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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.
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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.



ASHG 2015 Abstracts 11

21

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.



12 ASHG 2015 Abstracts

23

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.

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



14 ASHG 2015 Abstracts

28

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.

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



ASHG 2015 Abstracts 15

31
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.

37
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.
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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.

43

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.

67
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, Durh