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AS SOC I AT I ON STUD I E S ART I C L E

Whole-exome sequencing of over 4100 men of African
ancestry and prostate cancer risk
KristinA. Rand1,2,†, Nadin Rohland3,4,†, Arti Tandon3,4, Alex Stram1, Xin Sheng1,
Ron Do3,4, Bogdan Pasaniuc5,6,7, Alex Allen3,4, Dominique Quinque3,4, Swapan
Mallick3,4,8, Loic Le Marchand9, Sam Kaggwa10, Alex Lubwama11, The African
Ancestry Prostate Cancer GWAS Consortium‡, The ELLIPSE/GAME-ON
Consortium‡, Daniel O. Stram1,2, Stephen Watya11,12, Brian E. Henderson1,2,§,
David V. Conti1,2, David Reich3,4,8,† and Christopher A. Haiman1,2,†,*
1Department of Preventive Medicine, Keck School of Medicine, 2Norris Comprehensive Cancer Center, University
of Southern California, Los Angeles, CA 90033, USA, 3Department of Genetics, Harvard Medical School, Harvard
University, Boston, MA 02115, USA, 4Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA,
5Bioinformatics Interdepartmental Program, 6Department of Human Genetics, David Geffen School of Medicine,
7Department of Pathologyand LaboratoryMedicine, DavidGeffen School ofMedicine, University of California, Los
Angeles, Los Angeles, CA 90095, USA, 8Howard Hughes Medical Institute, Harvard Medical School, Boston, MA
02115, USA, 9Epidemiology Program, Cancer Research Center, University of Hawaii, Honolulu, HI 96813, USA,
10Department of Surgery, 11School of Public Health, Makerere University College of Health Sciences, Kampala,
Uganda and 12Uro Care, Kampala, Uganda

*To whom correspondence should be addressed at: Harlyne Norris Research Tower, 1450 Biggy Street, Room 1504, Los Angeles, CA 90033, USA.
Tel: +1 3234427755; Fax: +1 3234427749; Email: haiman@usc.edu

Abstract
Prostate cancer is themost commonnon-skin cancer inmales,witha∼1.5–2-foldhigher incidence inAfricanAmericanmenwhen
compared with whites. Epidemiologic evidence supports a large heritable contribution to prostate cancer, with over 100
susceptibility loci identified todate that canexplain∼33%of the familial risk. To explore the contributionof both rare and common
variation in coding regions to prostate cancer risk, we sequenced the exomes of 2165 prostate cancer cases and 2034 controls of
African ancestry at a mean coverage of 10.1×. We identified 395 220 coding variants down to 0.05% frequency [57% non-
synonymous (NS), 42% synonymous and 1% gain or loss of stop codon or splice site variant] in 16 751 genes with the strongest
associations observed in SPARCL1 on 4q22.1 (rs13051,Ala49Asp, OR= 0.78, P = 1.8 × 10−6) and PTPRR on 12q15 (rs73341069,Val239Ile,
OR= 1.62, P = 2.5 × 10−5). In gene-level testing, the two most significant genes were C1orf100 (P = 2.2 × 10−4) and GORAB
(P = 2.3 × 10−4). We did not observe exome-wide significant associations (after correcting for multiple hypothesis testing) in single
variant or gene-level testing in the overall case–control or case–case analyses of disease aggressiveness. In this first whole-exome
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sequencing studyofprostate cancer, ourfindingsdonotprovide strong support for thehypothesis thatNScodingvariantsdown to
0.5–1.0% frequency have large effects on prostate cancer risk in men of African ancestry. Higher-coverage sequencing efforts in
larger samples will be needed to study rarer variants with smaller effect sizes associated with prostate cancer risk.

Introduction
Prostate cancer is themost common non-skin cancer in males in
the USA, with an estimated 220 800 new cases diagnosed in 2015
(www.cancer.gov). This disease disproportionately affects men
of African ancestry, with the incidence being 1.5–2-fold greater
in men of African ancestry compared with men in other racial/
ethnic populations (1). Epidemiologic evidence suggests a strong
heritable contribution to prostate cancer (2,3), and previous gen-
ome-wide association studies (GWAS) have been successful in
identifying over 100 common genetic variants associated with
risk (4–20). These common risk alleles (frequencies > 5%) were
primarily discovered in European and Asian populations, have
modest effect sizes (relative risks < 1.3) and are estimated to ex-
plain ∼33% of familial risk (20). A recent study examining 82
risk variants in ∼4800 prostate cancer cases and ∼4700 controls
of African ancestry found 83% of variants to have directionally
consistent effect estimates, suggesting that the majority of
GWAS-identified loci harbor risk alleles that are common and
shared across populations (21).

An unexplored hypothesis is that ‘missing heritability’ of com-
plexdiseases suchasprostate cancermaybeattributed to rare var-
iants. GWAShave been limited in their ability to adequatelyassess
the contribution of risk from rare variants [minor allele frequency
(MAF) <1%], as current genotyping array technology inadequately
captures this spectrum of variation (22,23). Sequencing in families
with a history of breast and ovarian cancers have revealed rare de-
letions in BRCA2 that are associated with a ∼5-fold increase in risk
of developing prostate cancer, with risk increasing to ∼7-fold for
early-onset prostate cancer (age < 65 years) (24). More recently, a
rare non-synonymous (NS) variant Gly84Glu (rs138213197) in
HOXB13 has been found to be associated with risk of both heredi-
tary (ORs = 4.5–9.0) and sporadic prostate cancer (ORs = 2.5–4.5)
(25–28). This variant is only found in men of European ancestry
and is a founder mutation in the Nordic population where the
population frequency is∼1%,whereas the frequencyof the risk al-
lele is reported to be≤0.2% inother Europeanancestry populations
(26,27). While the evidence supporting rare coding variation in
prostate cancer is limited, these examples suggest that rare coding
variation may contribute to prostate cancer susceptibility, with
the allelic effect being larger than loci revealed through GWAS.

To further explore the contribution of rare coding variation in
prostate cancer, we performed whole-exome sequencing in 2165
prostate cancer cases and 2034 controls of African ancestry to
identify and directly test rare variants in protein-coding sequence
thatmay be important and/or unique to this high-risk population.
In addition to association testing of single variants, we performed
gene-level tests to investigate the aggregate effects of rare coding
variants within genes and in specific candidate pathways that
have been implicated in the pathogenesis of prostate cancer.

Results
We targeted 51 Mb to capture 20 965 genes and 334 278 exons and
were able to confidently call variants down to 0.05% (observed at
least 4 times in >8000 chromosomes, seeMaterials andMethods).
The mean coverage of the targeted regions before quality control
filtering was 7× (range of coverage across all samples: <1–30.9×;

80% of samples had a mean coverage of >3.5×), with 91% of
reads mapped to target regions. After removing poor-performing
samples and variants (n = 423, n = 332 042 of 727 262 variants,
respectively; see Materials and Methods) and excluding intronic
regions, the overall mean depth was 10.1× in 1938 cases and
1838 controls (Supplementary Material, Table S1). Overall, 57%
of the variants in gene-coding sequence were NS, with 42% syn-
onymous, and 1% exonic splice sites or stop codon loss or gain;
distributions that are comparable to those observed in an African
American sample (n = 2203) in the Exome Sequencing Project
(ESP: 58% NS, 38% synonymous, 4% splice sites). Of the 148 866
variants with a MAF of ≤0.1%, 12.6% were reported in the AFR
population of the 1000 Genomes Project (1KGP) and 37.9% were
reported by the ESP. Of the 163 783 variants with a MAF between
0.1% and 0.5%, 36.8% were observed in 1KGP, whereas 66.9% were
reported in the ESP. The overlap substantially increased in the
19 995 variants with a MAF between 0.5% and 1%, where 87.2%
were in 1KGP and 92.5% were reported by the ESP. As expected,
therewas very high overlap in the 61 790 common variants (MAF
> 1%), with 96.5% overlap with 1KGP and 94.8% overlap with ESP
(Table 1). Over 60% of the variants in our datawith aMAFof <0.1%
are not in ESP, indicating that a large fraction of coding variation
has yet to be discovered or tested in association with prostate
cancer risk in this population. However, a limitation of the low-
to-moderate coverage sequencing approach is that we missed
∼20% of coding variants with frequencies between 0.5 and 50%
that were found by the ESP (Supplementary Material, Table S2).
These are variants that we had more than adequate samples
and coverage to observe; however, they were located in regions
that were removed during quality control filtering as a conse-
quence of the low-coverage approach. We were able to test 94%
of these variants through imputation as described later (and
see Materials and Methods). We were also unable to study inser-
tion or deletion (indels) variants, which require high-coverage
sequence data to call accurately.

Single variant associations

Under the assumption that rare variants will have a large effect
(ORs > 5), we performed a power calculation to determine a
lower allele frequency threshold for single-variant tests and de-
termined that with our current sample size, we have 65% power
to detect an OR = 6 and >99% power to detect an OR = 10 down to
0.2% frequencywith an α-level = 3.75 × 10−7. Consequently, we re-
moved 261 853 variants with an allele frequency of <0.2% from all
analyses and any variant without at least one count in either
cases or controls in each sub-analysis. We report ORs and 95%
confidence intervals (CI) from a logistic regression model and
P-values from a likelihood ratio test.

Overall prostate cancer risk
After filtering, association testing was performed for 133 367 var-
iants available for analysis. We observed only one variant at P <
10−5 (one expected) and nine variants at P < 10−4 (13 expected)
whereas the QQ plot showed no evidence for systematic error
(lambda = 1.03, Supplementary Material, Fig. S1). The two most
significant associations were with NS variants in SPARCL1 on
4q22.1 (rs13051: control freq 0.25, Ala49Asp, OR = 0.78, P = 1.8 ×
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10−6) and PTPRR on 12q15 (rs73341069: control freq 0.03, Val239Ile,
OR = 1.62, P = 2.5 × 10−5). The 10most significantly associated var-
iants are listed in Table 2. Of note, two of the variants are poly-
morphic in populations of African ancestry and monomorphic
in European populations (rs73341069, Val239Ile; rs148679475,
Leu104Leu), and one variant has a minor allele frequency of 30%
in African populations, compared with 1% in European popula-
tions (rs6003217, Ser197Ser). Overall, none of the single variant as-
sociations reached exome-wide significance (P < 3.75 × 10−7) after
adjustment for multiple comparisons.

In an attempt to replicate these findings, we analyzed the top
10 significant variants and overall prostate cancer risk in a repli-
cation set of 3069 cases and 2850 controls of African ancestry
from the African Ancestry Prostate Cancer GWAS Consortium
(AAPC; see Materials and Methods); however, none of the top 10
significantly associated variants were replicated at P < 0.05 in this
replication set (Supplementary Material, Table S3a). Six of the 10
variants were genotyped in AAPC, 3 variants with a MAF of >1%
had imputation quality scores of >0.80 and 1 rare variant was im-
puted with a quality score of 0.63 (Supplementary Material,
Table S3a). To examine the 20% of variants that were observed
in the ESP but removed from our data owing to post-calling qual-
ity control filters, we imputed missing data down to 0.5% fre-
quency with a linkage disequilibrium (LD)-aware caller (29).
Imputation allowed us to recover 94% of the variants observed
in the ESP; however, none were significantly associated with
prostate cancer risk.

Case-only analysis
In case–case analyses (611 aggressive, 1054 non-aggressive cases),
the two most significant associations were with a synonymous
variant in TRMT1 on 19p13.2 (rs140145761: Leu83Leu, OR = 13.55,
P = 5.5 × 10−6) and a NS variant in SNTN on 3p14 (rs73111385:

Lys52Arg, OR = 7.45, P = 1.3 × 10−5). Of the top 10 associations from
the case–case analysis, 9 were significantly associated (P < 0.05)
with aggressive disease (versus controls), whereas 4 SNPs were
associated with non-aggressive disease (Table 3). One of these as-
sociations was replicated, albeit weakly, in the AAPC case–case
analysis of 528 aggressive and 2541 non-aggressive cases
(rs118023699, OR = 3.81, P = 0.03) but was not significantly asso-
ciated with aggressive or non-aggressive disease at a P < 0.05 (Sup-
plementary Material, Table S3b). Two of the 10 variants were
genotyped in AAPC, 6 variants had imputation quality scores of
≥0.80, 1 rare variant was imputed with a quality score of 0.31,
and 1 variant was monomorphic and was not analyzed (Supple-
mentary Material, Table S3b).

Young onset disease: case–control analysis
In the young onset disease analysis (154 cases age≤ 55 and 1625
controls), there were two variants in HYLS, that just surpassed
exome-wide significance on 11q24 (rs78786765, Lys91Asn, OR =
0.48, P = 3.0 × 10−7 and rs12274443, Asn9Asn, OR = 0.47, P = 3.1 ×
10−7, Supplementary Material, Table S4). These variants are cor-
related in 1KGPAFR (r2 = 1.0) and are less common in young onset
cases (frequency = 0.003) than controls (frequency = 0.03). These
associationswere not replicated in theAAPC young onset disease
analysis of 659 cases and 2850 controls. Three of the 10 variants
were genotyped in AAPC and 7 variants had imputation quality
scores of ≥0.93 (Supplementary Material, Table S3c).

Gene-level analyses

We performed gene-level tests using a gene-sum test, which as-
sumes all variants have the same direction of effect, and the se-
quence kernel association test (SKAT), which allows for variants
to either be protective or confer risk (30). We have limited the

Table 1. Annotation of exonic data from 3776 men of African ancestry (MAC≥ 4)

Minor allele frequency Total Splicing Non-synonymous Synonymous Stoploss, Stopgain % in 1KGP % in ESP

≤0.1% 148866 154 90341 56009 2362 12.6 37.9
>0.1, ≤0.5% 163783 250 94914 66246 2373 36.8 66.9
>0.5, ≤1% 19995 25 10742 9098 130 87.2 92.5
>1% 61790 71 29079 32356 284 96.5 94.8
Total 394434a 500 225076 163709 5149 40.1 62.2

a786 variants could not be annotated.

Table 2. Overall single variant association results (1938 cases/1838 controls)

Variant Chromosome,
base pair

Amino acid
change

Gene Risk/ref
allele

Case–controla Afr/Eurb OR (95% CI)c P-valued

rs13051 4:88416188 Ala49Asp SPARCL1 G/T 0.19/0.25 0.12/0.64 0.78 (0.70–0.86) 1.8 × 10−6

rs73341069 12:71147994 Val239Ile PTPRR T/C 0.05/0.03 0.08/– 1.62 (1.29–2.04) 2.5 × 10−5

rs148679475 7:141954999 Leu104Leu PRSS58 C/T 0.002/0.01 0.01/– 0.28 (0.14–0.55) 2.7 × 10−5

rs735320 3:42915878 Pro477Pro CYP8B1 T/C 0.19/0.16 0.17/0.16 1.27 (1.13–1.43) 3.6 × 10−5

rs2041388 12:6562836 Pro173Pro TAPBPL A/G 0.06/0.05 0.01/0.29 1.52 (1.24–1.85) 4.0 × 10−5

rs12999160 2:186661567 Cys3324Tyr FSIP2 A/G 0.02/0.01 0.01/0.09 2.13 (1.46–3.10) 4.3 × 10−5

rs6003217 22:43870800 Ser197Ser MPPED1 A/G 0.28/0.24 0.30/0.01 1.24 (1.11–1.37) 5.9 × 10−5

rs3735319 7:149152770 Val115Ala ZNF777 A/G 0.46/0.41 0.44/0.44 1.20 (1.09–1.31) 7.2 × 10−5

rs62246603 3:42781276 Leu338Leu CCDC13 T/G 0.17/0.14 0.13/0.27 1.27 (1.13–1.43) 8.9 × 10−5

rs112002818 16:57935442 Ala961Val CNGB1 A/G 0.02/0.008 0.01/0.07 2.29 (1.48–3.54) 9.0 × 10−5

aRisk allele frequencies for cases and controls.
bRisk allele frequencies for African and European populations from the 1000 Genomes Project.
cORs and 95% CIs are presented from a logistic regression model adjusted for age, study and PC1-10.
dP-values are presented from a likelihood ratio test adjusted for age, study and PC1-10.
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gene-level tests to NS, stoploss; gain or splicing variants with a
MAF of <0.01 within each gene and present results from the
gene-sum test. We have also included the P-value from SKAT
for the top 10 associations from the gene-sum test results
(Table 4), and the top 100 associations for the overall case–control
analysis from the SKAT test are provided in Supplementary Ma-
terial, Table S5. The lambda for the gene-sum test was 1.04
whereas the SKAT test showed significant over-dispersion
(lambda = 1.59). All gene-level testing was corrected for popula-
tion structure by applying genomic control (see Discussion).

Overall prostate cancer risk
In the gene-sum test, we tested 16 751 genes and observed no
gene with a P-value of <10−4 (two expected) and 19 genes with a
P-value of <10−3 (17 expected). The two most significant genes
were C1orf100 (P = 2.2 × 10−4) and GORAB (P = 2.3 × 10−4, Table 4).
Neither gene was significant in the SKAT analysis (Table 4).

Case-only analysis
The two most significant associations in the case–case analysis
were observedwith SNTN, a gene involved in calcium ion binding
(P = 2.0 × 10−5) and ZBTB46, a zinc finger gene that encodes a zinc
finger protein (P = 2.3 × 10−4, Table 5). The top nine most

significant genes in the case–case analysis were also marginally
significant in the analysis of aggressive cases versus controls;
however, only four genes were marginally significant in non-ag-
gressive disease, butwith different directions of the ORs (Table 5).

High-risk genes
We examined 30 candidate prostate cancer genes, which consist
mainly of DNA repair genes (31) as well as 8 additional genes pre-
viously implicated in prostate cancer (HOXB13, KLK2, KLK3,
MSMB, MYH6, RAD51D, RNASEL, TEP1). In the overall case–control
and aggressive analyses, therewere no significant findings in the
gene-sum test. In the case–case analysis, the most significant
associations were observed with MLH1 and ATM (P = 0.02 and
P = 0.03, respectively, Supplementary Material, Table S6).

Genes near known risk loci
We examined genes nearest to the 100 known loci for prostate
cancer risk and in the overall analysis the strongest association
was with ARMC2 (P = 0.006). As other genes of interest could be
located within an LD block of a risk variant, we also examined
940 genes within 1 MB of the 100 known loci for prostate cancer
risk (Supplementary Material, Table S7). In the overall analysis,
the most significant association was observed with DIDO1

Table 3. Single variant association results for case–case analysis (611 aggressive cases/1054 non-aggressive cases)

Variant Chromosome,
base pair

Amino acid
change

Gene Risk/ref
allele

Agg/non-agga Afr/Eurb Case–casec OR (95% CI),
P-value

Agg versus
Ctrld P-value

Non versus
Ctrld P-value

rs140145761 19:13220803 Leu83Leu TRMT1 G/C 0.01/0.001 0.01/– >10e 5.5 × 10−6 1.4 × 10−2 4.9 × 10−3

rs73111385 3:63645410 Lys52Arg SNTN G/A 0.02/0.002 0.01/0.03 7.45 (2.51–22), 1.3 × 10−5 5.7 × 10−3 1.5 × 10−2

rs2305772 19:52033742 Pro246Ser SIGLEC6 G/A 0.39/0.46 0.46/0.41 0.74 (0.64–0.85), 1.8 × 10−5 8.8 × 10−4 1.4 × 10−1

rs2164808 2:25377176 Tyr807Tyr EFR3B T/C 0.13/0.20 0.11/0.40 0.67 (0.56–0.81), 2.0 × 10−5 1.1 × 10−3 1.1 × 10−1

rs138602074 1:151006691 Ala448Val PRUNE T/C 0.01/0.0005 0.01/0.01 >10e, 2.1 × 10−5 1.4 × 10−1 9.5 × 10−4

rs10841611 12:20903757 His531His SLCO1C1 C/T 0.21/0.28 0.20/0.50 0.71 (0.60–0.84), 3.2 × 10−5 2.5 × 10−3 1.2 × 10−1

rs17767238 14:65207819 Ala472Ala PLEKHG3 T/C 0.03/0.01 0.01/0.06 2.98 (1.74–5.11), 3.2 × 10−5 8.1 × 10−4 2.3 × 10−1

rs118023699 8:144812633 Ser40Ser FAM83H T/C 0.01/0.002 –/0.02 8.36 (2.41–29), 4.7 × 10−5 2.1 × 10−2 1.1 × 10−2

rs201921601 2:242695307 Arg261Gln D2HGDH A/G 0.009/0.0005 0.01/– >10e, 5.1 × 10−5 1.5 × 10−4 3.8 × 10−1

rs377195382 11:34173968 Arg1015His ABTB2 T/C 0.01/0.0005 –/– >10e, 6.0 × 10−5 1.3 × 10−3 1.1 × 10−1

aRisk allele frequencies for aggressive and non-aggressive cases, respectively.
bRisk allele frequencies for African and European populations from the 1000 Genomes Project.
cORs and 95% CIs are presented from a logistic regression model; P-values are reported from a likelihood ratio test; analyses are adjusted for age and PC1-10.
dLikelihood ratio test P-values are reported for aggressive cases compared with controls and non-aggressive cases compared with controls.
eUnable to estimate stable effects and 95% CIs because of the very small allele frequency in non-aggressive cases.

Table 4. Top associations for gene-sum test and the respective P-value in the SKAT analysis in all cases and controls (1938 cases/1838 controls)

Gene Counta Gene-sum freq
(ca/ctrl)b

OR (95% CI)c P-valued P-SKAT

C1orf100 12 0.0007/0.0017 0.49 (0.34–0.72) 2.2 × 10−4 9.0 × 10−1

GORAB 12 0.0018/0.0008 2.02 (1.38–2.94) 2.3 × 10−4 7.6 × 10−2

DIDO1 75 0.0019/0.0014 1.27 (1.12–1.43) 2.5 × 10−4 7.8 × 10−2

NR4A2 3 0.0014/0.00009 12.14 (1.64–90) 3.4 × 10−4 6.6 × 10−1

C11orf35 10 0.0016/0.0030 0.58 (0.43–0.78) 4.3 × 10−4 6.3 × 10−1

THAP9 16 0.0021/0.0012 1.68 (1.26–2.25) 4.6 × 10−4 9.3 × 10−2

CCDC33 18 0.0021/0.0031 0.70 (0.57–0.85) 4.8 × 10−4 9.2 × 10−1

SYTL3 15 0.0032/0.0019 1.49 (1.19–1.86) 5.1 × 10−4 7.4 × 10−1

TEX9 5 0.0032/0.0012 2.13 (1.36–3.33) 5.4 × 10−4 4.7 × 10−2

REG3A 3 0.0003/0.0016 0.17 (0.05–0.57) 7.6 × 10−4 7.7 × 10−1

aThe count of variants included in the gene-level tests.
bThe frequency of all variants contributing to the gene-sum score in cases and controls.
cOR and 95% CIs presented from a logistic regression model.
dP-value from a likelihood ratio test.
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(P = 3.0 × 10−4), which is 493 Kb away from rs2427345, a known
risk SNP for prostate cancer.

Discussion
In this firstwhole-exome sequencing studyof prostate cancer,we
examined the hypothesis that genetic variation in protein-coding
sequence may have appreciable effects on disease risk in men of
African ancestry. More specifically, with 1938 cases and 1838 con-
trols, we were well powered (>80%) to detect effects of 3.0 and 4.0
for alleles of 1 and 0.5%, respectively. While these effect sizes are
large, they are similar to those observed for theHOXB13mutation
Gly84Glu found inmen of European ancestry, which has an effect
size of 2.5–4.5 for sporadic disease (26). In this study, we did not
identify any single variant or a combination of rare alleles within
a gene to be associatedwith such large effects for prostate cancer.
These findings are consistent with our initial multiethnic study
of 4376 unselected (i.e. sporadic) cases and 7545 controls in
which we failed to identify any strong associations with single
variants or aggregate effects of rare coding variants in genes
from the Exome chip, with the content selected primarily from
populations of European ancestry (32).

In this study, we sequenced a large number of individuals to
increase the probability of ascertaining rare alleles, rather than
sequencing a smaller sample to high-coverage where the minor
allele of low-frequency variants would most likely not be ob-
served (33). For a fixed cost, such a design has been demonstrated
(via simulations) to have greater statistical power than higher
coverage in a smaller sample (34). We recognize that this strategy
results in a reduced rate of detection of the rarest variants (single-
tons and doubletons especially) versus a high-coverage design.
There is also a tradeoff with this approach in that variants (re-
gardless of frequency) in regions with very low coverage have a
higher probability of being excluded as a result of poor call rate.
We applied a conservative call rate filter and removed low-quality
variants, which resulted in ∼20% of detectable variation >0.5%
observed in the ESP being excluded from our analysis. However,
we were able to impute missing calls and low-quality variants
to recover 94% of these variants down to 0.5% frequency. Despite
this limitation,wewere able to identify a large fraction of variants
that had not been reported previously (∼60% with frequencies of

≤0.1%), which highlights the importance and tradeoff of sample
size versus high-coverage in rare variant discovery.

Eight of the 10 most statistically significantly associated var-
iants we observed in the overall case–control analysis had MAFs
of >1% in African and European populations, which is clearly the
spectrum of variation that we had the greatest statistical power
to examine. One might expect that the large ORs observed with
such variants, if real, to have been identified previously in many
of the large-scale prostate cancer GWAS in European ancestry po-
pulations,which employed imputation toHapMapor 1KGP.We at-
tempted to replicate our top associations in 14 160 prostate cancer
cases and 12 712 controls of European ancestry from the ELLIPSE/
GAME-ON Consortium, which consists of 5 independent studies/
consortia (see description in Materials and Methods, detailed de-
scription of participating studies in the Supplementary Material,
Note). Eight of the 10 coding variants were available for replication
(rs73341069 and rs148679475 aremonomorphic in Europeanpopu-
lations); however, we did not replicate any association at P < 0.05.
We also attempted to replicate these findings in individuals of
African ancestry from the AAPC replication set and no variant re-
plicated at a P < 0.05. SNPs with a MAF of >1% were well-imputed
(quality > 0.80, mean quality = 0.93); however, there were rare var-
iants (rs112002818 and rs201921601) with low-quality scores (0.63
and 0.31, respectively), which potentially decreased the power to
replicate the associations.

One aspect of rare variant discovery within individuals of Af-
rican ancestry that warrants discussion is the potential effect of
fine-scale population stratification. As African populations carry
a larger number of rare variants as compared with European po-
pulations, fine-scale population stratification and admixture can
have a greater influence on association tests for rare variation be-
cause a rare allelemay be limited to small-scale groups of related
individuals (i.e. those containing a local ancestral haplotype),
which may not be captured by global ancestry estimation via
principal components (PC) (35–37). While this is an active area
of research, it has been shown that PCs are still an acceptable
way to control for confounding owing to population stratification
fromboth common and rare variation at the level of global ances-
try (38). To address this in our data, we calculated PCs in two
ways: with only common variants included (MAF ≥ 5%) and
again with all variants included down to 0.2% in attempt to cap-
ture more fine-scale variability in population substructure. The

Table 5. Top 10 gene associations in the case–case gene-sum test (611 aggressive cases/1054 non-aggressive cases) and the respective results for
aggressive and non-aggressive disease compared with controls (N = 1,625 controls)

Gene Counta Case–case analysis Aggressive versus
controls

Non-aggressive versus
controls

Frequencies

OR (95% CI)b P-valuec OR (95% CI)b P-valuec OR (95% CI)b P-valuec Agg_cased Non-agg_cased Controld

SNTN 2 6.53 (2.43–17.57) 2.0 × 10−5 2.11 (1.2–3.71) 1.3 × 10−2 0.34 (0.13–0.86) 1.1 × 10−2 0.0082 0.0012 0.0042
ZBTB46 2 e 2.3 × 10−4 3.09 (1.10–8.66) 3.3 × 10−2 e 1.6 × 10−2 0.0033 – 0.0009
ARV1 2 e 3.6 × 10−4 3.03 (1.21–7.61) 1.9 × 10−2 e 1.1 × 10−2 0.0037 – 0.0011
CYFIP1 25 0.51 (0.35–0.75) 4.1 × 10−4 0.53 (0.37–0.77) 4.0 × 10−4 1.06 (0.85–1.33) 6.2 × 10−1 0.0011 0.0022 0.0020
FBXW9 13 2.34 (1.47–3.72) 4.7 × 10−4 1.94 (1.31–2.87) 1.6 × 10−3 0.80 (0.52–1.22) 3.1 × 10−1 0.0026 0.0011 0.0014
MYH7 16 0.29 (0.14–0.63) 5.2 × 10−4 0.37 (0.18–0.77) 3.1 × 10−3 1.17 (0.80–1.71) 4.3 × 10−1 0.0004 0.0014 0.0012
C9orf47 6 0.09 (0.01–0.64) 5.2 × 10−4 0.14 (0.02–1.01) 5.2 × 10−3 1.19 (0.71–1.99) 5.3 × 10−1 0.0001 0.0017 0.0014
SERPINB9 9 2.76 (1.54–4.94) 5.5 × 10−4 2.06 (1.28–3.32) 3.9 × 10−3 0.68 (0.38–1.20) 1.9 × 10−1 0.0028 0.0009 0.0013
ASH1L 32 0.48 (0.31–0.75) 6.4 × 10−4 0.56 (0.36–0.87) 7.1 × 10−3 1.21 (0.94–1.57) 1.6 × 10−1 0.0006 0.0014 0.0011
ZSWIM6 16 0.37 (0.20–0.69) 6.7 × 10−4 0.64 (0.34–1.18) 1.4 × 10−1 1.59 (1.10–2.30) 1.7 × 10−2 0.0006 0.0017 0.0012

aThe count of variants included in the gene-level tests.
bOR and 95% CIs presented from a logistic regression model.
cP-value from a likelihood ratio test.
dThe frequency of all variants contributing to the gene-sum score in aggressive cases, non-aggressive cases and controls.
eUnable to estimate stable effects and 95% CIs because the variant was not observed in non-aggressive cases.
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association results were similar for each set of PCs.We do not be-
lieve that residual confounding by fine-scale population struc-
ture is an issue for the single variant tests as we have filtered
out all variants with a MAF of <0.2%; however, in the SKAT ana-
lysis, we found an over-dispersion of significant genes (lambda =
1.59) which we believe could be due to this issue. Previous re-
search via simulations of subtle population geographic/ancestral
differences has shown inflation in P-values from joint tests (i.e.
SKAT) that allow variants to have effects in opposite direction
(39). Given this potential, we have corrected the results for
all gene-level tests (gene-sum and SKAT analyses) by applying
genomic control (40,41).

The higher rate of prostate cancer in men of African ancestry
may be due in part to alleles that are found only in this popula-
tion.We attempted to address this question by examining coding
variants that are only found in men of African ancestry. Using
data from ESP, we identified ∼20 000 rare coding variants that
were found in the ESP African American sample (n = 2203) as
well as in our study but were not polymorphic in the ESP Euro-
peanAncestrysample (n = 4300). In examining theseAfrican-spe-
cific variants in our study, we found no evidence of an over-
representation of more significant associations than expected.
However, much larger sample sizes will be needed to examine
the contribution of very rare (<0.2%) population-specific alleles
to differences in risk across racial/ethnic populations.

With respect to understanding disease heritability, ORs be-
tween 2 and 6 would be expected if rare coding variants (0.1–
1%) make a similar contribution as the 100 common variants
identified to date (32). The inability to identify coding variants
with such effect sizes suggests that the contribution of coding
variants to overall prostate cancer heritability may be minor.
Rare variants in the protein-coding sequence could still be im-
portant in disease risk, but with more moderate-to-small effect
sizes thus requiring substantially larger samples sizes to detect
in single variant or gene-level tests. For example, Zuk et al. de-
scribes a rare variant association study will require 25 000 cases
for the discovery set, with a large independent replication set to
provide 90% power to detect modest effects through burden test-
ing of genes with ORs as low as 2 (42).

Another limitation of this study is that we did not investigate
indels that could result in protein truncation mutations, which
may be pathogenic and have been shown to be important in pros-
tate cancer. For example, 2% of men of European ancestry with
early-onset prostate cancer have been found to carry protein
truncation mutations in BRCA2 (43), and more recent studies
find deletions or frameshift mutations in BRCA2 to be associated
with amoreaggressive phenotype (44). Recently, Leongamornlert
et al. reported 14 putative loss of function mutations in DNA re-
pair genes associated with familial and aggressive disease in
191 men with three or more prostate cancer cases in their family
(31). We did not observe striking evidence of associations in indi-
vidual variant associations or gene-level tests with these genes,
although as stated earlier, we were unable to study variants
that occurred in only one individual owing to our low depth of
coverage andwe did not examine loss of function protein trunca-
tion mutations. Accurately calling indels presents a technologic-
al challenge in next-generation sequencing and is further
complicated in whole-exome sequencing, where an additional
hybridization step can lead to a reference strand bias, which re-
sults in less efficient coverage of the non-reference read (45). It
is known that loss-of-function mutations are enriched for false
positives (46,47), and the ability to accurately call indels de-
creaseswith lower coverage. O’Rawe et al. compared three variant
calling software tools and found 28.6% indel concordance across

the three callers with a validation rate ranging from 44.6 to 78.1%
(48). Future work is needed to call indels in this sample.

In this study,we focused on the 1–2%of the genome comprised
of protein-coding sequencewith a strongprior for havingvariation
that might have a more serious impact on disease biology. How-
ever, based on what we have learned from GWAS where the vast
majority of risk alleles are in non-protein-coding sequence, it is
equally likely that rare variation in non-coding sequence could
also have an important role in cancer susceptibility (22,23). One
such example is a non-coding variant at a known susceptibility
locus on 8q24, which is rare in populations of European ancestry
(rs183373024, MAF = 0.5%) and has a sizeable effect (OR = 2.9) (49).
This variant maps to transcription-factor binding sites of the
androgen receptor and FoxA1, and binding specificity is altered
by the risk allele (50). A second example at 8q24 is with
rs116041037, a non-coding variant that is polymorphic in African
Americans only (MAF= 2%) and has a large effect on prostate can-
cer risk (OR = 2.5) (4). High-coverage whole-genome sequencing
will be required to better understand the contribution of rare
variation (MAF< 1%) in non-coding regions of the genome.

In summary, in the first whole-exome sequencing study of
prostate cancer in men of African ancestry, our results do not
support the hypothesis that there are NS variants of ≥0.5% in fre-
quency with large odds ratios. These data provide an invaluable
resource that has already contributed population-specific
content for custom array design (the Illumina MEGA SNP Chip).
Future sequencing efforts in much larger sample sizes will be
needed to elucidate the role of rare variation in prostate cancer
susceptibility.

Materials and Methods
Ethics statement

All work has been performed under national and international
guidelines. Written consent was obtained for all participants at
the time of blood/saliva collection. The Institutional Review
Board at the University of Southern California and at Makerere
University approved the study protocol.

Study population

The men in this study were from the Multiethnic Cohort and the
Uganda Prostate Case Control Study. There were also additional
studies used for quality control assessment and as replication
sets. These studies are described later.

The Multiethnic Cohort
The Multiethnic Cohort (MEC) is comprised of over 215 000 men
and women recruited from Hawaii and the Los Angeles area be-
tween 1993 and 1996 and has been described elsewhere in detail
(51). Participants are primarily of Native Hawaiian, Japanese,
European American, African American, or Latino ancestry, and
were between the ages of 45 and 75 at baseline at which time
they completed a detailed questionnaire to collect information
ondemographics and lifestyle factors, including diet andmedical
conditions. Between 1995 and 2006, over 65 000 blood samples
were collected from participants for genetic analyses. To identify
incident cancer cases, theMECwas cross-linkedwith the popula-
tion-based Surveillance, Epidemiology and End Results (SEER)
registries in California and Hawaii, and unaffected cohort partici-
pants with blood samples were selected as controls. Information
on stage and grade of disease were also obtained through SEER.
Cases and controls were identified through 2012, and the
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case–control study of prostate cancer in African American men
included 1833 incident cases and 1799 controls.

Uganda Prostate Cancer Study
The Uganda Prostate Cancer Study (UGPCS) is a case–control
study of prostate cancer in Kampala Uganda that was initiated
in 2011. Menwith prostate cancer were enrolled from the Urology
unit at Mulago Hospital and men without prostate cancer
(i.e. controls) were enrolled from other clinics (i.e. surgery) at
the hospital. All patients meeting the inclusion criteria (cases:
≥39 years of age; controls: ≥39 years of age, PSA level < 4 ng/ml
to rule out undiagnosed prostate cancer) and willing to give con-
sent were recruited into the study. Written consent is obtained
and two identical informed consent forms translated into Lu-
ganda are provided to each participant for them to read or to be
read to them, sign or thumb print. After enrollment, each study
participant was interviewed using a standardized questionnaire
to collect descriptive and prostate cancer risk factor information.
A biospecimen was collected using the Oragene saliva collection
kit. As of 31 December 2012, UGPCS included 332 cases and 235
controls which were included in this study.

Exome SNP chip in the MEC
The Illumina HumanExome SNP array was used as part of a pre-
vious multiethnic study of breast and prostate cancer in the MEC
(32). After quality control measures were implemented, 191 032
common and rare variants were analyzed in 4376 prostate cancer
cases and 7545 controls and 2984 breast cancer cases and 7545
controls. There were 1117 cases and 2146 controls of African an-
cestry included in the prostate cancer analysis, 2100 of which
were also sequenced as part of the current study. Concordance
between sequence and genotype datawas evaluated in this sam-
ple to set QCmetrics (i.e. filtering criteria). Details of the QCmea-
sures employed in the Exome SNP chip analysis have been
previously described (32).

African ancestry replication set
The AAPC GWAS Consortium, which consists of 14 independent
studies (Supplementary Material, Note) and has been described
elsewhere in detail (52,53), was utilized as the replication sample.
Samples were genotyped using the Illumina Infinium 1M-Duo
bead array, and imputation was performed using IMPUTE2
(v2.2, https://mathgen.stats.ox.ac.uk/impute/impute_v2.html),
using the October 2014 release of 1KGP as the reference set. All
samples and SNPs with a call rate of <95% were removed. After
samples from the MEC were removed for the purpose of the rep-
lication analysis, therewere 3069 cases and 2850 controls from 13
studies available for replication.

The ELLIPSE/GAME-ON Consortium
The ELLIPSE Consortium is focused on the identification and
functional follow-up of prostate cancer susceptibility loci within
the GAME-ON initiative. The replication set used for this analysis
consisted of 14 160 cases and 12 712 controls of European ances-
try from five major studies/consortia (described in detail in the
Supplementary Material, Note). All genotyping and imputation
quality metrics have been described elsewhere (20).

Exome capture and sequencing

Library preparation and enrichment
We utilized a method developed by Rohland and Reich (54),
which creates cost-effective DNA-sequencing libraries suitable
for multiplexed target capture. This high-throughput method

parallelizes the library preparation in 96-well plates and attaches
internal barcodes directly to fragmented DNA from a sample to
allow for multiplexed sample pooling for target enrichment via
hybridization without a substantial loss in capture efficiency.
We processed plates of samples that were randomized with re-
spect to case–control status. Pools of eight libraries each were
prepared in equimolar concentrations and enriched using the
Agilent SureSelect All Exon kit version 4, targeting a 51 Mb region
designed to capture 20 965 genes and 334 278 exons. Sequencing
was conducted at Illumina (San Diego, CA, USA) using HiSeq 2000
instruments for 100 cycles paired end sequencing.

We aimed to sequence to an average coverage of 10 × of the
51 Mb targeted regions. While these exomes are low in coverage,
most of the information relevant to disease genemapping comes
from the first few-fold coverage of samples, and higher-coverage
data are more redundant per sequencing rate.

Alignment and genotype calling
Sequences were aligned to the human genome reference se-
quence (hg19) using BWA version 0.6.1 (55). Variants were called
using the GATK best practices workflow (56), including mapping
the raw reads to the human genome reference sequence (hg19),
base recalibration and compression, and joint calling and variant
recalibration. The only change implemented was to keep 2 base
pairs (bp) around the target region instead of the standard 50
bp recommended, as the sequence data outside the targeted
region did not yield high-quality calls.

Sample and variant filtering
There were 727 262 variants identified in coding regions before
any post-variant calling quality control or allele-count filtering.
Variants with a call rate of <85% (n = 166 527), and individuals
with a call rate of <80% (n = 307) were removed. To determine ap-
propriate quality control filters, genotypes from a subset of indi-
viduals (n = 2100) genotyped on the Illumina Human Exome
BeadChip (described earlier) (32) were compared with the se-
quence variant calls. Assuming the array data as the gold stand-
ard, concordance was calculated (n = 94 796) across various
quality control measures and cut points to better understand fil-
ters that should applied with the highest sensitivity and specifi-
city. Filtering the data using a QUAL score of >20 and a minor
allele count (MAC) of four or more (MAF ∼0.05%) removed
162 645 variants and retained the most accurate data, with sam-
ple concordance of 99.7%. The resulting variants (n = 398 090)
were annotated using ANNOVAR (57) to identify exonic, splicing,
and stop-loss; gain variants. There were 2870 variants that could
not be annotated or mapped tomultiple positions in the genome
and were removed. There were 59 samples that failed sequen-
cing. Twenty-five unintended replicates (UGPCS) and 32 samples
that did not have data available to calculate PCs (discussed later)
were removed from the analysis. Following quality control filter-
ing, 395 220 variants in coding regions and 3 776 individuals (1938
cases and 1838 controls) sequenced at a mean coverage of 10.1×
were available for analysis.

Statistical analysis

Association tests for single variants
For each variant, analyses were conducted using a likelihood
ratio test adjusting for age, study, and 10 PCs, assuming a log-
additive model. We tested associations in all cases and controls,
aggressive cases and controls, non-aggressive cases and controls,
in a case–case analysis, and in young onset cases (≤55) compared
with all controls. We report ORs and 95% CIs from logistic
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regression and P-values calculated from a likelihood ratio test. In
this study, aggressive disease was defined as metastatic disease
(stage = 4), a Gleason score of ≥8, PSA of >100, or death from pros-
tate cancer (n = 611). Non-aggressive disease was defined as non-
metastatic disease (stage = 1–3) and a Gleason score of <8 (n =
1054).We also examined amore stringent non-aggressive pheno-
type defined as localized disease (stage = 1) and Gleason of <8
(n = 866). Using this more stringent definition also did not reveal
any single variant or gene-level test reaching exome-wide signifi-
cance. PCswere calculated using SNPs fromaparallel sequencing
effort of ∼70 known prostate cancer risk loci in these same indi-
viduals (58). All SNPs in LD with any known risk SNP were
removed (r2 > 0.2) as were SNPs with a call rate of <99.5%. LD-
pruning (if r2 > 0.2) resulted in 12 494 independent SNPs with a
MAF of ≥0.2% for use in calculating PCs (59). Only MEC partici-
pants were included in the analyses by aggressiveness and
young onset disease, as stage and Gleason grade was not avail-
able for UGPCS. All coding variants were analyzed, which in-
cluded NS, synonymous, stop-loss or stop-gain and splicing site
variants, and the α-level for genome-wide statistical significance
was 3.75 × 10−7 after applying a Bonferroni correction for testing
133 367 variants. All statistical analyses were conducted using
PLINK v1.07 (60) and the R statistical computing platform. Results
for the 100 most significant associations are provided in Supple-
mentaryMaterial, Table S4. To explore the role of variants filtered
in the quality control process, we also performed LD-aware geno-
type calling starting from the genotype likelihoods estimated by
GATK using Beagle (29). Single variant analyses were performed
using the imputed dosages.

Gene-level testing
The cumulative effects of rare putatively functional variants (NS,
stop or splice variants with a MAF of ≤1%) within each gene
were tested using a gene-sum test, where minor alleles were
summed across genes in each individual and analyzed as the in-
dependent variable in a case–control analysis. This model as-
sumes that each variant affects the phenotype in a similar
direction. Gene-level testing was also performed using SKAT
(30), a variance components test that does not assume each vari-
ant influences the phenotype in the same direction; however, re-
sults are discussed within the context of the most significant
findings from the gene-sum test. In total, we tested 16 751
genes, and used an α-level of 3.0 × 10−6 to determine global sig-
nificance after applying a Bonferroni correction and genomic
control corrections were applied to each gene-level test. All var-
iants with a MAC of >4 (in all samples) were included in gene-
level tests (n = 395 220). Gene-level analyses were performed in
all cases and controls, by disease aggressiveness (in aggressive
cases compared with controls and non-aggressive cases com-
pared with controls), and in a case–case analysis (aggressive ver-
sus non-aggressive disease). Gene-sum tests were calculated
using a likelihood ratio test, adjusted for age, study (overall
gene-level tests) and PC1-10. All statistical analyses for gene-
sum testing and SKAT were conducted using the R statistical
computing platform. The top 100 most significant genes for all
gene-level analyses are provided in Supplementary Material,
Table S8.

Data access

The data reported in this study are available at the database
of Genotypes and Phenotypes (dbGaP) under data accession
phs000306.

Supplementary Material
Supplementary Material is available at HMG online.
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