, Oxfordshire, United Kingdom;
2) Department of Statistics, University of Oxford, 1 South Parks Road,
Oxford.

There is a major open question as to how important dominance and
interaction (non-additive) effects are in the genetic architecture of human
diseases and traits. The controversy remains unsolved in part through
lack of powerful methods for detecting these effects and in part through
the lack of suitably sized datasets. The imminent availability of large
population based studies, including biobanks, will for the first time offer
the sample size necessary to address this question properly. The mutual
information between a phenotype and genetic variant is a completely
general measure of their dependence, which captures all of the pheno-
typic information carried by the genetic variant. We develop a new test
statistic based on the mutual information which is proportional to the
sum of the log likelihood ratio test statistics for additive, dominance and
interaction effects. We also introduce a new visualisation tool, a gener-
alization of the traditional Manhattan Plot, which stacks the evidence for
additive, dominance and interaction effects respectively at each SNP.
In particular, it highlights genomic regions with significant evidence for
involvement in interactions. We show theoretically that, under certain
conditions, our test is the most powerful for detecting a locus with both
additive and non-additive effects. Our model incorporates a random ef-
fect to adjust for complex population structure and polygenic additive
effects, and we provide a novel algorithm to fit the model which scales
linearly with sample size, making it possible to analyse biobank scale
datasets. Simulations on real genetic data show that it has increased
power over existing methods to detect loci involved in interactions. To
assess the extent of genetic interactions in human traits, we apply our
method to search for gene-gene and gene-environment interactions in
the UK Biobank, which has rich phenotype data on ~150,000 individuals
genotyped at ~800,000 SNPs.
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A new ciliopathy protein complex directing assembly of the IFT
machinery is implicated in OFD syndrome and other ciliopathies.
C. Thauvin-Robinet'"?, AL. Bruel?, M. Toriyama?®, C. Lee® S.P. Taylor’, I.
Duran®, D.H. Cohn®, J.M. Tabler’, K. Drew®, M.R. Kelley®, S. Kim?®, T.J.
Park®, D. Braun’, G. Pierquin®, A. Biver’, K. Wagner’®, A. Malfroot'’, I.
Panigrahi'®, H.A. Al-Lami™, Y. Yeung®, Y.J. Choi'%, L. Faivre'? JB. Riv-
iere®>™, J. Chen™, K.J. Liu, E.M. Marcotte®, F. Hildebrandt”'s, D. Kra-
kow?, PK. Jackson®, J.B. Wallingford®'¢. 1) Clinical genetics centre and
Eastern referral centre for developmental anomalies and malformative
syndromes , FHU-TRANSLAD, Dijon, France; 2) EA4271GAD Genetics
of Developmental Anomalies, FHU-TRANSLAD, Medecine Faculty, Bur-
gundy University, F-21079, Dijon, France; 3) Department of Molecular
Biosciences, Center for Systems and Synthetic Biology, and Institute for
Cellular and Molecular Biology, University of Texas at Austin, Texas, USA;
4) Departments of Orthopaedic Surgery, Human Genetics and Obstetrics
and Gynecology, David Geffen School of Medicine at UCLA, Los Ange-
les, California, USA; 5) Department of Molecular Cell and Developmental
Biology, University of California at Los Angeles, California, 90095, USA;
6) Stanford University School of Medicine, Baxter Laboratory, Depart-
ment of Microbiology & Immunology, Stanford, California, 94305, USA;
7) Department of Medicine, Boston Children’s Hospital, Harvard Medical
School, Boston, Massachusetts, 02115, USA; 8) Clinical genetics centre,
University Hospital Center, Luik, Belgian; 9) Pediatric unit, Hospital Cen-
ter, Luxemburg, Luxemburg; 10) Cardiological Pediatric unit, Hospital
Center, Luxemburg, Luxemburg; 11) Clinic of Pediatric Respiratory Dis-
eases, Infectious Diseases, Travel Clinic and Cystic Fibrosis Clinic at the
Universitair, Ziekenhuis UZ Brussel, Belgium; 12) Department of Pediat-
rics Advanced, Pediatric Centre Pigmer, Chandigarh, India; 13) Dept. of
Craniofacial and Stem Cell Biology, Dental Institute, King’s College Lon-
don; 14) Departments of Pathology and Dermatology, Stony Brook Uni-
versity, Stony Brook, New-York 11794, USA; 15) Laboratory of Molecular
Genetics, FHU-TRANSLAD, PTB, CHU Dijon, F-21079 Dijon, France; 16)
Howard Hughes Medical Institute, Chevy Chase, Maryland, USA.
Oral-facial-digital syndromes (OFD) belong to ciliopathies, a broad
class of human diseases which share an etiology of defective cilia struc-
ture or function. To date, 9 causal ciliary genes have been identified,
encoding for proteins implicated in the centriole elongation, the basal
body and the transition zone. Cilia is indeed an organelle assembled
and maintained by multi-protein machines, such as the BBSome, a
multi-protein complex involved in trafficking of ciliary membrane pro-
teins, the Nphp/Mks and B9 complexes assembling the ciliary transition
zone which controls access to the cilium and dynein arms that drive cil-
iary beating. The intraflagellar transport (IFT) system, which links cargos
to microtubule motors for transport along ciliary axonemes, is also com-
prised of two multi-protein complexes, IFT-A and IFT-B. In two OFD pa-
tients with cardiac defects, exome sequencing identified a homozygous
frameshift mutation (p.Asn132Lysfs*11) in the novel INTU gene and com-
pound heterozygoty for frameshift (Leu176llefs*21) and missense (p.As-
p54Asn), predicted to alter splicing by Human Splice Finder, mutations
in the WDPCP gene. In addition, in the INTU gene, we also identified a
well-conserved homozygous missense mutation (p.Ala452Thr) in a child
with nephronophthisis and growth retardation, as well as compound het-
erozygosity for nonsense (p.Glu355*) and missense (p.Glu500Ala) muta-
tions in an affected case with Short-Rib Polydactyly syndrome. Combin-
ing also proteomics, in vivo cell biology, and mouse genetics studies, we
demonstrated that INTU and WDPCP proteins belong to a same protein
complex, named CPLANE (for ciliogenesis and planar polarity effec-
tors), which also include the C50rf42 protein, encoded by the gene that
we previously identified as majorly responsible for OFD VI syndrome.
CPLANE proteins specifically interact with IFT-A machinery, acting at the
base of cilia to facilitate association of peripheral IFT-A proteins with the
IFT-A core. In the absence of CPLANE function, dissociation of peripheral
IFT-A proteins disrupts retrograde transport of IFT-B, but leaves bi-direc-
tional traffic of the IFT-A core unaffected. Finally, examination of mutant
mice and ciliopathy alleles from human patients reinforce the connection
between CPLANE proteins and the IFT-A machinery, demonstrating that
CPLANE, growing the list of ciliogenic multi-protein complexes, plays a
broad and essential role in ciliogenesis and human ciliopathies.
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Differential regulation of glucose homeostasis and p-cell mass in
Bardet-Biedl Syndrome and Alstrom Syndrome. S. Lodh, T. L. Hostel-
ley, C. C. Leitch, E. A. O’Hare, N. A. Zaghloul. School of Medicine, EDN,
University of Maryland, Baltimore, MD.

Bardet-Bied| syndrome (BBS) and Alstrom syndrome are rare obesity
syndromes caused by dysfunction in genes associated with primary cilia.
Though these two ciliopathies are similar in the highly penetrant rates
of obesity, they differ significantly in the prevalence of diabetes. BBS
cohorts exhibit a lower prevalence of diabetes, while Alstrom patients
are more prone to develop diabetes. This variability suggests the possi-
bility of discrepant mediation of glucose regulation by ciliopathy genes,
perhaps independent of obesity. One possible mechanism might be dif-
ferential effects on B-cell mass. To address this question, we investigat-
ed the production and development of pancreatic B-cells in zebrafish
models of BBS and Alstrom. We examined the production of B-cells in
vivo in insulin:mCherry transgenic zebrafish embryos depleted for bbs17,
bbs4 or alms1. Upon analysis of the area of B-cell mass and numbers
of B-cells at 2 and 5 days post fertilization (dpf), we observed opposing
effects between BBS genes and the Alstrom gene. Production of B-cells
was significantly reduced with depletion of alms1 expression at both
stages, but in contrast, loss of bbs7 and bbs4 resulted in significantly
increased B-cell mass throughout development. These effects appeared
to be specific to B-cells as other differentiated cell types remained un-
changed by 5 dpf in either model. Moreover, reduced bbs1 and bbs4
expression impeded the expression of pancreatic progenitor markers,
suggesting the possibility of early skewing of endocrine populations in
bbs morphants specifically towards a B-cell fate. To examine a potential
role for these genes in B-cell adaptive capacity, we also assessed expan-
sion in response to high glucose conditions or regeneration in response
to B-cell ablation. While alms1 morphants’ B-cell mass did not expand or
regenerate as a result of increased apoptosis and significantly reduced
proliferation, bbs1 morphants were able to maintain increased -cell
mass in the presence of glucose and were able to regenerate after abla-
tion similar to controls. Taken together, our findings suggest differential
roles for BBS and Alstrom genes in maintaining the -cell population and
offer a potential mechanism for the discrepant prevalence of diabetes
across these two obesity ciliopathies.
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Loss-of-function mutations in IFIH1 predispose to severe viral respi-
ratory infections in children. S. Asgari’, LJ. Schlapbach?, S. Anchisi,
C. Hammer', I. Bartha', PJ. McLaren', T. Junier', D. Garcin®, J. Fellay’.
1) School of Life Science, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Lausanne, VD, Switzerland; 2) Paediatric Critical Care Research
Group (PCCRG), Mater Research, University of Queensland, Brisbane,
Australia; 3) Department of Microbiology and Molecular Medicine, Facul-
ty of Medicine, University of Geneva, Geneva, Switzerland.

Respiratory viruses are the most common pathogens leading to
non-elective admission to Pediatric Intensive Care Unit (PICU). Dramat-
ic inter-individual differences are observed in the severity of these viral
infections. This project aims at identifying and functionally characteriz-
ing rare genetic variants conferring unusual susceptibility to common
viral respiratory infections in the pediatric population.Previously healthy
children requiring intensive care support because of a severe viral re-
spiratory infection were prospectively recruited in Swiss and Australian
PICU. After exome sequencing, we used a combination of bioinformatic
tools for variant calling and annotation and only included in downstream
analyses single nucleotide variants (SNVs) and small insertions/deletions
(indels) meeting stringent quality criteria. We searched for an enrichment
of rare loss-of-function (LoF) variants in the study population. Functional
validation was carried out to confirm the relevance of potential causal
variants.A total of 242,954 variants, including 1,878 putative LoF vari-
ants were identified in 120 study participants. After filtering, 7 rare LoF
variants were found at a higher frequency in our study population than in
the Exome Aggregation Consortium database (ExAC) and in an in-house
set of 485 exomes, and in homozygous form in at least one participant.
Among them was a rare splice-site disrupting variant in the Interferon
Induced With Helicase C Domain 1 (IFIH1) gene, which encodes a RIG-
I-like cytoplasmic sensor of long double-stranded RNA and plays a role
in innate immune response against RNA viruses. This variant was found
in four of the patients (1 homozygous, 3 heterozygous). RNA sequencing
showed that the variant results in exon skipping and premature stop,
leading to the deletion of the IFIH1 C-regulatory domain, which is re-
quired for viral RNA recognition. In vitro expression of the alternatively
spliced transcript showed that the resulting mutant protein is unable to
induce interferon-beta in presence or absence or RNA ligand, that it has
no ATPase activity and that it is less stable than wild-type IFIH1. We also
observed a dominant negative effect in co-transfection experiments.This
study demonstrates that a LoF variant in IFIH1 results in primary immu-
nodeficiency against RNA viruses, both in homozygous and in heterozy-
gous form, suggesting a central role for IFIH1 in the establishment of an
efficient response against common viral respiratory infections.
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A novel (epi)genotype-specific and histotype-targeted tumor sur-
veillance protocol in Beckwith-Wiedemann Syndrome based on
cancer data meta-analysis. A. Mussa’, M. Gregnanin’, C. Molinatto’,
G. Baldassarre', S. Russo? A. Riccio®, G.B. Ferrero’. 1) Department of
Public Health and Pediatric Sciences, University of Torino, Torino, Italy;
2) Laboratory of Cytogenetics and Molecular Genetics, Istituto Auxolog-
ico ltaliano, Milan, Italy; 3) DISTABIF, Second University of Naples and
Institute of Genetics and Biophysics “A. Buzzati-Traverso” - CNR, Na-
ples, Italy.

Objective: Beckwith-Wiedemann syndrome (BWS), the most com-
mon overgrowth cancer predisposition disorder, entails a 8% risk of can-
cer development. BWS implies the need for specific tumor surveillance,
based on abdominal ulstrasound (US) for Wilms’ tumor diagnosis and
serum a-fetoprotein (aFP) measurement for hepatoblastoma detection.
The objective of this study was to compare tumor risk and histotypes
in the 4 main BWS molecular subgroups: IC1-GoM (Imprinting Center
1 hypermethylation), 1C2-LoM (Imprinting Center 2 hypomethylation),
UPD (chromosome 11p15 paternal uniparental disomy), COKN1C mu-
tations. Methods: Cancer data from published BWS cohorts (Mussa,
2015, Ibrahim, 2014, Brioude, 2013, Cooper, 2005, Bliek, 2004, Weks-
berg, 2001, Gaston, 2001, Romanelli, 2010) were meta-analyzed. Re-
sults: 1,009 IC2-LoM, 412 UPD, 157 IC1-GoM, 76 CDKN1C mutated pa-
tients were pooled: 128 developed malignancies (7.7%). Cancer cases
were 23 (2.3%) in IC2-LoM, 61 (14.9%) in UPD, 39 (24.8%) in IC1-GoM
and 5 (6.6.%) in CDKN1C patients (p<0.001). Wilms’ tumor was almost
exclusively observed in IC1-GoM and UPD cases (p<0.001), represent-
ing 95% and 50 % of malignancies in these subgroups. Only 1 case of
Wilms’ tumor was observed in IC2-LoM patients. Hepatoblastoma was
associated with UPD (p<0.001) in 4.4% of UPD cases vs 0.6% in the oth-
er subgroups. Adrenal carcinoma was found only in 1.7% of UPD cas-
es (p<0.001). Neuroblastoma was associated with CDKN1C mutations
(p=0.002) representing 80% of CDKN1C tumors. Conclusions: Data on
>1,600 BWS cases allow a revision of tumor surveillance protocol, allow-
ing to propose differentiated screenings based on specific (epi)genotype
and targeted to specific histotypes. Clearly, IC1-GoM and UPD patient
benefit from renal US, due to the high risk of Wilms’ tumor. aFP monitor-
ing is worthwhile in UPD patients, given the high hepatoblastoma risk.
The novel association between UPD and adrenal carcinoma implies the
possibility of a specific screening based on adrenal US, clinical and hor-
monal evaluation for adrenal hyperfunction. A 5% prevalence of neuro-
blastomas in CDKN1C mutation patients may justify screening based on
urinary catecholamines, associated with abdominal US. Based on these
data, both US and aFP appear questionable in IC2-LoM cases, given
the low tumor risk and the variegate histotype spectrum hampering the
application of screening strategies: likely clinical follow-up and ad-hoc
tests may be a reasonable alternative for these patients.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.



ASHG 2015 Abstracts 83

175

A recurrent mosaic mutation of SMO (Smoothened) causes Cur-
ry-Jones syndrome. S.R.F Twigg’, Y. Zhou'!, K.A. Miller', S.J. Mc-
Gowan’, J. Taylor?, J. Craft?, J.C. Taylor?, A.F. Brady?®, J. Clayton-Smith?,
C.L. Clericuzio®, C.J. Curry®, W.B. Dobyns’, D.K. Grange®, D. Horn®, R.B.
Hufnagel®, M.C. Jones', |.K. Temple’, A.O.M. Wilkie". 1) Weatherall
Institute of Molecular Medicine, University of Oxford, Oxford, UK; 2)
Wellcome Trust Centre for Human Genetics, Roosevelt Drive, University
of Oxford, Oxford, UK; 3) North West Thames Regional Genetics Ser-
vice, Kennedy-Galton Centre, Northwick Park Hospital, Harrow, UK; 4)
Manchester Centre for Genomic Medicine, St Mary’s Hospital, University
of Manchester, Manchester, UK; 5) Division of Genetics/Dysmorphology,
Department of Pediatrics, University of New Mexico, Albuquerque, New
Mexico, USA; 6) Genetic Medicine, UCFS Fresno, California, USA; 7)
Center for Integrative Brain Research, Seattle Children’s Hospital, Se-
attle, USA; 8) Department of Pediatrics, Division of Genetics and Ge-
nomic Medicine, Washington University School of Medicine, St. Louis,
MO, USA; 9) Institute for Medical Genetics and Human Genetics, Charité
Universitatsmedizin Berlin, Berlin, Germany; 10) Division of Human Ge-
netics, Department of Pediatrics, Cincinnati Children’s Hospital Medical
Center and University of Cincinnati College of Medicine, Cincinnati, Ohio,
USA; 11) Department of Pediatrics, University of California, San Diego,
California, USA; 12) Human Genetics and Genomic Medicine, Faculty of
Medicine, University of Southampton, UK; 13) Craniofacial Unit, Oxford
University Hospitals NHS Trust, Oxford, UK.

Curry-Jones syndrome (CJS [MIM 601707]) is characterized by uni-
coronal craniosynostosis, corpus callosum agenesis, polysyndactyly,
and abnormalities of skin, gut and eyes. Medulloblastoma has been
described in a single case. The combination of asymmetry of clinical
features, patchy skin manifestations and limb anomalies suggested that
this could be a mosaic condition, possibly involving sonic hedgehog sig-
naling. We used exome sequencing to analyze DNA obtained from blood
or skin from 4 CJS individuals. In a single sample from affected skin, an
apparently heterozygous nonsynonymous variant (44/83 reads) in SMO
(c.1234C>T; p.Leu412Phe), encoding Smoothened, a G protein-coupled
receptor that transduces hedgehog signaling, was identified. Compari-
son with exome data from eyelid skin DNA of the same patient, showed
the variant at much lower frequency (5%; 2/40 reads). Further scrutiny
of the exome sequence revealed the identical variant in a second case
at 4% (6/167 reads). Following systematic collection of further samples
(including from affected archival paraffin-embedded tissues) and anal-
ysis by deep sequencing, we found that 6/8 cases are mosaic for the
identical p.Leu412Phe substitution, with varying amounts of the mutant
allele (0-57%) in different tissues, demonstrating that this mutation, aris-
ing post-zygotically, accounts for most cases of CJS.Somatic mutations
of SMO that result in constitutive activation have been described in
several tumours, including medulloblastoma, ameloblastoma and bas-
al cell carcinoma. Strikingly, the most common SMO mutation leads to
p.Leu412Phe (COSMIC); this substitution has been shown to activate
Smoothened in the absence of hedgehog signaling, providing an expla-
nation for the development of neoplasms in CJS. Our discovery of the
causative mutation in CJS raises therapeutic possibilities using recently
generated Smoothened inhibitors.Review of MRI scans in CJS reveals a
variety of previously undescribed brain abnormalities, including dilated
ventricles and polymicrogyria, emphasizing that mosaic SMO mutations
have developmental effects as well as cancer-related ones. We are cur-
rently investigating samples obtained from patients with relevant isolated
skin and brain malformations to determine whether the clinical spectrum
of SMO mutations can be expanded.In summary, our work uncovers the
major genetic cause of CJS and illustrates strategies for gene discovery
in the context of low-level tissue-specific somatic mosaicism.
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The Genetics of Emphysema: Mutations in telomere genes uncover
a distinct genetic etiology and common mechanism for pathogene-
sis. S.E. Stanley'?, C.D. Applegate’?, M. Armanios’®. 1) Oncology, Johns
Hopkins University School of Medicine, Baltimore, MD; 2) Medical Scien-
tist Training Program, Johns Hopkins University School of Medicine, Bal-
timore, MD; 3) McKusick-Nathans Institute of Genetic Medicine, Johns
Hopkins University School of Medicine, Baltimore, MD.

Pulmonary emphysema, a type of chronic obstructive pulmonary dis-
ease (COPD), is a leading cause of mortality worldwide. Severe forms of
emphysema cluster in families where alpha-1 antitrypsin deficiency has
been excluded, suggesting that yet-unexplained genetic causes play a
role. We recently identified heterozygous germline mutations in TERT,
the telomerase reverse transcriptase, in two cohorts of smokers with
severe COPD. The frequency of TERT mutation carriers rivaled that of
alpha-1 antitrypsin deficiency caused by homozygous mutations in SER-
PINA1. Here we report three additional telomere genes, RTEL1, TR, and
DKC1, in a new series of cases with severe emphysema. A distinct set
of comorbidities clustered in this group, including osteoporosis, myelo-
dysplastic syndrome, and varying degrees of interstitial lung disease. All
of the assessable cases reported a family history of pulmonary fibrosis
that manifested in a predictable pattern: emphysema only developed in
smokers, while never-smokers developed pulmonary fibrosis. The co-oc-
currence of emphysema and fibrosis within families suggests a common
etiology, and exposes a unique gene-environment interaction between
smoking and lung disease phenotype in telomere gene mutation carriers.
Recognizing telomere-mediated emphysema cases has critical implica-
tions for patient care, especially in the lung transplant setting. Because
short telomeres cause stem cell senescence in the lung, these genetic
findings point to stem cell aging as a contributor to emphysema patho-
genesis in a disease subset.
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High Frequency of VACTERL Association in Fanconi Anemia. B.P.
Alter;, S.A. Savage, N. Giri. Clinical Genetics Branch, DCEG, National
Cancer Institute, Rockville, MD.

Objective: To determine the frequency of VACTERL association in pa-
tients with Fanconi anemia (FA). VACTERL stands for anomalies of verte-
brae, anal atresia, congenital heart disease, trachea-esophageal fistula,
esophageal (or duodenal) atresia, renal, and limb anomalies. Anomalies
in at least three of these categories are required to be classified as VAC-
TERL. The presence of a VACTERL phenotype among cases with FA is
considered to be about 5%; the frequency of FA among patients with a
VACTERL phenotype is unknown. Methods: We examined 54 patients
with FA among those in the National Cancer Institute Inherited Bone Mar-
row Failure Syndrome Cohort for features of VACTERL. Our assessment
included imaging studies (radiology and ultrasound) when applicable.
We correlated the results with genotypes when known. Results: Eigh-
teen of the 54 (33%) patients had 3 or more VACTERL features. These
were in 6/30 with FANCA (MIM 607139), 4/9 with FANCC (MIM 613899),
0/1 with FANCD1/BRCA2 (MIM 605724/600185), 2/3 with FANCD2 (MIM
613984), 0/2 with FANCF (MIM 613897), 3/3 with FANCI (MIM 611360),
2/2 with FANCJ (MIM 609054), and 1 of 4 with gene unknown. Verte-
bral anomalies were frequently identified by radiography, renal structural
anomalies by ultrasound, and cardiac by symptoms in infancy. Only limb
(thumb and/or radius) birth defects were clinically obvious. Thus the ap-
parent presence of VACTERL association in FA is much higher than the
estimated 5% (p<0.0001). Four of the 18 (22%) with VACTERL features
(4/54 total, or 7%, similar to the expected 5%) had been classified as
VACTERL prior to the diagnosis of FA. There was no association of the
presence or absence of VACTERL with development of cancer, stem cell
transplant, or survival. Discussion: A much larger proportion of patients
with FA than predicted had features consistent with the VACTERL asso-
ciation, comprising one-third of those in the NCI cohort. Imaging studies
were important for vertebral and renal anomalies, and explain the high
frequency in our cohort. Identification of any components of the VAC-
TERL association should lead to imaging studies, and to consideration
of the diagnosis of FA, particularly if the patient has both radial ray and
renal anomalies. .
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De novo deletions and truncating mutations in USP9X cause a
recognizable ID syndrome with multiple congenital abnormalities
in females. M.R.F. Reijnders’'%, V. Zachariadis®>'°, B. Latour’°, G.M.
Mancini®, C.M.A. van Ravenswaaij-Arts*, H.E. Veenstra?, B.M. Anderlid?,
S. Wood®, A.S. Brooks®, H. Malmgren? M. Vreeburg®, V.R. Sutton’, Z.
Starké, J. Gecz®, L. Jolly®, C. Gilissen’, R. Pfundt’, T. Kleefstra’, R. Roep-
man™'’, A. Nordgren®'", H.G. Brunner"". 1) Department of Human Ge-
netics, Radboud University Medical Center, Nijmegen, Netherlands; 2)
Department of Molecular Medicine and Surgery and Centre for Molecular
Medicine, Karolinska Institutet, Stockholm, Sweden; 3) Department of
Clinical Genetics, Erasmus MC, Sophia Children’s Hospital, Rotterdam,
The Netherlands; 4) University of Groningen, University Medical Center
of Groningen, Department of Genetics, Groningen, The Netherlands; 5)
The Eskitis Institute for Drug Discovery, Griffith University, Brisbane, Aus-
tralia; 6) Department of Clinical Genetics, Maastricht University Medical
Center, Maastricht, The Netherlands; 7) Department of molecular and
human genetics, Baylor College of medicine, Houston, Texas, USA; 8)
Victorian Clinical Genetics Services, Murdoch Children’s Research Insti-
tute, Melbourne, Australia; 9) Neurogenetics, School of Paediatrics and
Reproductive Health and the Robinson Research Institute, the Univer-
sity of Adelaide, Adelaide, Australia; 10) These first authors contributed
equally; 11) These senior authors contributed equally.

Over a hundred genes have been reported to cause recessive X-linked
intellectual disability (XLID). In contrast, the number of identified X-linked
genes in which de novo mutations cause ID in females is still limited.
Interpretation of the X-linked variants is complicated due to variable
X-inactivation, which tends to lead to differences in phenotype between
males and females. An example is USP9X, in which missense mutations
were reported to cause recessive XLID and epilepsy in males, while fe-
male carriers were unaffected. We report here nine females with de novo
deletions and truncating mutations in USP9X with a distinct phenotype
including ID, short stature and multiple congenital abnormalities, com-
prising choanal atresia, hearing loss, hypomastia, heart abnormalities,
post-axial polydactyly, hip dysplasia, anal abnormalities and structural
brain abnormalities. Thus far, no truncating mutations had been ob-
served in male patients, indicating that they might be lethal in males.
USP9X encodes a highly conserved deubiquitinating enzyme that has
been implicated in a variety of different biological processes such as
embryogenesis, stem cell- and neural development and oncogenesis.
The features observed in the female patients overlap those of known cili-
opathy syndromes, which raised the possibility that USP9X might have a
ciliary function. Further evidence comes from interrogation of an affinity
proteomics dataset of ciliary protein modules that yielded USP9X as the
most abundant deubiquitinating enzyme. We initiated functional studies
in primary skin fibroblasts of the affected females with USP9X muta-
tions, to assess whether USP9X mutations disrupted ciliary architecture
and intraflagellar transport. We visualized the structure of the cilium by
immunofluorescence and found that endogenous USP9X localizes to the
ciliary axoneme. We next assessed mTORC1 activity using phophory-
lation levels of S6 ribosomal protein, one of the known interactors of
USP9X, as a readout . We observed aberrant mTORC1 activation under
starvation conditions in the affected females’ fibroblasts when compared
to age and gender matched controls. This study defines a novel X-linked
syndrome with distinctive and clinically recognizable features that is
caused by de novo deletions and truncating mutations in USP9X in af-
fected females, which may be attributable to disrupted ciliary function.
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Genome-wide association study of olanzapine pharmacokinetics.
K.L. Bigos™?, R.M. Haynes’, D. Chen’, D.R. Weinberger'?. 1) Lieber Insti-
tute for Brain Development, Baltimore, MD; 2) Johns Hopkins School of
Medicine, Baltimore, MD.

The response to antipsychotics is highly variable, in part due to the
wide variability in the pharmacokinetics (PK) of these drugs. In the CATIE
schizophrenia trial, 64% of patients discontinued treatment with olan-
zapine due to lack of efficacy and/or side effects. This study aimed to
identify genetic predictors of olanzapine clearance and determine wheth-
er they predict response to olanzapine. Patients with schizophrenia were
treated with olanzapine as part of the CATIE trial. Plasma samples and
dosing information were collected during study visits, and olanzapine
plasma concentrations were measured using HPLC. The olanzapine
pharmacokinetic model was developed using nonlinear mixed-effects
modeling techniques. Drug clearance was modeled with each single nu-
cleotide polymorphism (SNP) serially using an additive genetic model us-
ing the publically available CATIE genome-wide association (GWA) data.
The olanzapine PK GWA was completed for a Caucasian cohort (CAUC,
157 patients, 560 plasma concentrations) and an African American co-
hort (AA, 73 patients, 261 plasma concentrations), separately. The top
SNP associated with olanzapine clearance in the CAUC cohort is in the
gene CSMD1 (rs17413343, linear regression p=6.35e-16, r>=0.22, minor
allele frequency (MAF)=0.06). The top SNP associated with olanzapine
clearance in the AA cohort is 20kb upstream of TMCO4 (rs16822923,
linear regression p=5.79e-20, r?=0.69, MAF=0.18). Other top SNPs in-
cluded families of enzymes and transporters known to be involved in
pharmacokinetics including CYP4F12 in the CAUC cohort (rs7253210,
p=3.0e-7, r’=0.16, MAF=0.067) and SLC70A7 in the AA cohort (3’'UTR
SNP rs1057560, p=5.6e-16, r’=0.60, MAF=0.096). Olanzapine clearance
is associated with symptoms of schizophrenia (PANSS total score in CAT-
|IE phase 1); patients with higher clearance (lower plasma concentrations)
have more symptoms (linear regression, CAUC cohort: n=101, p=0.0053,
r’=0.081; AA cohort: n=46, p=0.032, r>=0.10). CSMD1 fast-metaboliz-
ing genotype is associated with more symptoms of schizophrenia (linear
regression p=0.026, r>=0.049) in the CAUC cohort. The fast metaboliz-
ing genotype of rs16822923 is associated with more positive symptoms
of schizophrenia (linear regression p=0.026, r>=0.11) in the AA cohort.
SNPs and polygenetic scores associated with olanzapine clearance and
clinical response in this study may be useful in the future to optimize the
selection and dosing of olanzapine in patients with schizophrenia.
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Concurrent direct human leukocyte antigen (HLA) genotyping and
genome-wide association study (GWAS) reveal major genetic deter-
minants of anti-thyroid drug-induced agranulocytosis. P. Chen’?34,
S. Shih?%, P. Wang®, C. Fann’, W. Yang?%#%, T. Chang?®°. 1) Department
of Medical Genetics, National Taiwan University Hospital, Taipei, Taiwan,
Taiwan; 2) Division of Endocrinology and Metabolism, Department of In-
ternal Medicine, National Taiwan University Hospital, Taipei 100, Taiwan;
3) Graduate Institute of Medical Genomics and Proteomics, College of
Medicine, National Taiwan University, Taipei 100, Taiwan; 4) Graduate In-
stitute of Clinical Medicine, College of Medicine, National Taiwan Univer-
sity, Taipei 100, Taiwan; 5) Department of Medicine, College of Medicine,
National Taiwan University, Taipei 100, Taiwan; 6) Department of Internal
Medicine, Kaohsiung Chang Gung Memorial Hospital and Chang Gung
University College of Medicine, Kaohsiung 833, Taiwan; 7) Institute of
Biomedical Sciences, Academia Sinica, Taipei 115, Taiwan.

Graves’ Disease (GD, MIM 27500) is the leading cause of hyperthy-
roidism affecting 1.0-1.6% of the population. Anti-thyroid drugs (ATDs,
including methimazole, carbimazole and propylthiouracil) are relatively
simple molecules known as thionamides, which have been cornerstones
of GD treatment across the globe. ATDs induced-agranulocytosis,
namely thionamide induced agranulocytosis, (TiA, defined as an abso-
lute granulocyte count < 500 per cubic millimeter while taking ATDs), is
the most feared adverse effect of ATDs and can occur in 0.1-0.37% of
GD patients receiving these medications. Genetic predisposition of TiA
was previously unknown. Here we conducted a two-stage association
study on two separate subject sets (in total 42 agranulocytosis cases
and 1,208 Graves’ disease controls; all ethnic Chinese Han in Taiwan),
using two independent methodologies. The first method was direct hu-
man leukocyte antigen (HLA) genotyping covering six classical HLA loci
(HLA-A, -B, -C, -DPB1, -DQB1 and -DRB1). The other method was SNP-
based genome-wide association study. We demonstrated HLA-B*38:02
(Armitage trend P__ = 6.75 x 10%) and HLA-DRB1*08:03 (P, . .. =
1.83 x 10°°) as independent susceptibility loci. The genome-wide associ-
ation study identified the same signals. Estimated odds ratios for these
two loci comparing effective allele carriers to non-carriers were 21.48
(95% confidence interval = 11.13-41.48) and 6.13 (95% confidence in-
terval = 3.28-11.46), respectively. Carrying both HLA-B*38:02 and HLA-
DRB1708:03 increased odds ratio to 48.41 (P_ .. ~=3.32 x 10%, 95%
confidence interval = 21.66-108.22). We performed three-dimensional
structure modeling to propose possible binding mechanism. These two
HLA alleles are not uncommon in Asians but are rare in Caucasians,
which implies that there might be additional HLA alleles responsible for
TiA in different populations. It is intriguing that both class | and class I
HLA loci can contribute to the same idiosyncratic drug adverse effect.
Our results could be useful for anti-thyroid-induced agranulocytosis and
potentially for agranulocytosis caused by other chemicals.
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EuDAC: Genome-wide association study of drug-induced agran-
ulocytosis in Europe. M. Wadelius', N. Eriksson?, L. Ibafez’, E. Bon-
don-Guitton?, R. Kreutz®, A. Carvajal®, M. Lucena’, E. Sancho Ponce®,
J. Martin®, T. Axelsson’®, Q-Y. Yue'!, PK. Magnusson'?, P. Hallberg’ on
the behalf of EUDAC. 1) Department of Medical Sciences, Clinical Phar-
macology and Science for Life Laboratory, Uppsala University, Uppsala,
Sweden; 2) Uppsala Clinical Research Center and Department of Medi-
cal Sciences, Uppsala University, Uppsala, Sweden; 3) Fundacié Institut
Catala de Farmacologia, Hospital Universitari Vall d’Hebron, Universitat
Autonoma de Barcelona, Barcelona, Spain; 4) Service de Pharmacologie
Médicale et Clinique, Centre Hospitalier Universitaire, Faculté de Méde-
cine de I’'Université de Toulouse, Toulouse, France; 5) Charité - Univer-
sity Medicine, Institute of Clinical Pharmacology and Toxicology, Berlin,
Germany; 6) Centro de Estudios sobre la Seguridad de los Medicamen-
tos, Universidad de Valladolid, Valladolid, Spain; 7) Farmacologia Clini-
ca, IBIMA, H Universitario Virgen de la Victoria, Universidad de Malaga,
Mélaga, Spain; 8) Capio Hospital General de Cataluna HGC, Sant Cugat
del Vallgs, Spain; 9) Instituto de Parasitologla y Biomedicina Lopez Ney-
ra Avda, Armilla, Granada, Spain; 10) Department of Medical Sciences,
Molecular Medicine and Science for Life Laboratory, Uppsala University,
Uppsala, Sweden; 11) Medical Products Agency, Uppsala, Sweden; 12)
Swedish Twin Registry, Department of Medical Epidemiology and Bio-
statistics, Karolinska Institutet, Stockholm, Sweden.

Background: Agranulocytosis is a rare condition that can be caused
by a variety of drugs. Due to the severity of the reaction, it would be valu-
able to be able to predict patients at risk. This is the aim of the European
Drug-induced Agranulocytosis Consortium (EuDAC) that is led by the
Swedish adverse drug reaction biobank Swedegene (www.swedegene.
se). Method: A genome-wide association study (GWAS) was performed
on 234 cases of drug-induced agranulocytosis from Sweden, Spain, Ger-
many and France and 5170 population controls. Cases and controls were
genotyped using different lllumina arrays: HumanOmniExpress-12v1,
HumanOmni1-Quad 1M and HumanOmniExpress 700K. After quality
control, the merged genotyped set contained 596,010 single nucleotide
polymorphisms (SNPs). Principal component analysis (PCA) showed that
the cases (96 males and 138 females) could be appropriately matched
with the controls. After phasing and imputation with SHAPEIT and IM-
PUTE2, the dataset contained 9,380,034 SNPs (ref 1000 Genomes).
SNP2HLA was used to impute HLA amino acids and classical HLA al-
leles on chromosome 6. We set the genome-wide significance p-value
threshold to p < 8.39 e-08 to correct for multiple testing. Results: Most
of the cases were associated with antithyroid agents, sulfasalazine, anti-
biotics and non-steroidal anti-inflammatory drugs (NSAIDs). The analysis
demonstrated genome-wide significant associations with SNPs that tag
the HLA-B and HLA-C loci. When agranulocytosis was treated as a sin-
gle phenotype, the strongest signals came from HLA-C*02:02 (OR [95%
Cl] = 2.56 [1.87, 3.52], p = 4.99 e-10) and HLA-B*27:05 (odds ratio (OR)
[95% confidence interval (Cl)] = 2.61 [1.94, 3.52], p = 3.29 e-10). Further
analysis showed that the effect was mainly driven by agranulocytosis
caused by antithyroid agents. To avoid confounding by indication, the
association was tested using Swedish cases with antithyroid agents
(n=25) and Swedish controls matched for hyperthyroidism (n=74), which
increased the odds ratio for HLA-C*02:02 to 8.33 [2.33, 29.78], p = 1.12
e-03.The p-value did not reach genome-wide significance, probably due
to the small sample size. Conclusion: We found an association between
drug-induced agranulocytosis and an HLA-B — HLA-C haplotype. There
was no sign of confounding by indication when using matched controls.
We are proceeding with analyses stratified by drugs, and are planning to
replicate the findings. Collaborators with replication cohorts are invited.
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The impact of genetics on drug efficacy and implications for future
research. M.R. Nelson’, T. Johnson? L. Warren® A.R. Hughes® S.L.
Chissoe?, C-F. Xu?, D.M. Waterworth’. 1) Target Sciences, GSK, King of
Prussia, PA; 2) Target Sciences, GSK, Stevenage, UK; 3) Translational
Sciences, PAREXEL International, RTP, NC (work performed while em-
ployed by GSK); 4) Target Sciences, GSK, Seattle, WA.

Lack of efficacy is the most common cause of attrition in late phase
drug development. Many have proposed that germline genetics could
be widely used to drive stratified drug development by identifying and
enrolling patients most likely to respond. We critically reviewed the ge-
nome-wide association study (GWAS) and candidate gene literature
to identify the drugs with convincing evidence for genetic influence on
efficacy. Of 63 drug efficacy GWAS covering 36 unique drugs or drug
classes, we found that 11 studies (17%) corresponding to 5 drug classes
(14 %) identified one or more variants that affect drug efficacy. Combining
these results with several other well validated examples from candidate
gene studies, we have identified eleven drugs or drug classes for which
there are 19 robust genetic associations predictive for drug efficacy. The
genes and pharmacogenetic mechanisms underlying the associations
are mostly well understood and can be divided into three main catego-
ries: genes involved in drug exposure (37%), genes encoding the drug
target (21%), and disease-related genes (42%). Based on the observed
discovery rates and effect sizes, we estimate that approximate 9% (95%
confidence interval of 2.7-18.6%) of drugs may have a germline genetic
influence on their efficacy that is large enough to potentially influence
treatment options. Because we cannot predict which drugs will have
their efficacy influenced by clinically useful germline variants, we argue
for early, routine, and cumulative screening for genetic efficacy predic-
tors, as an exploratory part of clinical trial analysis. This can be done in
both hypothesis—driven and hypothesis—free approaches to increase the
probability of finding true predictors. Such a strategy would result in the
identification of any clinically relevant predictors that may exist at the
earliest possible time, allowing them to be integrated into subsequent
clinical development and into an assessment of overall patient bene-
fit-risk for the drug. Such discoveries could also provide mechanistic
insights into drug disposition and patient-specific factors that influence
response, and can therefore indirectly support related drug discovery
and development efforts.
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Regulatory variants other than VKORC1 -1639 G>A may explain the
effect on warfarin dose. M. Cavalli’, N. Eriksson? G. Pan’, H. Nord’,
S.J. Connolly’, M.D. Ezekowitz?, S. Yusuf, L. Wallentin?, M. Wadelius®,
C. Wadelius'. 1) Department of Immunology, Genetics and Pathology
and Science for Life Laboratory, Uppsala University, Sweden; 2) Up-
psala Clinical Research Center and Department of Medical Sciences,
Uppsala University, Uppsala. Sweden; 3) Population Health Research
Institute, Hamilton Health Sciences and McMaster University, Hamilton,
ON, Canada; 4) Sidney Kimmel Medical College, Lankenau Medical Cen-
ter, Thomas Jefferson University, Villanova, PA, USA; 5) Department of
Medical Sciences and Science for Life Laboratory, Uppsala University,
Uppsala, Sweden.

Background: Warfarin is the most commonly used oral anticoagu-
lant for thrombotic disorders and atrial fibrillation. The required dose is
highly influenced by genetic variation of CYP2C9 and VKORC1. CYP2C9
variants are coding, but VKORC1 variants are non-coding and thought
to act through regulation of gene expression. Due to high linkage dis-
equilibrium (LD) in the VKORCT1 region, it has not been resolved which
variant that mediates the effect. ENCODE data can be used to search
for functional variants in regulatory transcription factor (TF) binding sites.
We aimed to determine which variants that regulate VKORC1. Methods:
A genome-wide association study (GWAS) was conducted in 982 war-
farin treated patients from the RE-LY genomics study. Genotyping was
performed with the lllumina Human610-quad chip at Uppsala Scilife
SNP&SEQ Technology platform. We sequenced the liver cell line HepG2
to locate all heterozygous positions in LD r?>0.8 with the GWAS top hits,
and used ENCODE data to find variants bound in an allele-specific (AS)
way by TFs (AS-SNPs). The functional effect of allele-specific SNPs was
evaluated using luciferase assays and over-expression of candidate TFs.
Results: VKORC1 -1639 G>A (rs9923231) was as expected among the
top GWAS hits in RE-LY. However, rs9923231 was not located in a reg-
ulatory element according to ENCODE, nor was there any difference in
transcriptional activity between the two alleles in luciferase assays. Ac-
cording to ENCODE data, there was one AS-SNP on the same haplotype
as rs9923231 in HepG2, rs56314408. A second SNP, rs2032915, was
located in the same liver enhancer 20 bp apart from rs56314408. The
C alleles of rs56314408 and rs2032915 showed higher transcriptional
activity in luciferase assays, which was further increased after over-ex-
pression of the TFs YY1 and USF1. Both functional candidates were sig-
nificantly associated with warfarin dose in the RE-LY GWAS (rs56314408
p=2.9e-67 and rs2032915 p=3.9e-70). Conclusions: The conventionally
analyzed VKORC1 -1639 G>A (rs9923231) is not located in a regulatory
element in the liver, and has no evidence of being a causative variant.
We propose that rs9923231 predicts warfarin dose adequately only in
populations where it is in high LD with the causative variants rs56314408
and rs2032915.
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Assessing the Clinical Impact of Ethnicity-Specific Pharmacoge-
netic Allele Variation in over 100,000 Patients with Biobank-linked
Electronic Medical Records. N. Gonzaludo’, T.J. Hoffmann? D.K. Ra-
natunga®, C. Schaefer®, N. Risch?3, P.Y. Kwok?. 1) Department of Bioengi-
neering & Therapeutic Sciences, University of California, San Francisco,
San Francisco, CA; 2) Institute for Human Genetics, University of Califor-
nia, San Francisco, San Francisco, CA; 3) Kaiser Permanente Northern
California Division of Research, Oakland, CA.

Pharmacogenetic information can be extremely useful in optimizing
patient therapy and avoiding adverse clinical outcomes, potentially re-
ducing the cost burden of hospitalizations and treatment of adverse drug
events. As part of the Kaiser Permanente Research Program on Genes,
Environment, and Health (RPGEH), we analyzed 102,979 members of the
Genetic Epidemiology Research on Adult Health and Aging (GERA) co-
hort in one of the largest, most ethnically diverse pharmacogene charac-
terization studies to date. Leveraging data derived from a biobank linked
to a comprehensive electronic medical record (EMR), we assessed co-
hort metabolizer statuses for 7 drug-gene interactions (DGls) for which
there is moderate to strong evidence suggesting the use of pharmacog-
enetic information to guide therapy. Genetic data were translated to star
allele diplotypes and clinical implementation guidelines were utilized to
derive metabolizer status phenotypes for each drug. We quantified the
large variation in ethnicity observed for star allele and metabolizer status
phenotype frequencies, and found that 89% of the cohort had at least
one actionable allele for the 7 DGls in this study (90% of Non-Hispanic
White, 76% of African American, 81% of Latino, 93% of Asian, 88% of
Other/Uncertain). 13% total were considered to be at high risk for an
unfavorable drug response. We then leveraged over a decade’s worth of
pharmacy data in RPGEH to retrospectively assess the clinical relevance
of this information. 66% of the cohort had been exposed to at least one
of 33 drugs with pharmacogenetic-based prescribing guidelines. For the
7 DGils in our study, we found that 17,747 individuals had been pre-
scribed a drug for which they had an actionable or high-risk metabolizer
status phenotype. That is, had pharmacogenetic information been avail-
able at point-of-care for 17% of GERA, these individuals would have re-
ceived a more personalized, optimal drug or dose than the standard drug
regimen. Our study demonstrates the potential utility and clinical impact
of using biobank-linked EMRs to derive pharmacogenetic information,
as well as highlights the high frequency and high ethnic variability of
pharmacogenetic variants.
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Efficacy of whole genome sequencing over a lifetime: medically ac-
tionable genomic mutations in 300 patients. M. He"?3, M. Brilliant'®.
1) Center for Human Genetics, Marshfield Clinic Research Foundation,
Marshfield, WI; 2) Biomedical Informatics Research Center, Marshfield
Clinic Research Foundation, Marshfield, WI; 3) Computation and Infor-
matics in Biology and Medicine, University of Wisconsin-Madison, Mad-
ison, WI.

Statement of purpose: Advances in genomic medicine have the po-
tential to change the way we treat diseases, but translating these ad-
vances into patient care stems from our ability to discover disease and/
or drug associated medically actionable genomic mutations. Next-gen-
eration sequencing (NGS) technologies are increasingly used to find
disease and/or drug associated genes. Integrating functional charac-
terization of identified mutations with thorough genome interpretation
and clinical data can provide compelling evidence implicating new dis-
ease/drug-contributing mutations in phenotypically well-characterized
patients. The rise of large-scale data in NGS will contribute to better
treatment paradigms, leading to improvements in diagnosis and target-
ed medications that may ultimately lead to an overall cost-savings in
health care. Our objective was to detect medically actionable genomic
mutations using patients’ whole genome sequencing data and compre-
hensive clinical data.Methods used: To investigate medically actionable
genomic variants for potentially use in disease diagnosis and personal-
ized treatments, we classified medically actionable pathogenic genomic
mutations in 192 genes in 300 deceased patients with nearly complete
long-term medical records. The genes include 56 genes recommended
by the American College of Medical Genetics and Genomics (ACMG), 60
additional “actionable” genes (Amendola et al., 2015), and non-overlap-
ping genes from the 84 “very important pharmacogenes” (VIPs) defined
by the Pharmacogenomics Research Network (PGRN). To infer biological
insights from massive amounts of NGS data and comprehensive clinical
data in a short period of time, we developed an in-house analysis pipeline
within a software framework called SeqHBase (He et al., 2015) to quickly
identify disease/drug-contributing genetic variants/genes.Summary of
results: Among the 300 participants, 17/300 (5.67%) had a pathogenic
variant annotated by ClinVar while 2 (0.67%) had likely pathogenic vari-
ants in the 56 ACMG genes; 32/300 (10.67%) had a pathogenic variant
while 6 (2.00%) had likely pathogenic variants in the 116 (56 ACMG +
60 “actionable”) genes; 297/300 (99.00%) had at least one pathogenic
variant while 299 (99.67%) had at least one drug response variant in the
84 VIPs. This work shows an estimate of medically actionable genomic
mutations, which can be potentially used for clinical diagnosis and per-
sonalized treatments, expected from whole genome sequencing.
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Genetic variation in STAT4 predicts response to interferon-a ther-
apy for HBeAg-positive chronic hepatitis B. D. Jiang"?3455, X. Wu’,
J. Qian?3, X.P. Ma?, J. Yang?®, Z. Li¥, R. Wang®, L. Sun®, F. Liu?345610 P,
Zhang?®, X. Zhu’, J. Wu’, K. Chen’, L. Zheng'®, D. Lu™?, L. Yu""!, Y. Liu’,
J. Xu'23451, 1) NorthShore University HealthSystem, The University of
Chicago, Evanston, IL; 2) State Key Laboratory of Genetic Engineering,
Collaborative Innovation Center for Genetics and Development, School
of Life Sciences, Fudan University, Shanghai, P.R. China; 3) Ministry of
Education Key Laboratory of Contemporary Anthropology, School of Life
Sciences, Fudan University, Shanghai, P.R. China; 4) Center for Genetic
Epidemiology, School of Life Sciences, Fudan University, Shanghai, P.R.
China; 5) Center for Genetic Translational Medicine and Prevention, Fu-
dan University, Shanghai, PR. China; 6) Center for Cancer Genomics,
Wake Forest School of Medicine, Winston-Salem, NC, USA; 7) National
Laboratory of Medical Molecular Biology, Institute of Basic Medical Sci-
ences, Chinese Academy of Medical Sciences, School of Basic Medi-
cine, Peking Union Medical College, Beijing, P.R. China; 8) Department
of Infectious Disease, Affiliated Youan Hospital, Capital University of
Medical Science. Beijing, P. R. China; 9) Xiamen Amoytop Biotech Co.,
LTD., Xiamen, Fujian Province, P. R. China; 10) Fudan Institute of Urol-
ogy, Huashan Hospital, Fudan University, Shanghai, P.R. China; 11) In-
stitute of Biomedical Science, Fudan University, Shanghai, PR. China.
Purpose: Interferon (IFN)-« is the first-line therapy for HBeAg-positive
chronic hepatitis B (CHB) patients, but produces response in only 30-
40% of patients. Considerable efforts have been made to optimize IFN«
treatment through pretreatment patient selection based on outcome pre-
dictors. However the use of both host and virus related variables that
predict the response to therapy have not proved to be clinically useful.
Our recent genome-wide association study identified a genetic variant
rs7574865 in STAT4, a key component of the IFN-JAK-STAT pathway, to
be associated with the risk of CHB and hepatitis B virus (HBV)-related
hepatocellular carcinoma (HCC). We aimed to assess whether this vari-
ant is a predictor of response to IFNa treatment of HBeAg-positive CHB
patients. Method: We studied 466 HBeAg-positive CHB patients who
received either IFNa-2b (N=224) or pegylated (PEG)-IFNa-2a (N=242)
therapy for 48 weeks and followed for additional 24 weeks. Treatment
efficacy was assessed using the rate of sustained virologic response
(SVR), which is defined as HBeAg seroconversion along with HBV DNA
level <2000 copies/mL at week 72. Genotyping of rs7574865 in STAT4
was performed using the Sequenom MassArray platform. Associations
between SVR and genotypes of rs7574865 were tested using both uni-
variate and multivariate logistic regression analyses. Results: Compared
to rs7574865 GT/TT genotype, the GG genotype (a risk factor of CHB
and HBV-related HCC) was significantly associated with a reduced
SVR rate in both the patients who received IFNa-2b therapy (21.1% vs.
37.2%, P=0.01), and those who received PEG-IFNa-2a therapy (18.0%
vs. 41.2%, P=9.74x107%). In combined analysis of the 466 patients,
rs7574865 GG genotype was associated with a ~50% decreased SVR
rate (19.3% vs. 39.1%, P=4.15x10). A multivariable logistic regression
model including rs7574865 and clinical variables showed that rs7574865
was the most significant factor for prediction of SVR in the 224 patients
with IFNa-2b therapy (P=0.02) and the 242 patients with PEG-IFNa-2a
therapy (P=8.88x107%) as well as the overall 466 patients (P=7.62x10
%). Conclusions: The present study revealed that STAT4 rs7574865 is a
strong predictor for IFNa therapy response in HBeAg-positive CHB pa-
tients. Assessment of STAT4 rs7574865 genotype of CHB patients prior
to IFNa treatment has the potential to significantly improve the efficacy
of IFNa treatment for CHB patients.
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The Search for Mendelian Genes (MG) Using Whole Exome Sequenc-
ing (WES) - Lessons Learned from analysis of >5,000 cases. N. So-
breira’, S. Jhangiani?, F. Schiettecatte®, C. Boehm', K. Doheny’, T. Gam-
bin?, Z. Akdemir?, D. Muzny?, R. Gibbs?, E. Boerwinkle?, W. Wiszniewski?,
J. Lupski?, A. Hamosh', D. Valle'. 1) Johns Hopkins University School of
Medicine Baltimore, MD; 2) Baylor College of Medicine Houston, TX; 3)
FS Consulting, LLC Salem, MA; 4) The University of Texas Health Sci-
ence Center at Houston Houston , TX.

The number of genes responsible for Mendelian phenotypes has in-
creased dramatically over the last 5 years, in part due to the wide-spread
implementation of WES. The Baylor-Hopkins Center for Mendelian Ge-
nomics (BHCMG) is one of the 3 Centers for Mendelian Genomics fund-
ed by NHGRI/NHLBI with the goal of discovering Mendelian genes (MG).
As of April 2015 (3.5 years into the project), BHCMG has collected 7,146,
sequenced 5,788 and analyzed 4,972 samples. More than 3,700 unre-
lated probands and their phenotypic descriptions have been submitted
to BHCMG through PhenoDB (www.mendeliangenomics.org) where
the phenotypic description and exome sequencing data are stored in a
searchable format. We continue to add functionality to PhenoDB and are
currently testing 3 different algorithms to match probands in the data-
base on a phenotypic basis. We have completed the analysis of at least
907 unrelated families with the identification of 189 novel and 168 known
MG. For 153 of the known MG, we have gained a better appreciation of
the associated phenotypic spectrum (i.e. phenotypic expansion). Inter-
estingly, at least 5 probands have a blended phenotype resulting from
the co-occurrence of two Mendelian phenotypes. Proof of causality for
a variant and/or gene has been one of our main challenges and often
discovery of variants in the same gene in multiple unrelated probands
with similar phenotype is the strongest evidence. To assist in finding in-
dividuals with the same phenotype and/or variants(s) in the same gene(s)
outside the project we developed GeneMatcher (www.genematcher.org).
As of June 1%, GeneMatcher contains 2,178 genes, from 486 submitters
from 38 countries and have made 307 matches. To optimize data shar-
ing we are also part of the Matchmaker Exchange and together with
PhenomeCentral and DECIPHER have developed an API that allows
data sharing across databases. Our experience has emphasized: i) the
value of rigorous phenotyping; ii) the utility of archiving phenotypes in
a searchable relational database (PhenoDB); iii) the importance of data
sharing for MG discovery (GeneMatcher); iv) increasing appreciation of
the phenotypic spectrum for rare disorders (phenotypic expansion); and,
v) blended phenotypes sometimes account for atypical phenotypes. MG
discovery leads us to a better understanding of biological systems, en-
ables precise diagnosis and counseling and is a step forward in the path
towards informed treatment and the goals of precision medicine.
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Discovery of novel dominant and recessive causes of severe devel-
opmental disorders, in coding and non-coding sequences. M. Hurles,
The Deciphering Developmental Disorders (DDD) Study. Wellcome Trust
Sanger Inst, Cambridge, United Kingdom.

To delineate the genetic architecture of severe undiagnosed devel-
opmental disorders in UK children we have deeply phenotyped 13,958
affected children and their parents through a nationwide network of clin-
ical geneticists, and recruited the families into a genetic research study
entitled the Deciphering Developmental Disorders (DDD) study. Using a
trio-based exome sequencing strategy, we have analysed 4,295 families
to date. Incorporating newly discovered genes in tandem with improved
detection of post-zygotic mutations and cryptic structural variants has
enabled us to increase the diagnostic yield in this cohort to ~35%. We
have applied computational analysis of structured phenotypic data (Hu-
man Phenotype Ontology) in our diverse cohort, in combination with
genotype-based enrichment tests, to discover ~20 novel dominant (val-
idation ongoing) and 4 novel recessive disorders. These novel analytical
strategies and new disorders will be described in detail. In addition, in
this cohort we have identified 450 de novo mutations in the most highly
conserved 2% of non-coding sequences, including several recurrently
mutated putatively regulatory sequences. We will describe analyses of
these non-coding mutations specifically with regard to their impact on
the gain or loss of binding of known transcription factors.
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Defining Variation Sensitive Regions in Genes Associated with Dis-
ease. A.N. Abou Tayoun™?4, S.H. Al Turki'*, M.S. Lebo?3, H.L. Rehm?3,
S.S. Amr?3. 1) Harvard Medical School Genetics Training Program, Cam-
bridge, MA; 2) Laboratory for Molecular Medicine, Partners Healthcare
Personalized Medicine, Cambridge, MA; 3) Department of Pathology,
Brigham and Women'’s Hospital, Harvard Medical School, MA; 4) Co-first
authors.

The classification of genetic variants is a major challenge facing the
widespread adoption of comprehensive clinical genomic sequencing
and the field of personalized medicine in general. Because most vari-
ants needing assessment do not have functional, genetic or population
data to support clinical classification, there is an urgent need for novel
approaches towards prioritizing candidate disease-causing variants. Al-
though systematic evaluation of gene-disease associations can large-
ly eliminate unnecessary interpretation of variants in genes with weak
disease association, a large number of variants in clinically valid genes
can still pose a major interpretation challenge, especially for diseases
with substantial genetic and phenotypic heterogeneity such as hearing
loss and cardiomyopathy.To improve variant interpretation, we leveraged
the Exome Aggregation Consortium (ExAC) dataset (n=~60,000) and
our clinical database, which consists of around 10,000 clinically curated
variants in 163 genes identified in over 10,000 probands mostly with car-
diomypathies, Noonan spectrum disorders or hearing loss. Comparing
the two datasets, we performed systematic evaluation of domain (n=919
unigue domains) and exon (n=4328 unique exons) level disease associa-
tion. We statistically identify regions that are most sensitive to functional
variation in the general population and also most commonly impacted
in symptomatic individuals.Our data show that a significant number of
exons and domains in genes strongly associated with disease can be
defined as disease sensitive or tolerant leading to re-classification of at
least 20% (495 out of 2458) variants of uncertain clinical significance
in the 163 genes. This approach leverages domain functional annota-
tion and associated disease in each gene to prioritize candidate disease
variants, increasing the sensitivity and specificity of variant assessment
within these genes.
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Individual Clinical Variation, Beyond Monogenic Disease: the ag-
gregation of pathogenic variant alleles in a personal genome. J.E.
Posey’, T. Harel', J.A. Rosenfeld’, P. Liu'?, Z. Niu'?, F. Xia"?, R.E. Per-
son’?, M. Walkiewicz"?, D.M. Muzny?3, C.M. Eng"?, E. Boerwinkle'34, A.L.
Beaudet’?, S.E. Plon’35678 R.A. Gibbs"?% Y. Yang'? J.R. Lupski'35°.
1) Dept of Molecular & Human Genetics, Baylor College of Medicine,
Houston, TX; 2) Baylor Miraca Genetics Laboratories, Baylor College of
Medicine, Houston, TX; 3) Human Genome Sequencing Center, Baylor
College of Medicine, Houston, TX; 4) Human Genetics Center, University
of Texas Health Science Center, Houston, TX; 5) Department of Pediat-
rics, Baylor College of Medicine, Houston, TX; 6) Department of Pediat-
rics, Texas Children’s Hospital, Houston, TX; 7) Texas Children’s Cancer
Center, Houston, TX; 8) Dan L. Duncan Cancer Center, Baylor College of
Medicine, Houston, TX.

The unbiased genomic approach of whole exome sequencing (WES)
provides enhanced clinical utility compared to locus-specific genetic
analyses - it is not limited by clinical ascertainment of a particular class
of disorders, nor a singular unifying clinical diagnosis. To determine the
frequency and molecular features of those individuals for whom more
than one molecular diagnosis related to phenotype was reported, we
analyzed 1538 diagnosed cases representing 27.0% (1538/5700) of se-
quential WES referrals to a clinical diagnostic lab. In 5.5% (84/1538) of
cases, the molecular diagnosis involved two (N=78) or three (N=6) dis-
ease loci. CNVs contributed to 3 cases, and de novo variants contributed
to 36.3% (57/157) of diagnoses, including 52.9% (48/85) of autosomal
dominant and 50% (9/18) of X-linked diagnoses. Of the 72 cases with
parental samples available, a combination of inherited and de novo
events were responsible for 51.4% (37/72), and two separate de novo
events occurred in 12.5% (9/72). Whereas some individuals with two in-
dependent de novo diagnoses had a blended phenotype consisting of a
compilation of two distinct conditions, such as Aarskog-Scott syndrome
with lissencephaly, or macrocephaly and autism with epileptic enceph-
alopathy, a few patients with de novo diagnoses exhibited a modified
phenotype involving variants at two related disease loci, such as X-linked
and autosomal dominant intellectual disability syndromes. The relative
frequency of de novo events in cases with multiple diagnoses supports
the Clan Genomics hypothesis that posits a substantial role for recently
arisen, private variants in human disease. These findings underscore the
genetic complexity of undiagnosed disease and illustrate that the diag-
nostic range of WES extends beyond monogenic disease to detection
of pathogenic alleles in multiple unrelated disease loci. Enabling CNV
detection in WES may lead to an even higher rate of dual molecular diag-
noses. Widespread clinical implementation of WES as a molecular diag-
nostic assay may spark a paradigm shift in medicine with the concept of
genetic disease potentially evolving from monogenic, sometimes digenic
disorders to more complex phenotypes driven by an aggregation of indi-
vidual variation at multiple loci within a personal genome.
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99 Lives Cat Genome Sequencing Initiative - discovery of feline
models for human diseases - every life counts. L.A. Lyons', E.K.
Creighton’, H.C. Beale?, M-C.W. Lee?, B. Gandolfi’, 99 Lives Cat Consor-
tium. 1) Veterinary Medicine & Surgery, College of Veterinary Medicine,
University of Missouri - Columbia, Columbia, MO; 2) Maverix Biomics,
Inc. San Mateo, CA 94402 USA.

The 99 Lives cat whole genome sequencing (WGS) initiative is a re-
search community-based effort for sequencing the genomes of > 99 cats
to: 1) identify normal and abnormal genetic variation, 2) identify causative
variants for specific health concerns, 3) support conservation efforts of
wild felids, 4) improve the cat genome assembly, and 6) allow veterinar-
ians to provide individual genome sequencing for state of the art health
care (similar to the developing standard of care for humans). Currently,
illumina HiSeq 100+ bp paired end sequencing reads is conducted from
two PCR-free libraries per cat of 350 bp and 550 bp for at least 15X - 30X
coverage. Maverix Biomics aligns the reads to the cat genome Felis_ca-
tus-6.2 and perfoms variant calling using FreeBayes or PLATYPUS. The
cat reads and SNPs are overlaid onto a UCSC-type browser for viewing
ease. Data tables provide the identified SNPs and their effects in specif-
ic genes, regions, chromosomes, or the entire genome for individual or
different groups of cats. Maverix will provide a cumulative analysis of the
variant calls for all cats after large groups or specific milestones (50, 60,
80 and 99) of new cat genomes have been added to the database. Cur-
rently, the analysis of 54 cats is available from over a dozen collaborators
including 50 domestic cats and two species of wild felids. Contributors
are expected to provide the basic signalment of the cats when possible,
such as gender, breed, place of origin, and coat color. Other phenotypes
are available via collaboration. The project has already identified variants
for progressive retinal atropies in AIPL1 and IQCB1. A variant in COLQ in
Devon Rex myopathic cats suggests the first feline model for congenital
myasthenic syndrome. Polycystic kidney disease, a well-known Persian
cat disease, has now been discovered in the Pallas Cat (Otocolobus
manul). A new gene model for Ehlors-Danlos syndrome in CCDC80 and
a novel blindness gene may support the identification of undiagnosed
human patients. Causal variants for two forms of inherited lymphomas
are being confirmed, as well as variants for feline forms of spondylocos-
tal dysostosis and dwarfism. Analyses of trios, duos and singleton cases
have all lead to variant discoveries for cat models of human disease.
WGS of several cat breeds with hypertrophic cardiomyopathies and oth-
er cardiac diseases are ongoing. Analyzed sequences and variants are
being transferred to appropriate public genomic databases.
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Post-zygotic Point Mutations Are an Underrecognized Source of
Novel Genomic Variation. R. Acuna-Hidalgo', M.P. Kwint', T. Bo?, M. van
de Vorst!, M. Pinelli®, J.A. Veltman'4, A. Hoischen', L.E.L.M. Vissers’, C.
Gilissen’. 1) Department of Human Genetics, Radboud Institute for Mo-
lecular Life Sciences and Donders Institute of Neuroscience, Radboud
University Medical Center, Geert Grooteplein 10, 6525 GA Nijmegen, the
Netherlands; 2) State Key Laboratory of Medical Genetics, Central South
University, 110 Xiangya Road, Changsha, Hunan 410078, China; 3) Tele-
thon Institute of Genetics and Medicine, Pozzuoli, 80078 Naples, Italy; 4)
Department of Clinical Genetics, Maastricht University Medical Centre,
Universiteitssingel 50, 6229 ER Maastricht, the Netherlands.

De novo mutations are recognized both as an important source of ge-
netic variation and as a prominent cause of sporadic disease in humans.
Mutations identified as de novo are generally assumed to have occurred
during gametogenesis and, consequently, to be present as germline
events in an individual. Because Sanger sequencing does not provide
the sensitivity to reliably distinguish somatic from germline mutations,
the proportion of de novo mutations that occur somatically rather than
in the germline remains largely unknown. To determine the contribution
of post-zygotic events to de novo mutations, we analyzed a set of 107
de novo mutations in 50 parent-offspring trios. Using four different se-
quencing techniques, we found that 7 (6.5%) of these presumed ger-
mline de novo mutations were in fact present as mosaic mutations in
the blood of the offspring and were therefore likely to have occurred
post-zygotically. Furthermore, genome-wide analysis of “de novo” vari-
ants in the proband led to the identification of 4 out of 4,081 variants that
were also detectable in the blood of one of the parents, implying parental
mosaicism as the origin of these variants. Thus, our results show that an
important fraction of de novo mutations presumed to be germline in fact
occurred either post-zygotically in the offspring or were inherited as a
consequence of low-level mosaicism in one of the parents.
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The hunt for rare disease diagnosis: utilization of social media, mod-
el organisms, and pathway analysis in pediatric exome sequencing.
A.l. Nesbitt!, E. Denenberg’, Z. Yu', S.W. Baker!, K.B. Pechter', E. De-
chene’, H. Dubbs?, E. Bedoukian?, A. Wilkens?, L. Medne? X. Ortiz-Gon-
zale®®, E. Zackai?®, I. Krantz>®, M. Deardorff>3, A. Santani’*. 1) Division
of Genomic Diagnostics, The Children’s Hospital of Philadelphia, Phila-
delphia, PA 19104, USA; 2) Division of Human Genetics, The Children’s
Hospital of Philadelphia, Philadelphia, PA 19104, USA; 3) Perelman
School of Medicine, University of Pennsylvania, Philadelphia, PA 19104,
USA; 4) Department of Pediatrics, The Children’s Hospital of Philadel-
phia, Philadelphia, PA 19104, USA; 5) Division of Neurology, The Chil-
dren’s Hospital of Philadelphia, Philadelphia, PA 19104, USA.

Unlike single gene testing, exome sequencing allows for the con-
current analysis of multiple protein-coding regions. While exome se-
quencing facilitates identification of genes not yet associated with hu-
man disease, the paucity of clinically-relevant information about these
genes limits the diagnostic utility of this test. Here we describe assessing
novel, candidate genes utilizing information from Mendelian databases,
published materials, model organisms, and social media. Whole exome
sequencing data was analyzed with an in-house bioinformatics pipeline
and filtered using Cartagenia software. Cases for which a pathogenic
variant in a known Mendelian gene was not identified were further re-
viewed for deleterious variants in novel candidate genes using an inte-
grated approach using the resources described above. Case 1: A pro-
band with developmental delay, cardiovascular abnormalities and facial
dysmorphisms was found to have a molecular change similar to another
proband with a dedicated social media site. Both probands’ phenotypes
overlapped, and the social media site aided in the diagnosis of an un-
characterized intellectual disability syndrome. Case 2: Exome analysis
was performed in a proband with axonal motor neuropathy, ophthalmo-
paresis and severe global developmental delay. Animal model analysis
was performed using the Jackson Laboratory database. We will present
findings associated with genes involved in motor neuropathy in mouse
models. Case 3: A proband presenting with Noonan-like features: de-
velopmental delay, short stature, macrocephaly and persistent anterior
fontanelle, were interrogated for rare variants in the Noonan-associ-
ated RAS/MAPK pathway. These results highlight the utility of exome
sequencing in identifying novel, candidate genes. However, additional
research assessing the functional impact of these variants on the protein
is needed before making any changes to the clinical management of the
patient. With several case studies, we illustrate how strategic utilization
of traditional and non-traditional information resources in the analysis
of clinical exome sequencing data aids in the diagnosis of rare genetic
diseases. These data emphasize the significance of needing addition-
al resources to perform research for functional studies and assessing
gene-disease validity along with the importance of collaborative resourc-
es to perform follow-up studies.
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Improving Diagnosis And Furthering Gene Discovery Through Re-
cruitment Of Clinical Whole Exome Sequencing Cases Into Re-
search. Z.H. Coban Akdemir’, M.K. Eldomery’, T. Gambin', T. Harel’,
A. Stray-Pedersen?, S. Penney’, J.A. Rosenfeld’, S.N. Jhangiani?, D.M.
Muzny?, F. Xia'3, Y. Yang'®, C.M. Eng’3, S.E. Plon'37, V.R. Sutton’$, A.L
Beaudet’?, E. Boerwinkle®*, R.A. Gibbs™?%, J.R. Lupski’?>°, 1) Molecular
and Human Genetics, Baylor College of Medicine, Houston, TX 77030,
USA; 2) Human Genome Sequencing Center, Baylor College of Medi-
cine, Houston, TX 77030, USA; 3) Baylor Miraca Genetics Laboratories,
Baylor College of Medicine, Houston, TX 77030, USA; 4) Human Ge-
netics Center, University of Texas Health Science Center at Houston,
Houston, TX 77030, USA; 5) Department of Pediatrics, Baylor College of
Medicine, Houston, TX 77030, USA; 6) Texas Children’s Hospital, Hous-
ton, TX 77030, USA; 7) Texas Children’s Cancer Center, Texas Children’s
Hospital, Houston, TX 77030, USA; 8) Norwegian National Unit for New-
born Screening, Women and Children’s Division, Oslo University Hospi-
tal, 0424 Oslo, Norway.

Beginning in July 2013, Baylor College of Medicine (BCM) added a
new source of recruitment for subjects into the Baylor-Hopkins Center for
Mendelian Genomics (BH-CMG): individuals undergoing clinical whole
exome sequencing (WES) at the Baylor Miraca Genetics Laboratories
(BMGL) for whom the clinical test failed to identify variants causative of
the clinically observed abnormal phenotypes. Published analyses of the
first 3,684 clinical exomes from the BMGL (Yang, et al. 2013; Yang, et al.
2014) show a molecular diagnostic rate of 25.2%, primarily in known dis-
ease genes, leaving ~75% of these cases unexplained and available for
research recruitment and potential novel disease gene discovery. Since
the beginning of this project (April 2014), we have enrolled nearly 380
subjects from approximately 142 families and have a queue of over 1600
additional families waiting for enroliment. Pilot project data of unsolved
clinical exomes to BH-CMG includes 64 trios, 1 quartet and 1 family
comprised of 3 affected siblings. We developed a workflow to identify
likely causal variants in the affected child/children in 3 branches: 1) de
novo variants; 2) homozygous/hemizygous SNVs or CNVs; and 3) com-
pound heterozygous variants. This workflow yielded solutions for 31.8%
of these cases. Solutions included discovery of novel disease genes,
such as PURA (OMIM *600473), MIPEP (OMIM *602241) and TANGO2.
Additionally, solutions for 8 cases were found in disease genes, includ-
ing de novo variants in ZBTB20 (OMIM *606025) and NALCN (OMIM
*611549) that were published between the times of clinical and research
analyses. Moreover, analysis of shared rare variants among 3 affected
brothers revealed a previously reported PIK3CD (OMIM *602839) patho-
genic variant transmitted from their father, who may have been a mosaic
carrier. The pipeline also yields many leads for additional disease gene
discovery, with 10 strong novel candidate genes currently undergoing
additional analyses to determine pathogenicity. In addition, utilization of
the GeneMatcher tool - a part of the Matchmaker Exchange Project- fur-
ther facilitates our novel gene discovery efforts through the identification
of additional families with a similar phenotype. In sum, this collabora-
tion between clinical and research testing not only contributes to finding
answers for families searching for a diagnosis, but also has become a
fruitful and efficient method for furthering our understanding of human
genetic disease.
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Rare variants are a large source of heritability for gene expression
patterns. R. Hernandez'?%, D. Vasco', L. Uricchio’, C. Ye?5 N. Zait-
len®23, 1) Bioeng. & Therapeutic Sci, UCSF, San Francisco, CA; 2) In-
stitute for Human Genetics, UCSF, San Francisco, CA; 3) Institute for
Quantitative Biosciences, UCSF, San Francisco, CA; 4) Department of
Biology, Stanford University, Stanford, CA; 5) Epidemiology & Biostatis-
tics, UCSF, San Francisco, CA; 6) Department of Medicine Lung Biology
Center, UCSF, San Francisco, CA.

Understanding the genetic architecture of complex traits is a central
challenge in human genetics. There currently exists a large disparity be-
tween heritability estimates from family-based studies and large-scale
genome-wide association studies (GWAS), which has been sensational-
ized as the “missing heritability problem”. Among the possible explana-
tions for this disparity are rare variants of large effect that are not tagged
by genotyping platforms. However, recent population genetic models
suggest that the conditions under which rare variants are expected to
substantially contribute to heritability may be fairly limited. To better un-
derstand the heritability of complex phenotypes, we investigated the role
of cis alleles in gene expression levels across European and African in-
dividuals using RNA and whole genome sequencing data from the GEU-
VADIS and 1000 Genomes Projects. In particular, we investigate whether
rare variants are likely to be a source of missing heritability in expression
across genes. Using variance-component methods, we partitioned the
heritability of expression levels explained by cis variants for each gene in
the genome across several frequency bins from rare (<1%) to common
(>10%). We performed extensive simulations to validate our heritabil-
ity estimation procedure. We find that when pooling all variants in cis
(within 500kb of a gene), heritability estimates are on average h >=17.6%
(with 4.7% of genes having h >>50%). Using variance-component meth-
ods, we find that in cis, rare variants (MAF < 1%) contribute significant-
ly more heritability than common variants (MAF > 10%) across genes
(Pyu=1-1x10%). In particular, 35.6% of h 2 across genes is contributed
by rare variants, while common variants contribute 22.3%. This observa-
tion suggests that rare variants play a substantial role in the heritability of
gene expression patterns, which is inconsistent with neutral evolutionary
forces operating on the cis regulatory architecture of most genes. We
discuss our results in the light of recent population genetic models of
quantitative traits, and highlight the importance of understanding how
natural selection can shape the genetic architecture of gene expression
in humans. We conclude by discussing implications for studying a variety
of complex phenotypes in humans.
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Haplotypes of common SNPs explain a large fraction of the missing
heritability of complex traits. G Bhatia?, A Gusev'?, P Loh"?, BJ Vil-
hjalmsson™23, S Ripke*, S Purcell?557, E Stahl?°, M Daly?°, TR de Can-
dia’®, MC O’Donovan’’, SH Lee’?, N Wray'?, BM Neale?®, MC Keller's, NA
Zaitlen, B Pasaniuc’, J Yang'®', AL Price'?'”, Schizophrenia Working
Group of the Psychiatric Genomics Consortium. 1) Epidemiology, Har-
vard School of Public Health, Boston, MA; 2) Program in Medical and
Population Genetics, Broad Institute of Harvard and MIT, Cambridge,
MA, USA; 3) Bioinformatics Research Centre, Aarhus University, Aarhus,
Denmark; 4) Stanley Center for Psychiatric Research, Broad Institute of
MIT and Harvard, Cambridge, MA, USA; 5) Analytic and Translational
Genetics Unit, Massachusetts General Hospital, Boston, MA, USA; 6)
Department of Psychiatry, Mt. Sinai Hospital, NY, USA,; 7) Division of Psy-
chiatric Genomics, Department of Psychiatry, Icahn School of Medicine
at Mount Sinai, NY, USA; 8) Division of Rheumatology, Immunology, and
Allergy, Brigham and Women’s Hospital, Harvard Medical School, Bos-
ton, MA, USA; 9) Division of Genetics, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA, USA; 10) Department of Psychol-
ogy and Neuroscience, University of Colorado, Boulder, Boulder, CO,
United States; 11) MRC Centre for Neuropsychiatric Genetics and Ge-
nomics, Institute of Psychological Medicine and Clinical Neurosciences,
Cardiff University, Cardiff, UK; 12) The Queensland Brain Institute, Uni-
versity of Queensland, Brisbane, Queensland, Australia; 13) Institute for
Behavioral Genetics, University of Colorado, Boulder, Boulder, CO, USA;
14) Lung Biology Center, School of Medicine, University of California,
San Francisco, San Francisco, CA, USA; 15) Department of Pathology
and Laboratory Medicine, University of California Los Angeles, Los An-
geles, CA, USA; 17) The University of Queensland Diamantina Institute,
The Translation Research Institute, Brisbane, Queensland, Australia; 18)
Department of Biostatistics, Harvard T.H. Chan School of Public Health,
Boston, MA, USA.

While genome-wide significant associations generally explain only a
small proportion of the narrow-sense heritability of complex disease (h?),
recent work has shown that more heritability is explained by all geno-
typed SNPs (hgz). However, much of the heritability is still missing (hg2
< h?). For example, for schizophrenia, h?is estimated at 0.7-0.8 but hg2
is estimated at ~0.3. Efforts at increasing coverage through accurate-
ly imputed variants have yielded only small increases in the heritability
explained, and inclusion of poorly imputed variants can lead to assay
artifacts for case-control traits. We propose to estimate the heritability
explained by a set of haplotype variants (haploSNPs) constructed direct-
ly from the study sample (hhapz). Our method constructs haploSNPs by
comparing all pairs of computationally phased haploid chromosomes.
A shared segment begins at a SNP at which the chromosomes match
and extends until a mismatch that violates a four-gamete test. Identical
shared segments are merged and the haploSNP values (0, 1 or 2 copies
per individual) are used to estimate genetic relationships between indi-
viduals. These genetic relationships are used in a linear mixed model
to estimate the heritability explained by this set of haploSNPs. Using
data from the UK10K project, we show that haploSNPs constructed from
common SNPs do a substantially better job of tagging unobserved vari-
ants (average best tag r? = 0.54) than genotyped or well-imputed SNPs
(average best tag r? = 0.28 and 0.34, respectively). This improved tagging
is highly statistically significant after accounting for the larger number of
haploSNPs (P < 10-'%) and translates into substantial gains in heritability
explained relative to genotyped SNPs. In a large schizophrenia data set
(PGC2-SC2Z), haploSNPs with MAF > 0.1% explained substantially more
phenotypic variance (h,_? = 0.64 (s.e. 0.10)) than genotyped SNPs alone
(hg2 =0.32 (s.e 0.03)). These estimates were based on cross-cohort com-
parisons, ensuring that cohort-specific assay artifacts did not contribute
to our estimates. In a large multiple sclerosis data set (WTCCC2-MS), we
observed an even larger difference between hhap2 and hgz, though data
from other cohorts will be required to validate this result. Overall, our re-
sults suggest that haploSNPs can explain a large fraction of the missing
heritability of complex disease suggesting a substantial role for untyped
rare variants in the genetic architecture of these traits.
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Estimating the respective contributions of human and viral genetic
variation to HIV control. /. Bartha', P. McLaren', Ch. Brumme?, R. Har-
rigan?, A. Telent®, J. Fellay’. 1) Ecole Polytechnique Fédérale de Laus-
anne, Lausanne, Switzerland; 2) BC Centre for Excellence in HIV/AIDS,
Vancouver, Canada; 3) J. Craig Venter Institute, La Jolla, USA.

Viral load setpoint is a major correlate of HIV disease progression.
Genome-wide association studies have identified common human poly-
morphisms that together explain no more than 15% of its phenotypic
variance. Here we present a joint assessment of the respective contri-
butions of human and viral variation to setpoint. Human genotype data
across the Major Histocompatibility Complex (MHC) region, full-length
consensus HIV sequences and setpoint viral load results were available
for 541 treatment naive HIV-1 infected individuals. Heritability (h?) esti-
mation was carried out with GCTA using three kernel matrices represent-
ing: 1) the human relatedness across the MHC, 2) the viral phylogeny,
and 3) the sample-specific noise. The human kernel was estimated from
27 common polymorphisms selected by LASSO. Phylogenetic trees
were inferred from the viral sequences using RAXML. The viral kernel
was derived from the phylogenetic trees by taking the branch length of
the shared ancestry. Estimating the host heritability of viral load using the
host kernel alone yielded a median estimate of h?>=8% with an interquar-
tile range (IQR) of 1% across 15 bootstrap replicates of the samples. The
estimates of the viral heritability drawn from 30 bootstrapped viral trees
had a median of 29% (IQR=10%). Combining the host and viral related-
ness matrices showed a comparable viral heritability of 26% (IQR=9%)
but a decreased host contribution of 4% (IQR=0%). This is the first esti-
mate of the combined and respective contributions of the host and the
viral genomes to the observed variability of HIV viral load. We showed
that both the pathogen and host genomes have detectable impacts on
the clinical outcome of infection, which are however not independent.
It was shown before that a large portion of the viral sequence is under
selection pressure by the host genotype. Therefore the fraction of phe-
notypic variance that is attributable to the viral phylogeny but not to the
genotype of the current host represents the effects of previous adapta-
tions of the virus to the previous individuals in the transmission chain.
This demonstrates that the fraction of phenotypic variance attributable
to the genetics of current host does not explain all the human genetic
control on HIV viral load at the population level.
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Rare and Low-frequency coding variants contribute independent-
ly to human stature variation. M.C. Medina Gomez'?, E. Marouli®, M.
Grafft, K.S. Lo® K. Lu®, C. Schurmann®, H.M. Highland*’, N. Heard-Cos-
ta, C.M. Lindgren®, D. Liu™, I.B. Borecki'’, J.N. Hirschhorn'>'3 R.J.F.
Loosb, T.M. Frayling™, F. Rivadeneira’?, G. Lettre®’s, P. Deloukas®'” On
behalf of the BBMRI, the GOT2D, the CHARGE, and the GIANT Con-
sortia. 1) Department Internal Medicine, Erasmus MC University, Rot-
terdam, Netherlands; 2) Department of Epidemiology, Erasmus MC
University, Rotterdam, The Netherlands; 3) TWilliam Harvey Research
Institute, Barts and The London School of Medicine and Dentistry Queen
Mary University of London Charterhouse Square, London, UK; 4) De-
partment of Epidemiology, University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA; 5) Montreal Heart Institute,Université de Montréal,
Montréal,Québec , Canada; 6) The Genetics of Obesity and Related
Metabolic Traits Program, The Charles Bronfman Institute for Person-
alized Medicine, Icahn School of Medicine at Mount Sinai, New York,
NY, USA; 7) Human Genetics Center, University of Texas Health Science
Center, Houston, TX, USA; 8) Department of Neurology, Boston Univer-
sity School of Medicine, Boston, MA,USA; 9) Program in Medical and
Population Genetics, Broad Institute of Harvard and MIT, Cambridge,
MA, USA; 10) Department of Biostatistics, University of Michigan School
of Public Health, Ann Arbor, MI, USA; 11) Department of Genetics Divi-
sion of Statistical Genomics, Washington University School of Medicine,
St. Louis, MO, USA; 12) Divisions of Endocrinology and Genetics and
Center for Basic and Translational Obesity Research, Boston Children’s
Hospital, Boston, MA, USA; 13) Broad Institute of the Massachusetts
Institute of Technology and Harvard University, Cambridge, MA, USA;
14) Department of Genetics, Harvard Medical School, Boston, MA, USA;
15) Genetics of Complex Traits, University of Exeter Medical School,
University of Exeter, Exeter, UK; 16) Faculty of Medicine, Université de
Montréal, Montreal, Québec, Canada; 17) The Wellcome Trust Sanger
Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge, UK.
Large-scale GWAS have discovered 697 common genetic variants
within 423 loci associated with human stature, explaining altogether
~20% of adult height heritability. Most of these variants map to non-cod-
ing regions. To investigate the contribution of rare (<1% MAF) and low
frequency (1-5% MAF) coding variants, we examined exome array geno-
type data in >450,000 individuals (~380,000 of European ancestry) from
148 studies. We performed single variant (SV) and gene-based associ-
ation analyses using p<2x107 and p<2.5x10% as significant thresholds,
respectively. To address the independent contribution of common and
rare/low-frequency alleles in shaping height variation, we performed
conditional analyses in the European set using RareMETAL. Focusing on
non-synonymous and splice site variants with MAF<5%, we used SKAT
and VT to perform gene-based tests. In the SV analysis, we identified
1,232 significant variants, of which 147 were either rare (49) or low-fre-
quency (98). Of these 147 variants, 102 clustered within 500kb of known
height loci and 45 were new (17 rare and 28 low frequency). We ob-
served the largest effect sizes (~1.9 cm) for rare missense variants in
CRISPLD2 (rs148934412, MAF=0.07%; P=2.9x10"), IHH (rs142036701,
MAF=0.07%; P=1.3x10""%), which are ~10 fold larger than those typically
observed for common height SNPs. We also identified rare missense
variants in numerous genes part of growth-related pathways, includ-
ing ACAN, PTH1R, IHH and FBN2 known to harbor mutations causing
abnormal skeletal growth. In the conditional analysis, we identified 563
independent significant signals (of which 32 are rare and 56 low-frequen-
cy). At least 76 of the new variants did not overlap with previously report-
ed height loci. The gene-based analysis identified 97 genes associated
with height, 53 of which map near known height loci. Most gene-based
associations were driven by single coding variants. Yet, we identified 11
genes with statistical evidence for multiple variants located at known
(e.g. FLNB, CCDC3 and B4GALNT3) and novel loci (e.g. OSGIN1, NOX4,
UGGT2). While successful, gene-based methodology is highly depen-
dent on type of statistical tests and functional annotation of variants
considered. We conclude that rare and low-frequency coding variants
among known and novel loci contribute independently to human stature
variation, with effects sizes larger than observed for common variants.
These coding variants implicate biologically relevant genes more pre-
cisely.
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Imputation of rare variants from the new Haplotype Reference
Consortium identifies associations missed by 1000 Genomes. A.R.
Wood', R. Beaumont', D. Hernandez?®, M. Nalls?, J.R. Gibbs? S. Bandi-
nelli*s, M.N. Weedon', A. Murray’, A. Singleton? D. Melzer', L. Ferrucci®,
T-M. Frayling’, Haplotype Reference Consortium. 1) Institute of Biomed-
ical and Clinical Sciences, University of Exeter Medical School, Exeter,
United Kingdom; 2) Laboratory of Neurogenetics, National Institute of
Aging, Bethesda, Maryland 20892, USA; 3) Department of Molecular
Neuroscience and Reta Lila Laboratories, Institute of Neurology, UCL,
London WC1N IPJ, UK; 4) Tuscany Regional Health Agency, Florence,
Italy, I.O.T. and Department of Medical and Surgical Critical Care, Univer-
sity of Florence, Florence, ltaly; 5) Geriatric Unit, Azienda Sanitaria di Fi-
renze, Florence, Italy; 6) Longitudinal Studies Section, Clinical Research
Branch, Gerontology Research Center, National Institute on Aging, Balti-
more, Maryland 21225, USA.

BackgroundThe phenotypic consequences of rare variation in the
99% of the genome that is non-coding is still largely unexplored. Whole
genome sequencing remains prohibitively expensive to perform on a
GWAS scale. The ability to impute rarer variation from the Haplotype
Reference Consortium (HRC) (including >65,000 haplotypes from 20
whole-genome sequencing studies) offers the chance to perform GWAS
of common traits using a much larger set of these variants. AimWe aimed
to assess the ability of imputation from the HRC to detect novel signals
of association with 93 common traits using 1210 individuals from the
INCHIANTI study. These 93 traits included circulating biomarkers of rele-
vance to human health, including vitamins, ions and, interleukins, and for
which previous association signals are often detectable in samples of this
size at genome-wide significance. MethodsWe estimated the haplotypes
of 1,210 InCHIANTI individuals using SHAPEIT-v2. Using the remote “UM
Imputationserver” we imputed 39,210,718 and 47,045,346 variants from
the HRC and 1000 Genomes (phase 3 version 5), respectively, using
Minimac-v3. We performed GWAS of 93 traits using imputed variants
with imputation quality ‘rsqr’ >0.5, and compared our results based on
the two datasets. ResultsImputation from the HRC and 1000 Genomes
resulted in 15,501,447 and 13,238,838 variants with imputation quality
>0.5, respectively. Of the well-imputed variants from the HRC, 2,253,813
were low frequency (1% < MAF < 5%) and 7,809,194 were rare (<1%
MAF) compared to 2,327,674 and 4,174.466 respectively for 1000 Ge-
nomes. We detected 43 association signals across 35 traits at P<5x10-%
and 17 at P<5x107°. Of these 43 association signals 9 index variants
were well-imputed rare variants (imputation rsgr >0.5) captured less well
by 1000 Genomes (imputation rsqr <0.5). These rare variant signals in-
cluded associations between rs117231518 and vitamin D (MAF=0.01;
P=3x10"%), rs150956780 and lactic dehydrogenase (MAF=0.006;
P=6x10"%), and rs568653750 and FT4 (MAF=0.002; P=2x107), although
only lactic dehydrogenase reached P<5x10° (correction for ~100 traits
tested) and replication is needed. In conclusion imputation from the HRC
provides an opportunity to study the phenotypic role of a much larger
proportion of rarer variation than previously possible and can identify
novel putative associations.
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Imputing Genotypes of the Haplotype Reference Consortium into
the Haplotypes of a Large Case Control Study of Age-related Mac-
ular Degeneration. L.G. Fritsche, S. Das, G.R. Abecasis, International
AMD Genomics Consortium. Department of Biostatistics, University of
Michigan School of Public Health, Ann Arbor, MI.

Purpose: Age-related macular degeneration (AMD) is one of the lead-
ing causes of blindness in elderly Americans. Common genetic variants
in more than 20 genes are known to modify disease risk. In addition, tar-
geted sequencing studies of complement genes identified less common
variants with larger risk effects. Here we set out to systematically eluci-
date the role of low frequency and rare variants in AMD. Methods: We
used > 60,000 haplotypes of the Hapotype Reference Consortium (HRC;
release 1; ~39 million autosomal variants) to impute into the phased gen-
otypes of >50,000 samples, among others 16,144 advanced AMD cases
and 17,832 controls of European decent (software: SHAPEIT and Mini-
mac3). Our genotyping platform, a combination of genome-wide tagging
SNPs, exonic variants, and custom content, was enriched for non-syn-
onymous coding changes found in large sequencing studies. Results: Of
the ~165,000 polymorphic, autosomal, non-synonymous coding chang-
es of our genotyping platform, the HRC reference panel had ~70% over-
lapping variants [> 98% overlapping variants with minor allele frequency
(MAF) > 0.05%]. Initial results showed that > 100,000 additional non-syn-
onymous coding changes with MAF > 0.05% could be well imputed with
the HRC reference panel. Most interestingly, all of the four known rar-
er AMD risk variants (CFH:p.R1210C, CFl:p.G119R, C9:p.P167S, and
C3:p.K155Q; 0.16% < MAF < 1.2%) that we genotyped could have been
imputed with high quality (empirical R-square > 0.88) and were observed
with association P values < 7x107'° in our case control study. Conclusion:
Our initial results suggested that genotyping and subsequent imputation
with the first release of the HRC reference panel allow a comprehen-
sive analysis of variants with MAF > 0.05%. The observed imputability
of confirmed AMD-associated variants of the lower frequency spectrum
indicated that the discovery of such risk variants might not be restrict-
ed to targeted sequencing studies or dependent on the content of the
selected genotyping platform. Imputation of the full data set is ongoing
and future analyses that will be presented at the conference will include
genome-wide single variant and gene-based burden tests.
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Whole-genome sequencing and genotype imputation across 35,000
individuals further defines the genetic architecture of inflammatory
bowel disease. C.A. Anderson on behalf of the UK IBD Genetics Con-
sortium. Human Genetics, Wellcome Trust Sanger Institute, Hinxton,
Cambridgeshire, United Kingdom.

Over 200 risk loci have been identified to date for Crohn’s disease
(CD) and ulcerative colitis (UC), the two common forms of inflammatory
bowel disease (IBD). To further explore the role of low-frequency (0.005 <
minor allele frequency (MAF) < 0.05) and rare (MAF < 0.005) genetic vari-
ants in disease risk we performed low-depth (up to 6X) whole-genome
sequencing across 4400 IBD cases (2700 CD, 1700 UC) and compared
them to 3700 UK population controls sequenced as part of the UK10K
project. Following quality control (QC), 28 million variants were available
for association testing, 10 million of which were not seen in the 1000ge-
nomes project. To increase power to detect association we performed
rare-variant burden tests within protein coding regions and observed the
known enrichment of rare protein-coding variants at NOD2 in CD cases.
Within NOD2, eleven potentially new risk variants with MAF < 0.1% con-
tributed to the overall burden, but were individually too rare to achieve
significance in our single SNP association tests. Next, we combined our
sequence data with that from the 1000genomes project and imputed
genotypes into an additional set of 12,000 IBD cases (two thirds of which
were newly genotyped for this study) and 15,000 UK population controls.
In addition to detecting genome-wide significant evidence of association
at many established risk loci (P < 5x10%), we identified five novel loci
driven by common genetic variants. IBD candidate genes within these
loci include CLECL1, which has been previously associated with type-1
diabetes and multiple sclerosis, and ITGAV, which is a paralog of a gene
(ITGAL) within an established IBD risk locus. We identified ten low-fre-
quency variants with P < 1x10 by testing for association within estab-
lished risk loci conditional on known genetic effects. These will be vali-
dated together with low-frequency SNPs with P<1x10 that lie outside
of known IBD regions. In summary, we have performed one of the larg-
est whole genome sequence-based association studies for a complex
disease to date. Our results suggest that there are a limited number of
low frequency variants with effects larger than those observed in GWAS
(odds ratio > 1.5). While our study further extends the allele frequency
spectrum tested for association to IBD risk, higher coverage sequencing
of tens of thousands of individuals will be needed to fully elucidate the
role of truly rare genetic variants in complex disease risk.

202
The next wave of autism gene discovery by targeted sequencing of
thousands of patients. H. Stessman’, B. Xiong', T. Wang'?, K. Hoekze-
ma’, L. Vives’, N. Janke', C. Lee’, B. Coe', R. Bernier’, E. Eichler'*. 1)
Department of Genome Sciences, University of Washington School of
Medicine, Seattle, WA; 2) State Key Laboratory of Medical Genetics &
School of Life Sciences, Central South University, Changsha, China; 3)
Department of Psychiatry and Behavioral Sciences, University of Wash-
ington, Seattle, WA; 4) Howard Hughes Medical Institute, Seattle, WA.
De novo protein-coding mutations and large copy number variants are
estimated to contribute to ~30% of simplex autism, but the pathogenici-
ty of the majority of the several hundred candidate genes to emerge from
exome sequencing studies has yet to be definitively established. We
applied single-molecule molecular inversion probes (smMIPs) combined
with an established statistical framework to resequence 154 candidate
genes in 11,000 autism/intellectual disability probands as well as 4,000
unaffected controls. Samples were obtained from an international net-
work of clinicians and researchers (the ASID network where patient re-
contact is possible); candidate genes were selected based on recurrent
mutations and for enrichment in biological networks based on co-ex-
pression and protein-protein interactions. We report the identification of
two or more likely gene-disrupting (LGD) events among probands in 44
(29%) of these genes with no disrupting events in unaffected siblings
or controls. This set confirms the importance of previously described
genes (CHDS8, ARID1B, PTEN, TBR1, GRIN2B, DYRK1A, ADNP, CHD2,
SYNGAP1, TRIP12, SCN2A and PAX5) as well as many novel autism
genes that have reached locus-specific significance for LGD burden
(e.g., NAA15, POGZ, MED13L, TAF13, CDKL5, SRCAP, CUL3, DDX3X,
WAC and SETD2). In addition to de novo mutations, we are observing
evidence of maternal transmission biases for private LGD events in
genes such as RIMS1 and AHNAK. Based on targeted resequencing of
these 154 candidates, we currently estimate that we have identified a
high-impact risk variant in 3-4% of patients using inexpensive smMIP
assays now available to readily sequence tens of thousands of additional
patients. Phenotypic and familial follow-up on genes with five or more
disruptive mutations are ongoing and are revealing novel syndromic and
non-syndromic forms of autism/intellectual disability. This study high-
lights the importance of de novo mutations in ASD and draws on the
strength of the genotype-first approach to identify new subtypes and
resolve the locus heterogeneity of a complex genetic disease.
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Allele frequency distribution of pathogenic sequence variants in
ExAC and the implications for clinical genetic testing. Y. Kobayashi,
S. Yang, A. McMurry, J. Garcia, S. Lincoln, K. Nykamp, S. Topper. Invitae,
San Francisco, CA.

A key criterion used in the clinical interpretation of sequence variants
is the allele frequency observed in the general population. In the recently
published ACMG guidelines (2015), “frequency greater than expected
for a disorder” is considered strong evidence for benign classification.
In principle, allele frequency thresholds can be derived for each gene
based on disease incidence and penetrance of pathogenic mutations. In
practice however, this is difficult since accurate estimates of incidence
and penetrance are not available for most genes, and these can vary
greatly depending on ethnic population. Moreover, these analyses of-
ten ignore the distribution of pathogenic mutations: some genes have
only a few relatively common mutations while others have hundreds of
very rare or private mutations. Finally, accurate and precise frequency
measurements based on large populations have only recently become
available. For all of these reasons, clinical laboratories have typically set
their benign allele frequency thresholds conservatively high.To study
the distribution of disease-causing alleles in population datasets, we
identified pathogenic mutations in ClinVar and determined their allele
frequencies in the Exome Aggregation Consortium (EXAC) dataset. We
then generated frequency distributions of these mutations in a number
of well-studied genes, including BRCA1/2 and CFTR, and derived an
allele frequency-based model for identifying variants that are unlikely to
be pathogenic. In these genes, the frequency threshold at which 99.9%
of known pathogenic mutations were accounted for was substantially
lower than current thresholds used by most labs, including ours. The
remaining 0.1% above this threshold were essentially all known popu-
lation-specific founder mutations. Furthermore, the cumulative total of
pathogenic mutations in a gene was largely consistent with the expected
frequency based on disease incidence and penetrance. Incorporation
of this data into variant classification schemes gives clinical geneticists
greater confidence that many low-frequency variants are benign; as a
result, we observed upwards of 30% reduction in variants of uncertain
significance when simulated on a clinical cohort.By leveraging the power
of large community databases, we are able to better characterize the
allele frequency distribution of disease-causing mutations. This knowl-
edge will greatly improve our ability to accurately classify variants and
may lead to better patient care.
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Classifying Variants Detected by Whole Genome Sequencing of a
Healthy Population: The Good, the Bad, and the Ugly. S. Punj’, Y.
Akkari’, M.O. Dorschner?® 3, D.A. Nickerson®, G.P. Jarvik®4, L.M. Amen-
dola?, D.K. Simpson’, A. Rope’, J. Reiss’®, K. Kennedy?, D.I. Quigley®, C.
Harding'®, J. Berg"!, T. Kauffman’, M. Gilmore’, P. Himes’, B. Wilfond®®,
K.A.B. Goddard™, C.S. Richards’. 1) Department of Molecular and Med-
ical Genetics, Knight Diagnostic Laboratories, Oregon Health & Science
University, Portland, OR; 2) Pathology, University of Washington, Seattle,
WA, 3) Genome Sciences, University of Washington, Seattle, WA; 4) De-
partment of Medicine, Division of Medical Genetics, University of Wash-
ington, Seattle, WA; 5) Department of Pediatrics, Division of Bioethics,
University of Washington, Seattle, WA; 6) Truman Katz Center for Pediat-
ric Bioethics, Seattle Children’s Hospital, Seattle, WA; 7) Department of
Medical Genetics, Kaiser Permanente Northwest, Portland, OR; 8) Ob-
stetrics and Gynecology, Kaiser Permanente Northwest, Portland, OR; 9)
Laboratory, Kaiser Permanente Northwest, Portland, OR; 10) Molecular
& Medical Genetics, Oregon Health & Science University, Portland, OR;
11) Department of Genetics, University of North Carolina School of Medi-
cine, Chapel Hill, NC; 12) Center for Health Research, Kaiser Permanente
Northwest, Portland, OR.

The NextGen Project of the Clinical Sequencing Exploratory Re-
search Consortium (CSER) focuses on carrier screening by whole ge-
nome sequencing (WGS) in a pre-conception reproductive population.
Based on literature review and other available carrier screening tests,
700 gene/disorder pairs were selected for analysis and classification of
variants. Here we report the laboratory results in the first 75 participants.
The conditions reported to date include: serious (~40%), mild (~20%),
adult onset (~20%), shortened lifespan (~15%), unpredictable outcome
(~10%), and medically actionable (<2%) as categorized by our Return
of Results Committee (RORC). Well known variants in more prevalent
conditions represent 20% of variants reported and include: HFE, SERPI-
NA1, GJB2, CPT2, and MEFV. Not surprisingly, two couples were found
to carry common disease-causing variants in the same gene. However,
based on the respective conditions, neither disorder (hereditary hemo-
chromatosis or alpha-1 antitrypsin deficiency) was an indication for pre-
natal diagnosis. More importantly, neither couple expressed anxiety or
concern over their results. Unlike these more common conditions, ~35%
of the conditions reported are not included in clinically available carrier
screening tests, and in general, represent very rare conditions. All vari-
ants were classified using the 2015 ACMG recommendations for variant
classification. Approximately half of the variants reported were classified
as pathogenic, with the remaining classified as likely pathogenic. We do
not report VUS or benign variants. While the majority of variants had
been previously identified, novel variants that result in truncation of a
gene with a loss of function mechanism (e.g. nonsense, frameshift, and
splice variants), represented ~20% of variants reported. Classification
of missense variants, which comprised the majority (67%) of variants
returned, was more challenging. For example, we initially classified a
missense variant in the SPG7 gene, which causes spastic paraplegia
type 7, as pathogenic; however, after finding the same variant in three
out of the first 50 participants, we consulted our RORC and reclassified
it as a VUS. We will describe how our laboratory uses the current ACMG
recommendations for variant classification, which criteria are most often
used or unused, and provide some strategies to avoid potential pitfalls.
Finally, we will discuss insights into the utility of our WGS approach for
carrier screening.

Copyright © 2015 The American Society of Human Genetics. All rights reserved.
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Exploring the landscape of pathogenic genetic variation in the ExXAC
population database: Insights of relevance to variant classification.
S. Gardner (Equal Contribution), W. Song (Equal Contribution), H. Hov-
hannisyan, W. Chen, A. Natalizio, K. Bogdanova, K. Weymouth, I. Thibo-
deau, S. Letovsky, A. Willis, N. Nagan. Integrated Genetics, Laboratory
Corporation of America® Holdings, Westborough, MA and Research
Triangle Park, NC.

PURPOSE AND METHODS: We piloted efforts to evaluate the feasi-
bility of the Exome Aggregation Consortium (ExAC) database as a con-
trol cohort to classify variants across 3 groups of genes, namely, dom-
inant tumor suppressor genes (BRCA1, BRCA2, MLH1, MSH2, MSH6,
and PMS2), dominant cardiac disorder genes (n=9, FBN1, sarcomeric
and desmosomal genes), and recessive genes (CFTR, GJB2, HBB, and
MEFV). Our approach involved: 1. Comparing the frequency of patho-
genic variants in the EXAC to the calculated maximum expected patho-
genic allele frequency after factoring for the prevalence, penetrance,
allelic and locus heterogeneity of each gene. Variant classification is
based on internal database annotations. 2. Comparing the observed
carrier frequency and the ethnicity-specific variant distribution between
ExAC and published literature for genes with available information. RE-
SULTS: 1. 95% of BRCA1&2, 100% of CFTR, GJB2, and HBB, and 89%
of MEFV variants with EXAC frequencies above the calculated maximum
expected pathogenic allele frequency were classified as “Normal.” 2. In
contrast, several cardiac and Lynch syndrome gene variants with EXAC
frequencies above the calculated maximum expected pathogenic allele
frequency were classified as “VUS,” making these candidates worthy for
re-classification. 3. EXAC is not overrepresented for pathogenic variants
in MLH1, MSH2, and MSH6 genes at a frequency above the reported
population incidence of Lynch syndrome (1/500). 4. Carrier frequencies
of the most frequent pathogenic variants in EXAC were concordant with
reported population frequencies for BRCA1&2 specific AJ-founder mu-
tations (1/756), and CFTR p.F508del (1/71). 5. Distribution of the most
frequent variants in CFTR (p.F508del), GJB2 (p.V37l), and HBB (p.E7K
and p.E7V) were concordant with the reported ethnic prevalence in Euro-
pean, East Asian, and African respectively. CONCLUSIONS: The EXAC
database is not overrepresented for pathogenic variants in the genes
evaluated. Although supportive of EXAC as a control cohort for classi-
fying variants in clinical settings, we recommend that labs evaluate this
database mindful of the mutational spectrum, presence of pseudogenes
(eg PMS2), and heterogeneity of genes analyzed, but not as a sole ev-
idence for variant classification. As evidenced with cardiac and Lynch
syndrome gene variants, underlying genetic complexities and lack of
published knowledge can pose challenges in deriving meaningful classi-
fications using control datasets.
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Assessing the clinical validity of genes implicated in hereditary
pheochromocytoma/paraganglioma and pancreatic cancer using
the ClinGen framework. R. Ghosh’, A. Buchanan? N.T. Strande®, E.R.
Riggs?, S.S. Dwight’, T.P. Sneddon’, C.L. Martin?, J.S. Berg®, M.J. Fer-
bert, K. Offits, K.L. Nathanson®, S.E. Plon’. 1) Pediatrics-Oncology, Bay-
lor College of Medicine, Houston, TX; 2) Geisinger Health System, Dan-
ville, PA; 3) University of North Carolina, Chapel Hill, NC; 4) Mayo Clinic,
Rochester, MN; 5) Memorial Sloan Kettering Cancer Center, New York,
NY; 6) University of Pennsylvania, Philadelphia, PA; 7) Stanford Universi-
ty School of Medicine, Stanford, CA.

Advances in genomics have led to a marked increase in reported num-
ber of gene-disease associations, and an increasing number of genes
on clinical genetic testing panels. There is a critical need for developing
standards for determining the clinical validity and assessing the strength
of evidence of a given gene-disease association. The Clinical Genome
Resource (ClinGen) is a NIH-funded program dedicated to creating an
open and centralized resource of clinically relevant genes and variants,
evaluated using standardized guidelines to optimize their clinical integra-
tion. As part of this effort, ClinGen’s Gene Curation Working Group has
1) developed a framework to curate publicly available evidence for gene
- monogenic disorder associations, and 2) established the following clin-
ical validity classification scheme: Definitive, Strong, Moderate, Limited,
Disputed, Evidence Against, and No Evidence. A given gene-disease
pair is assigned to one of these classes based on the strength of the
available clinical, functional and contradictory evidence, and whether the
initial report of disease-gene association has been replicated.ClinGen’s
Hereditary Cancer Clinical Domain Working Group has used this frame-
work to determine the clinical validity of genes implicated in predisposi-
tion to pheochromocytomas /paragangliomas (PCC/PGLs) and pancre-
atic cancer, tumors for which multi-gene panels are clinically available.
PCC/PGLs are rare neuroendocrine tumors that have a high likelihood of
resulting from genetic susceptibility. Following the ClinGen gene curation
process we identified that only nine of 21 genes included on PCC/PGL
multi-gene panels scored as Definitive evidence for an association with
disease. One gene, HIF2A, had significant Evidence Against an associ-
ation with PGL based on the population frequency of the single va