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One of the central goals of human genetics is to discover the genes
and pathways driving human traits. To date, most of the common
risk alleles discovered through genome-wide association studies
(GWAS) map to nonprotein-coding regions. Because of our rela-
tively poorer understanding of this part of the genome, the func-
tional consequences of trait-associated variants pose a consider-
able challenge. To identify the genes through which risk loci act,
we hypothesized that the risk variants are regulatory elements.
For each of 12 known risk polymorphisms, we evaluated the cor-
relation between risk allele status and transcript abundance for all
annotated protein-coding transcripts within a 1-Mb interval. A to-
tal of 103 transcripts were evaluated in 662 prostate tissue sam-
ples [normal (n = 407) and tumor (n = 255)] from 483 individuals
[European Americans (n = 233), Japanese (n = 127), and African
Americans (n = 123)]. In a pooled analysis, 4 of the 12 risk variants
were strongly associated with five transcripts (NUDT11, MSMB,
NCOA4, SLC22A3, and HNF1B) in histologically normal tissue (P ≤
0.001). Although associations were also observed in tumor tissue,
they tended to be more attenuated. Previously, we showed that
MSMB and NCOA4 participate in prostate cancer pathogenesis.
Suppressing the expression of NUDT11, SLC22A3, and HNF1B influ-
ences cellular phenotypes associated with tumor-related proper-
ties in prostate cancer cells. Taken together, the data suggest that
these transcripts contribute to prostate cancer pathogenesis.

expression quantitative trait loci | prostate cancer risk SNPs | multi-ethnic

Genome-wide association studies (GWAS) have identified
over 40 risk loci strongly associated with prostate cancer

(PCa) (1–10). Similar to other complex traits, the majority of the
loci are located in introns and intergenic regions. This observa-
tion is in stark contrast to Mendelian traits, which typically
harbor mutations in protein-coding sequences. Nucleotide
changes in protein-coding regions and their effects on amino
acids are readily deciphered using the genetic code. Therefore,
fine mapping and gene identification for Mendelian traits typi-
cally consists of resequencing exons. On the other hand, pre-
dicting the functional consequences of DNA changes in the
nonprotein-coding portion of the genome presents a major
challenge because of our comparatively poorer understanding of
this region. Therefore, identifying the genes underlying complex
traits is not straightforward.
RNA transcript abundance is a heritable trait and is thus

amenable to genetic mapping. Genetic polymorphisms, such as
SNPs, associated with transcript levels are typically referred to as
expression quantitative trait loci (eQTLs) (ref. 11 and references

therein). In fact, recent data demonstrates that alleles discovered
through GWAS are enriched for eQTLs (12). One can therefore
seek transcript levels that are correlated with risk allele status.
Prior studies reveal that this is a promising strategy to link
nonprotein-coding risk alleles with their target genes (13–17).
A number of factors deserve careful consideration when un-

dertaking an eQTL analysis. Selection of which tissue to evaluate
is important. Previous studies demonstrate that many eQTLs
are tissue-specific (14, 15, 18–20). To uncover genes related to
PCa pathogenesis, we reasoned that it was appropriate to eval-
uate transcripts from prostatectomy specimens. Tissue state is
another factor: should normal or tumor tissue be studied? Be-
cause there is no clear precedent, we studied both types of tissue.
Finally, should all transcripts or a subset be studied? This point
directly relates to the power of the study to detect a particular
magnitude of effect. Prior studies have shown that transcripts in
the vicinity of the eQTL are easier to detect because eQTLs tend
to have a larger effect size on nearby transcripts (11, 21). There-
fore, all annotated transcripts within 1 Mb of each risk locus were
evaluated in a total of 662 samples (407 normal and 255 tumor).
The majority of GWAS have been performed in individuals of

European ancestry. Many (but not all) of the common prostate
risk loci discovered in men of European ancestry tend to repli-
cate in other ethnic groups. To evaluate if eQTL/target gene
associations were similar across ethnic groups, we performed this
study in tissues derived from European American (EA), African
American (AA), and Japanese men.
Functional analyses are important for further elucidating the

biology of the genes implicated through gene-expression analysis.
A possible scenario is that gene-expression levels are associated
with a risk locus, yet are not related to the trait under study (i.e.,
the gene is in fact regulated by the risk region, but does not play
a role in the trait). Therefore, genes that were associated with
risk loci were further evaluated in functional assays.
Given the rapidity with which GWAS are discovering regions

associated with complex traits, gene identification has become
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a bottleneck. The goal of this study was to outline a strategy for
identifying genes underlying human PCa pathogenesis.

Results
Association Between PCa Risk Loci and Expression Levels of Candidate
Genes in Normal and Tumor Prostate Tissue. We genotyped 12 PCa
risk loci (1–7) and evaluated expression levels of 103 genes within
a 1-Mb interval of each locus (Table S1). Gene-expression
analyses were performed on radical prostatectomy specimens
from 483 subjects of diverse ancestral backgrounds (Materials and
Methods). A total of 662 samples (407 histologically normal and
255 tumor prostate tissues) were evaluated (Table S2).
The data are presented based on the European American

samples because the GWAS have been predominantly per-
formed in these populations. Normal and tumor tissues were
analyzed independently. Subsequently, a pooled analysis of the
normal samples of all individuals (adjusting for cohort) was
performed for the nominally significant associations (Table 1
and Table S3). Nonsignificant eQTL/target genes are presented
in Table S4.
In the histologically normal tissue of the EA population, 8 of

the 12 PCa risk variants (rs9364554, rs6465657, rs10993994,
rs4962416, rs10896449, rs4430796, rs2737839, and rs5945619)
are nominally (P ≤ 0.05) associated with at least one candidate
gene (P= 0.04–6.9 × 10−46) (Fig. 1 and Table 1). In tumor tissue,
four of these eight variants (rs10993994, rs5945619, rs6465657,
and rs9364554) are associated with the identical genes that are
associated with these variants in normal tissue. Three of these
four alleles possess a more attenuated level of significance in
tumors (P = 0.03–6.3 × 10−10) (Table 1). We had previously
described the association between one risk variant, rs10993994,

and MSMB and NCOA4 in both normal and tumor tissue (15).
Two additional risk loci (rs2660753 and rs6465657) show modest
associations (P = 0.03–0.04) with transcripts in tumor, but are
not present in normal tissue.
In the Japanese normal tissue, three variants that were also

significant in the EA normal tissue (rs10993994, rs4430796, and
rs5945619) were associated with one or more genes (P = 0.02–
1.4 × 10−12) (Fig. 1 and Table 1). In the tumor tissue of Japanese
individuals, these same three variants were also significantly as-
sociated with transcript levels of the same genes with the ex-
ception of HNF1B (P = 0.04–8.7 × 10−7) (Table 1).
In the AA normal tissue samples, four variants (rs10993994,

rs4430796, rs5945619, and rs6465657) showed an association
with a subset of genes significant also in the EA normal tissue
(P = 0.046–1.4 × 10−19) (Fig. 1 and Table 1). In the tumor
prostate tissue of AA individuals, these four variants were also
significantly associated with one or more genes that were also
significant in EA tissue (P = 0.04–2.98 × 10−5) (Table 1).
In a pooled analysis across all of the normal tissue samples

(n = 407), we observed strong associations (P ≤ 0.001) between
four risk SNPs (rs10993994, rs5945619, rs4430796, and rs9364554)
and the transcript levels of five genes: MSMB, NCOA4, NUDT11,
HNF1B, and SLC22A3 (Table 1).

Functional Studies: Alteration of Gene-Expression Levels in Prostate
Cancer Cell Lines. We next evaluated the functional relevance of
the genes that were significantly associated with risk allele status.
We previously showed that MSMB and NCOA4 participate in
PCa tumorigenesis (15). The genetic data demonstrate that risk
variants rs5945619 and rs4430796 are associated with increased
expression of NUDT11 and HNF1B, respectively, whereas
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Fig. 1. RNA expression of significantly associated genes in normal prostate tissue of EA, Japanese, and AA individuals. Each distribution is summarized as
a boxplot. The horizontal line within the box represents the median of the distribution, and the hinges of the box represent the 25th and 75th percentiles.
The P value for each graph denotes the significance of association between expression and genotype. (A) Expression in histologically normal EA tissue (n =
200). (B) Expression in histologically normal Japanese tissue (n = 84). (C) Expression in histologically normal AA tissue (n = 123).
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rs9364554 is associated with decreased SLC22A3 transcript
abundance. Functional studies were performed in four cell lines:
two PCa cell lines, LNCaP and PC3 (Materials and Methods),
and two immortalized prostate epithelial cell lines, LHSAR
and RWPE1.
LNCaP is an androgen-sensitive cell line from a lymph node

metastasis. In this cell line, suppression of NUDT11 and HNF1B
inhibited the proliferation/viability by 63% and 73.2%, re-
spectively (Fig. 2 and Fig. S1) and decreased anchorage-in-
dependent colony formation by 86.3% in NUDT11 and 89.5% in
HNF1B (Fig. 3 and Fig. S2). SLC22A3 knockdown in LNCaP
cells resulted in decreased proliferation/viability by 74.3% (Fig. 2
and Fig. S1), and had no effect on anchorage-independent col-
ony formation. PC3 is an androgen-independent cell line derived
from bone metastasis. Because SLC22A3 is not expressed in the
PC3 cells, results are only reported for NUDT11 and HNF1B. In
this cell line, suppression of NUDT11 and HNF1B did not affect
cell proliferation/viability (Fig. 2 and Fig. S1). Anchorage-in-
dependent colony formation in PC3 cells was inhibited by 56.9%
by knockdown of NUDT11 levels, but no effect was observed by
suppression of HNF1B (Fig. 3 and Fig. S2). LHSAR is an im-
mortalized prostate epithelial cell line. In LHSAR, suppression
of NUDT11, HNF1B, and SLC22A3 inhibited the proliferation/
viability by 59%, 66.1%, and 71%, respectively (Fig. 2 and Fig.
S1). RWPE1 is also an immortalized prostate epithelial cell line.
In this cell line, suppression of NUDT11, HNF1B, and SLC22A3
resulted in decreased proliferation/viability by 29.2%, 60.9%,
and 89.5%, respectively (Fig. 2 and Fig. S1). These observations
suggest that expression changes in NUDT11, HNF1B, and
SLC22A3 influence cellular phenotypes associated with tumor
related characteristics.

Discussion
In this study we systematically characterized 12 PCa risk loci
both genetically and functionally to gain insight into the genes
driving PCa pathogenesis. We implicate NUDT11, HNF1B, and
SLC22A3 as playing a role in PCa initiation. To our knowledge,
this study is one of the largest and most diverse of its kind to
bridge the gap between nonprotein-coding risk alleles and their
target genes in PCa.
Most GWAS have been performed in populations of Euro-

pean ancestry (1–6, 10). As of this writing, one PCa GWAS has
been performed for each of African and Asian ancestries (8, 9).
Replication studies for variants discovered in European pop-
ulations have also been performed in these populations (22–28).
The 10q, 17q, and Xp variants (rs10993994, rs4430796, and
rs5945619) are associated with PCa risk in men of European,
Japanese, and African ancestries (8, 23–25), and these poly-
morphisms are also associated with MSMB, NCOA4, HNF1B,
and NUDT11 transcripts across all three ethnic groups. In con-
trast, associations between PCa risk and the 6q locus (rs9364554)
have been more variable in Japanese and African men (8, 22–25,
27, 28). Consistent with this observation, a strong association
between rs9364554 and SLC22A3 transcript levels is only seen
in the EA population. If this region does confer risk across all
populations, then differential linkage disequilibrium structures
between the not-yet-discovered causal allele and rs9364554 may
exist between the populations. Alternatively, the region may only
confer risk in populations of European ancestry because of gene–
gene or gene–environment interactions. Fine-mapping studies
will help to resolve this issue.
eQTL associations in tumor tissue generally demonstrated at-

tenuated P values compared with normal tissue. Several possible
reasons exist for this observation. First, a true difference in the
eQTL/gene association between normal and tumor tissue may
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Fig. 2. Suppression of risk loci genes has differential effects on cell viability of prostate cell lines. The indicated genes were suppressed by lentivirally
mediated delivery of shRNA and viability measured 6 d after selection using Cell Titer Glo (Promega) assay. Specifically, SLC22A3, NUDT11, and HNF1B were
each suppressed with two different shRNAs targeting different sites of the genes (Materials and Methods). shRNA targeting luciferase (sh_Luc) was used as
a negative control. Data represent the average and SD of at least two independent experiments. Cell viability of LNCaP (A), RWPE (B), and LHSAR (D) cell lines
was significantly inhibited by suppression of all targeted candidate genes. Cell viability of PC3 cells (C) was not significantly affected by suppression of
targeted candidate genes, compared with Luciferase control.
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exist, suggesting that these associations are more important for
tumor initiation than maintenance and progression. Second, tu-
mor-acquired changes (e.g., copy-number, methylation, and chro-
matin alterations) can influence gene expression. To evaluate the
impact of somatic copy number alterations, we searched a publicly
available copy number database (http://www.broadinstitute.org/
tumorscape/pages/portalHome.jsf). Copy-number alterations at
the significantly associated transcripts were not prevalent in a
set of 92 PCa (Table S5). Finally, the sample size, and therefore
statistical power, differs between the number of normal and
tumor tissues.
Several risk loci did not demonstrate associations (or were

marginally associated) with gene-expression levels (Table S4).
Absence of association may imply various possibilities. Gene
expression can vary over space and time. Therefore, an associ-
ation may only be revealed at a particular developmental time-
point or in a distinct cell type (e.g., stem cell). Furthermore,
effects on transcript abundance may occur in tissues other than
the target tissue (e.g., stroma). The risk alleles may be acting
through other types of transcripts, such as short or long non-
coding RNAs. It is also conceivable that associations exist with
transcripts beyond the 1-Mb interval interrogated here. In ad-
dition, most gene-expression studies, including this one, measure
steady-state transcript levels; variants may be acting at a point
not detected at steady state (e.g., rate of transcription). Finally,
effects on gene-expression levels may be subtle, and require even
larger sample sizes.
Associations between risk alleles and transcripts are restricted to

prostate tissue. In an eQTL database consisting of six other tissue
types, we did not find evidence of eQTL/gene associations that we
observed in prostate tissue (Table S6) (http://eqtl.uchicago.edu). In
fact, prior genome-wide eQTL studies demonstrate tissue speci-
ficity of a substantial number of eQTL/gene associations. Large-
scale studies, such as the genotype tissue-expression project (https://
commonfund.nih.gov/GTEx/), should provide a more comprehen-
sive view of the tissue specificity of risk loci and of the genetics of
gene expression in general.
The genetic data implicate NUDT11, HNF1B, and SLC22A3 as

being regulated by PCa risk variants. The functional data largely
corroborate the genetic data; suppression of these genes influence
cellular phenotypes associated with tumor-related properties.
When NUDT11 is suppressed, colony formation is significantly
decreased in LNCaP and PC3 cell lines and proliferation/via-
bility is affected in LNCaP and LHSAR. When HNF1B levels
are knocked down, colony formation is significantly decreased
in the LNCaP cell line and proliferation/viability is significantly

decreased in both the LNCaP and LHSAR cell lines. Because
these cell lines reflect different histological origins (LHSAR and
RWPE1: normal tissue; LNCaP and PC3: tumor tissue) as well
as different stages of disease (LNCaP: androgen-dependent;
PC3: androgen-independent), the results may signify that the
genes are operative at different disease states. In contrast, the
rs9364554 risk allele is associated with decreased expression
levels of SLC22A3; however, the functional assays reveal that
suppression of this transcript leads to reduced viability. Further
characterization will be necessary to elucidate the functional
consequences of altering SLC22A3 levels.
NUDT11 is a diphosphoinositol polyphosphate phosphohy-

drolase. Diphosphoinositol polyphosphates are involved in a vari-
ety of biologic functions, including vesicle trafficking, maintenance
of cell wall integrity, and mediation of cellular responses to en-
vironmental stress in yeast (29). In addition, turnover of diphos-
phoinositol polyphosphates in ovarian carcinoma cells affects
apoptotic processes (30). HNF1B is a transcription factor that
plays a role in kidney and pancreas development (31, 32). Muta-
tions of HNF1B have been described in renal cell carcinoma (33),
and epigenetic silencing of the gene has been reported in ovarian
cancer, as well as gastric, pancreatic, and colorectal cell lines (34).
GWAS have implicated variants in the HNF1B locus in diabetes
and endometrial cancer risk (35, 36). SLC22A3 is a member of
the solute carrier family 22; it functions as a cation transporter in
various organs, including prostate tissue, and plays a role elimi-
nating small organic cations and toxins. SLC22A3 is inversely
correlated with PCa progression, with reduced expression as dis-
ease advances (37). Variants in SLC22A3 are also associated with
colorectal cancer (38).
GWAS pave the way to unraveling the genetic basis of disease

initiation. Compared with Mendelian disorders, where the ma-
jority of pathogenic alleles disrupt protein structure, there is a
less-developed genetic code for understanding DNA changes in
the nonprotein coding portion of the genome. Future work will
continue to clarify the various mechanisms underlying common
human traits and may present opportunities to more rationally
intervene in prevention and treatment of disease.

Materials and Methods
Prostate Tissue Specimens. Prostate tissue specimens were obtained from the
Brigham and Women’s Hospital, Tulane University School of Medicine, Weill
Cornell Medical College, and the Jikei University School of Medicine on 483
patients who signed an informed content to an Institutional Review Board
approved protocol (SI Materials and Methods).
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Fig. 3. Suppression of risk loci genes is associated with decreased anchorage-independent growth of prostate cancer cell lines. Soft agar colony formation
assays were performed using LNCaP (A) (P values = 0.03, sh_SLC22A3_1; 0.49, sh_SLC22A3_2; 0.01, sh_NUDT11_1; 0.02, sh_NUDT11_2; 0.01, sh_HNF1B_1; 0.03
sh_HNF1B_2; 0.007, sh_MSMB) and PC3 (B) (P values = 0.03, sh_NUDT11_1; 0.01, sh_NUDT11_2; 0.08, sh_HNF1B_1; 0.25 sh_HNF1B_2; 0.02, sh_MSMB) cells that
were infected with lentivirus expressing the indicated shRNA. Specifically, SLC22A3, NUDT11, and HNF1B were suppressed with two different shRNAs tar-
geting different sites of the genes (Materials and Methods). shRNA targeting luciferase (sh_Luc) was used as a negative control. shRNA targeting MSMB
(sh_MSMB) was used as a positive control, as previously shown to increase anchorage-independent colony formation. P values, paired two-tailed t test. Data
represent the average and SD of at least two independent experiments.
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Expression Analysis. Each of 12 risk variants was tested for association with
expression levels of transcripts in a 1-Mb interval centered on the risk variant.
Normal and tumor tissues were analyzed independently. Gene expression
levels of selected candidate transcripts were evaluated using the NanoString
nCounter platform and TaqMan assays for a subset of genes/individuals.
(SI Materials and Methods).

Genotyping. Genotyping for all samples was performed by mass spectrometry
using the Sequenom iPLEX system (Sequenom Inc, San Diego, CA). (SI
Materials and Methods).

Statistical Method. For assessing the associations of risk SNPs and transcript
abundance of genes we used a semi-parametric approach (generalized es-
timating equations) to estimate linear regression in both univariate as well
multivariable analyses adjusting for ancestry. Criteria for calling an eQTL/
taget gene association significant: in individual populations, P < 0.05; in the
pooled analysis across populations, P < 0.001 (SI Materials and Methods).

Functional Studies. RNAi knockdown. Arrayed format RNAi screens we per-
formed as described (39). Cellular viability was assessed using Cell Titer Glo
(Promega) and the effect of the candidate short hairpin RNAs (shRNA) on
viability are presented as percentage of control shRNAs. Gene knockdown
validation was performed 72 h postinfection. Validation experiment was
performed on three biological replicates (SI Materials and Methods).
Anchorage independent colony formation. Cells were infected with lentivirus
encoding shRNAs of interest and selected with puromycin. After 72 h of

selection, cells were trypsinized and seeded. Plates were incubated for 3–6 wk
to allow colonies to form. Percentage of proliferating cells was calculated
taking the average of replicate experiments. Significance was determined
using two-tailed t test with an alpha level of 0.05 (SI Materials andMethods).

Evaluation of Copy Number Alteration in Regions Containing Significant eQTL/
Gene Association. We evaluated in the Tumorscape database (http://www.
broadinstitute.org/tumorscape/pages/portalHome.jsf), the possible presence
of eQTL/gene associations within areas of known somatic copy-number
alterations in prostate tumors (SI Materials and Methods).

Evaluation of Tissue Specificity of eQTL/Gene Association. We evaluated the
eQTL browser from the Pritchard laboratory (http://eqtl.uchicago.edu.) to
understand if the four significant associations between risk alleles and
transcripts are prostate tissue specific. (SI Materials and Methods).
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