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Abstract

Genome-wide association studies (GWAS) have identified 13 susceptibility loci for renal cell carcinoma (RCC). Additional
genetic loci of risk remain to be explored. Moreover, the role of germline genetic variants in predicting RCC recurrence
and overall survival (OS) is less understood. In this study, we focused on 127 significantly mutated genes from The Cancer
Genome Atlas (TCGA) Pan-Cancer Analysis across 12 major cancer sites to identify potential genetic variants predictive
of RCC risk and clinical outcomes. In a three-phase design with a total of 2657 RCC cases and 5315 healthy controls, two

single nucleotide polymorphisms (SNPs) that map to PIK3CG (rs6466135:A, OR

and ATM (rs611646:T, OR = 1.17,95% CI = 1.05-1.31,P,___

. =0.85,95% CI=0.77-0.94,P__ =1.4 x 109

= 3.5 x 10-%) were significantly associated with RCC risk. With

respect to RCC recurrence and OS, two separate datasets with a total of 661 stages I-1II RCC patients (discovery: 367;
validation: 294) were analyzed. The most significant association was observed for rs10932384:C (ERBB4) with both outcomes

(recurrence: HR___=0.52,95% CI = 0.39-0.68,P__

ta ta

=3.81x 10 0S: HR__
addition, six SNPs were significantly associated with either RCC recurrence or OS but not both (P

= 0.50,95% CI = 0.37-0.67,P___=6.00 x 10-%). In

< 0.01). Rs10932384:C

ta

meta

was significantly correlated with mutation frequency of ERBB4 in clear cell RCC (ccRCC) patients (P = 0.003, Fisher’s exact
test). Cis-eQTL was observed for several SNPs in blood/transformed fibroblasts but not in RCC tumor tissues. In summary,
we identified promising genetic predictors of recurrence and OS among RCC patients with localized disease.

Introduction

Kidney cancer remains one of the top 10 most commonly diag-
nosed cancers in the United States with an estimate of 63 990
new cases and 14 400 deaths in 2017 (1). Renal cell carcinoma
(RCC) accounts for more than 80% of kidney cancer. There are
several established modifiable lifestyle risk factors for kidney
cancer including cigarette smoking, obesity and hypertension
(2). Although the disease is curable at its early form, approxi-
mately 20-40% of localized patients may experience recurrence

which leads to worse prognosis (3). The 5-year survival rate is
only 11.7% for patients with distant metastasis (4). Reported
prognostic factors are currently limited to clinicopathological
variables such as clinical stage (5-7), grade (6,7), tumor size (7)
and microvascular invasion (8).

Accumulating evidence supports that genetic factors play an
important role in RCC development. Approximately 2-4% of RCC
cases are hereditary which might contain mutations in high-
penetrance predisposing genes including von Hippel-Lindau
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Abbreviations

CI confidence interval

GWAS Genome-wide association study
HR hazard ratio

OR odds ratio

0s overall survival

RCC renal cell carcinoma

SNP single nucleotide polymorphism
SMG significantly mutated genes
TCGA The Cancer Genome Atlas

VHL von Hippel-Lindau tumor suppressor

tumor suppressor (VHL), folliculin (FLCN), MET proto-oncogene,
receptor tyrosine kinase (MET), fumarate hydratase (FH) and
BRCA1 associated protein 1 (BAP1) (9,10). For the risk of RCC,
large scale genome-wide association studies (GWAS) have iden-
tified several genetic susceptibility loci that map to 1p32.3, 2p21,
2g22.3, 3p22.1, 3q26.2, 8p21.3, 8q24.21, 10g24.33-q25.1, 11q13.3,
11922.3, 12p11.23, 12924.31 and 14q24.2 (11-15). However, there
have been very limited studies performed to identify genetic
predictors with respect to RCC clinical outcomes. Previous stud-
ies taking a candidate gene approach reported that common
single nucleotide polymorphisms (SNPs) in VHL, hypoxia indu-
cible factor 1 alpha subunit (HIF1A), vascular endothelial growth
factor A (VEGF) and miRNA-related genes were significantly
associated with RCC recurrence and overall survival (OS) (16-18).
The limitations of these studies included relatively small sam-
ple size and lack of validation.

The molecular data generated by The Cancer Genome Atlas
(TCGA) has greatly enhanced current knowledge of genomic,
epigenomic, transcriptomic and proteomic alterations in a var-
iety of cancers, including RCC. The Pan-Cancer analyses across
12 major cancer sites have identified 127 significantly mutated
genes (SMG) (19). However, whether common germline genetic
variants in these SMGs also contribute to RCC development and
prognosis is unknown. Since these SMGs involved in a variety of
known and emerging cellular process in tumorigenesis and can-
cer progression, the interplay between germline susceptibility
and somatic mutations warrants further investigations.

In the present study, we hypothesized that common gen-
etic variants located in 127 SMGs may play important roles in
RCC development and prognosis. Through a multi-phase design,
we sought to identify and validate new potential susceptibility
loci for RCC and genetic predictors of recurrence and OS among
localized patients.

Materials and methods

Study population

Cases and controls in the discovery analysis were ascertained from an
ongoing RCC case-control study at the University of Texas MD Anderson
Cancer Center since 2002 (20). All cases were newly diagnosed, histologi-
cally confirmed RCC patients. The majority of our cases had clear cell RCC
(ccRCC, N = 594, 75%). The rest of cases had papillary RCC (N = 62, 8%), or
other histology types (N = 133, 17%). There were no age, sex, ethnicity or
cancer-stage restrictions on recruitment. Healthy control subjects with-
out a history of cancer (except non-melanoma skin cancer) were recruited
using random digit dialing method. Basic demographics, tobacco and alco-
hol use history, family history of cancer, weight and height to calculate
body mass index and medical history were obtained by in-person inter-
view. After the interview, a 40-ml blood sample was collected from each
participant and delivered to the laboratory for molecular analysis. For
smoking history, individuals who had never smoked or had smoked <100
cigarettes in a lifetime were classified as never smokers. Those subjects
who had quit smoking >12 months prior to diagnosis/recruitment were
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considered former smokers. Clinical information including clinical stage,
grade, comorbidities, pathological stage, histology, treatments, recurrence
and vital status was extracted from medical records by trained staffs.
Local recurrence was defined as the reappearance of renal tumor locally
after previous tumor resection or partial nephrectomy. The study proto-
col was approved by the MD Anderson Cancer Center Institutional Review
Board. All participants provided the written informed consent. A total of
789 newly diagnosed RCC cases and 797 controls were included in the dis-
covery set. To assess the association with recurrence and OS, we restricted
the analysis to 367 patients with localized disease (stages I-III patients).
Cases and controls in the MD Anderson validation analysis were derived
from a previously published RCC GWAS (11). After excluding subjects
overlapped with the discovery set, this internal validation set composed
of 557 cases and 1094 controls. For the association with recurrence and
survival, 294 patients with localized disease (stages I-III patients) were
included. A publicly available GWAS data was downloaded from National
Cancer Institute The database of Genotypes and Phenotypes (dbGAP study
Accession: phs000351.v1.p1), which consists of 1311 RCC cases and 3424
controls. Detailed information regarding the NCI GWAS populations were
described previously (12). Since clinical and follow-up information was
not available from dbGAP, the genotype data was used for validating SNPs
identified for RCC risk only. In the current analysis, all subjects included in
the discovery and validation sets were non-Hispanic whites.

SNP selection and genotyping

The 127 SMGs identified by TCGA Pan-Cancer effort across 12 major can-
cers (http://cancergenome.nih.gov/) were reported previously (19). For
each gene, we identified tagging SNPs in a region 5 kb upstream of tran-
scription start site and 5 kb downstream of 3’ transcription stop site with
R? threshold of 0.8 in CEU population and MAF>0.05. A total of 2159 tag-
ging SNPs were initially selected by Tagger using HapMap database (NCBI
B36 assembly, dbSNP b126) and sent to Illumina (San Diego, CA) for cus-
tom Infinium iSelect beadchip design. A total of 402 SNPs failed due to
low design score (cutoff 0.42) or failure codes and therefore 1757 SNPs
remained in the customized beadchip.

For the discovery phase, genotyping was performed according to the
standard Infinium II assay protocol for the iSelect HD BeadChips. Quality
control measures were performed to exclude SNPs with a call rate <95%
(26 SNPs) and those failed Hardy-Weinberg disequilibrium test (P < 0.05,
66 SNPs). After quality control, a total of 1665 SNPs remained for the final
analysis. For validation using MD Anderson RCC GWAS data, genotyp-
ing was performed using HumanHap610/660W BeadChips (Illumina, San
Diego, CA) and detailed description of quality control was provided else-
where (11). For validation using NCI GWAS data, HumanHap 500, 610 or
660W BeadChips were used in the primary scan of the NCI population (12).
If the candidate SNPs identified from the discovery phase were not dir-
ectly genotyped in the MD Anderson validation population or NCI popu-
lation, proxies located within the same LD block (R? > 0.8) and a range of
+500 kb were searched using SNiPA (http://snipa.helmholtz-muenchen.
de/snipa/index.php).

Statistical analysis

Continuous host characteristics were analyzed using Student t test,
whereas categorical variables were analyzed using Pearson chi-square
test. Logistic regression was performed for testing the association
between SNPs and RCC risk and estimate the odds ratios (ORs) and 95%
confidence intervals (CIs) while adjusting for age, sex and smoking sta-
tus. Recurrence was defined as a combination of local recurrence and
progression to metastatic disease and patients who died or who were
alive at the last follow-up were censored. Time to recurrence was calcu-
lated from date of diagnosis to date of first documented local recurrence
and progression to metastatic disease or date of last follow-up or date
of death, whichever came first. Overall survival was calculated from date
of diagnosis to date of death or date of last follow-up, whichever came
first. Cox regression was performed for testing the association between
SNPs and risk of recurrence and death and estimating hazard ratios
(HRs) and 95% CIs while adjusting for age, sex, clinical stage, grade and
treatments in both discovery and validation sets. Assumption of propor-
tional hazards were examined by the residual plots. All three genetic
models (i.e. dominant, recessive and additive) were tested in the logistic
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and Cox regression analyses. Nominal significant SNPs with P < 0.05 in
the discovery set were considered candidates for validation. A fixed-
effect model was selected if the test of heterogeneity was not significant
(P > 0.05). Otherwise, a random-effect model was used to generate the
estimates based on the meta-analysis. Interactions were evaluated by
creating multiplicative interaction term between SNPs and sex or smok-
ing status in the regression models. Associations between SNPs and
somatic mutations (level 2 SNP genotyping data and level 3 Mutation
Annotation Format files were downloaded from TCGA portal; dbGaP
Study Accession: phs000178.v1.p1) were assessed by Fisher’s exact test.
SNPs that were not directly assayed were imputed by IMPUTE2 (21). Cis-
expression quantitative trait loci (cis-eQTL) analysis was assessed for the
SNPs within the same LD block of the validated SNPs (R? > 0.8) using
SNiPA (http://snipa.helmholtz-muenchen.de/snipa/index.php) (22) and
further examined using data downloaded from The Cancer Genome
Atlas (TCGA, dbGaP Study Accession: phs000178.v9.p8). Genotype data
for SNPs within the same LD block of the validated SNPs were imputed
by IMPUTE? (21) using the SNP genotyping data downloaded from TCGA.
Detailed approach for cis-eQTL analysis using TCGA data was described
elsewhere (23). In short, multivariate linear regression was first used on
somatic copy number alterations and the CpG methylation levels in the
promoter region to estimate residual expression level from the tissue
gene expression level and the resulting residual expression was then
regressed on the germline genotypes. Enhancer and DNase enrichment
analyses were evaluated using Haploreg (http://www.broadinstitute.
org/mammals/haploreg/haploreg_v2.php) (24). All tests were performed
using STATA v13.0 (College Station, TX) and Plink (http://pngu.mgh.har-
vard.edu/purcell/plink/) (25) with a two-sided « level of 0.05 as threshold
for significance.

Results

Patient characteristics

This study included a total of 2657 cases and 5315 controls
for risk analysis with the discovery phase of 789 cases and
797 controls, followed by internal validation of 557 cases
and 1094 controls and finally external validations of 1311
cases and 3424 controls (Supplementary Table 1, available
at Carcinogenesis Online). We restricted the clinical outcome
analysis in 661 RCC patients with localized disease (stages
I-1II) including 367 patients in the discovery phase and 294
patients in the validation phase (Supplementary Table 2,
available at Carcinogenesis Online). Almost all of the stages
I-III RCC patients (over 99%) received surgery in both the dis-
covery and validation data and only a small percentage of
patients received other treatments such as chemotherapy,
radiotherapy and targeted therapies.

Table 1. SNPs associated with RCC risk by meta-analysis

SNPs associated with RCC risk

For RCC risk analysis, Table 1 showed the two SNPs that were
significantly associated with RCC risk in the discovery and val-
idation phase: rs6466135 (proxy: rs757903) and rs611646 (proxy:
rs3824987). The A allele of rs6466135, which maps to PIK3CG, was
significantly associated with reduced RCC risk (P__,, = 1.4 x 1073,
P, .. =0.80). ORs (95% ClIs) were 0.80(0.65-0.98) in discovery phase,
0.87(0.77-0.97) in validation phase, and 0.85(0.77-0.94) in all three
studies combined. rs611646 was located in the intron of ATM
and the minor alleles of this SNP were significantly associated
with increased risks of RCC (OR___=1.17,95% CI__ =1.05-1.31,
P . =35x103P  =0.78).

meta

‘meta meta

het

SNPs associated with RCC outcomes

Among stages I-III patients, three SNPs in three different genes
(ERBB4, EGFR, RUNX1) exhibited significant association with
recurrence in both discovery and validation phases. The most
significant association was observed for rs10932384 in the meta-
analysis (effect allele: C, HR[95% CI] = 0.41[0.26-0.64], 0.60[0.42—
0.86] and 0.52[0.39-0.68] in the discovery phase, validation phase
and combined discovery and validation data, respectively;
P ..=3.8x10%P, =0.18,Table 2). Significant associations with
OS were observed for five SNPs in four genes (ERBB4, TBL1XR1,
TLR4, SETBP1) in both discovery and validation phases. Again,
1510932384 was the most significant SNP (effect allele: C, HR[95%
CI] = 0.51[0.27-0.96], 0.49[0.35-0.70], and 0.50[0.37-0.67] in the
discovery phase, validation phase and combined discovery and
validation data, respectively; P =6.0 x 10, P, = 0.92, Table 2).
All other identified SNPs were associated with either RCC recur-
rence or OS but not both. No significant interactions between
SNPs and sex or smoking status were observed (data not shown).

Functional characterization of identified SNPs

To further investigate potential functions of identified SNPs,
we conducted tests for the correlation between identified SNPs
and mutation frequency of the gene that the SNP maps to using
data from TCGA. A significant correlation was observed between
rs10932384:C and ERBB4 mutations in TCGA ccRCC patients
(P,,.c = 0.003, Table 3). For the cis-eQTL analysis using SNiPA, sig-
nificant effect was found for four regions, i.e. 1s6466135-PIK3CG
in blood (rs6466134, r? = 1.00, P = 5.48 x 107), rs611646-ATM in
transformed fibroblasts (rs227069, r> = 0.94, P = 3.36 x 107),
rs984654-EGFR in blood (rs4947488, r> = 0.80, P = 1.24 x 10%) and
1s2770150-TLR4 in blood (rs5030728, r? = 0.88, P = 8.15 x 107*)

SNP Gene mapped Model OR® 95% CI P P
156466135, A® PIK3CG

MDA discovery Dom 0.80 0.65-0.98 0.03

MDA validation Dom 0.87 0.70-1.08 0.205

NCI validation Dom 0.86 0.75-0.99 0.037

Validation, meta Dom 0.87 0.77-0.97 0.015 0.96

All stages, meta Dom 0.85 0.77-0.94 0.0014 0.80
15611646, T¢ ATM

MDA discovery Dom 1.25 1.01-1.55 0.043

MDA validation Dom 1.18 0.94-1.48 0.164

NCI validation Dom 1.14 0.98-1.32 0.085

Validation, meta Dom 1.15 1.02-1.3 0.03 0.81

All stages, meta Dom 1.17 1.05-1.31 0.0035 0.78

*Adjusted for age, sex and smoking status (Y/N) for MDA discovery and validation phases; sex and studies for NCI validation set.

*Proxy rs757903 (r? = 1) was analyzed in the MDA validation and NCI validation sets.

Proxy rs3824987 (r> = 0.99) was analyzed in the MDA validation and NCI validation sets.
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Table 2. SNPs associated with RCC clinical outcome by meta-analysis in stages I-III RCC patients

Discovery Validation Combined
Gene
SNP? Proxy® r?  mapped Model HR (95% CI) P HR (95% CI)t P HR (95% CI) P P
Recurrence
1s10932384,C NA NA ERBB4 Dom 0.41(0.26-0.64) 8.6 x 10° 0.60 (0.42-0.86) 5.33 x 10-* 0.52 (0.39-0.68) 3.81 x 10° 0.18
15984654, G NA NA EGFR Rec 2.52(1.18-5.38) 0.017 1.50 (1.11-2.02) 0.009 1.61(1.21-2.12) 8.92 x 10* 0.21
rs11702779,A NA NA RUNX1 Dom 0.62(0.40-0.98) 0.042 0.69 (0.48-0.97) 0.033 0.66 (0.50-0.87) 0.003 0.76
Overall survival
1510932384, C NA NA ERBB4 Dom 0.51(0.27-0.96) 0.036 0.49 (0.35-0.70) 6.07 x 10> 0.50 (0.37-0.67) 6.00 x 10¢ 0.92
152862644,C NA NA TBLIXR1 Dom  2.52(1.27-4.99) 0.008 2.24 (1.39-3.60) 0.001 2.33 (1.58-3.44) 2.20 x 10 0.78
152770150, G rs2737191,G 1 TLR4 Add 1.78 (1.12-2.83) 0.015 1.51 (1.14-2.01) 0.004 1.58 (1.24-2.02) 2.09 x 10* 0.56
1s6507587,A NA NA SETBP1 Dom  1.97 (1.02-3.81) 0.043 1.61 (1.09-2.37) 0.016 1.70 (1.22-2.37) 0.002 0.61
1517325821, T NA NA ERBB4 Dom 2.15(1.15-4.01) 0.016 1.45 (1.02-2.06) 0.04 1.59 (1.17-2.17) 0.007 0.28

aTagging SNPs genotyped in the MDA discovery set.

"Proxy SNPs analyzed in the MDA validation set.

“Adjusted for age, sex, smoking status (Y/N), clinical stage, Fuhrman grade; additionally adjusted for antiangiogenesis treatment and chemotherapy where was
appropriate.

Table 3. Associations between identified SNPs and mutation frequency of significantly mutated genes in ccRCC

With mutation Without mutation
SNP Gene Mutation% N (%) N (%) P~
1510932384 ERBB4 1.8
AA 0 (0) 131 (100)
AC 2 (1.48) 133 (98.52)
cC 3 (11.54) 23 (88.46) 0.003
ars10932384 was imputed with a info score of 0.984.
AFisher’s exact test P value.
(Table 4). However, using the data downloaded from TCGA, none these genes but not the germline variants are potential prog-
of the SNPs were significantly associated with tumor tissue gene nostic factors for patients with RCC. In this study, we observed
expression levels (data not shown). We also performed Enhancer significant associations of SNPs in PIK3CG and ATM with RCC
and DNase enrichment analyses and the results indicated that risk. A previous study has assessed a potential functional SNP
the enrichments were highly significant for multiple loci in (rs779805) in VHL which did not find a significant association
various cell lines (Supplementary Tables 3 and 4, available at with RCC risk (16). In our study and consistent with previous
Carcinogenesis Online). finding, rs779803, a proxy SNP to rs779805 (r? = 1), did not exhibit

significant association with RCC risk. Several germline BAP1
mutations were identified for RCC development (28,29). In add-

Discussion ition, Wang et al. (30) showed the cooperative effect of VHL and
To the best of our knowledge, this is the first study to inves- BAP1 mutations in the development of RCC. Furthermore, sev-
tigate the predisposing and prognostic value of germline gen- eral studies provided mechanistic insights into BAP1 function
etic variants in 127 SMGs reported by TCGA Pan-Cancer effort. on metabolic process and the ability to regulate gene-environ-
We identified two loci associated with RCC development, three ment interactions (31-34). In our recent study, two BAP1 SNPs,
loci associated with recurrence and five loci associated with OS. rs11708581 and rs390802, were significantly associated with risk
The locus on ERBB4 at 2q34, represented by rs10932384, was sig- of RCC and negatively correlated with BAP1 gene expression (35).
nificantly associated with both recurrence and OS in localized However, SNP rs11708581 failed the Illumina design and was
RCC patients (stages I-III). We also observed that the mutation not available, while SNP rs390802 showed consistent effect but
frequency of ERBB4 was significantly correlated with C allele of not significant association which perhaps might be due to the
rs10932384. smaller sample size in the current study. Therefore, additional
TCGA Pan-Cancer analysis showed that ccRCC is distin- studies are needed to further elucidate the role of common gen-
guished from other common cancers by featuring higher per- etic variants in BAP1 gene on RCC risk.
centage of somatic mutations in VHL, PBRM1, SETD2 and BAP1 Limited studies have identified significant genetic predictors
(10-52% of ccRCC cases versus 0-7.9% of cases with other major for RCC recurrence and OS. Lacking validation is the common
cancers) (19). Previous studies have also related PBRM1, SETD2 limitation for most of the previous studies (16-18,36). With this
and BAP1 somatic mutations to the prognosis of ccRCC (26,27). two-phase study design including the discovery and validation
In the current study, we did not observe significant associations data, we showed that rs10932384 in ERBB4 at 2934 was signifi-
for common germline variants in these genes with RCC prog- cantly and consistently associated with both recurrence and
nosis. Further analysis using the TCGA data showed no signifi- OS in stages I-III RCC patients. Furthermore, the effect sizes
cant association of the BAP1 SNPs with BAP1 mutation status for recurrence and OS were similar (recurrence: HR = 0.52;
(Supplementary Table 5, available at Carcinogenesis Online). This 0S: HR__. = 0.50). ERBB4 plays an important role in regulat-

discrepancy may reveal the fact that the somatic mutations in ing breast cancer growth and progression. However, previous
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Table 4. cis-eQTL for identified SNPs based on SNiPA

SNP? # of SNPs in LD Gene cis-effect SNPt R? Tissue pt
Risk
156466135 4 PIK3CG 156466134 1.00 Blood 5.48 x 107
15611646 12 ATM 15227069 0.94 Transformed 3.36 x 1077
fibroblasts
Recurrence
15984654 15 EGFR 154947488 0.80 Blood 1.24 x 10
Overall survival
152770150 6 TLR4 rs5030728 0.88 Blood 8.15 x 10

Cis-eQTL results obtained from SNiPA.
aTagging SNPs genotyped in the discovery set.
"Number of SNPs located in the same LD block (R? > 0.8).

TSNP within the same LD block which has the strongest cis-effect on mapped gene.

studies have observed both oncogenic and tumor suppressive
functions for ERBB4 (37). Studies also showed that expression
of ERBB4 was downregulated in ccRCC compared with other
subtypes of RCC, as well as normal tissues (38,39). In add-
ition, reduced ERBB4 expression was observed in immune cells
among patients with relapsing remitting multiple sclerosis (40).
Furthermore, ERBB4 was also predicted to interact with many
immunological networks at minimum relationship confidence
of >0.75 for complement and coagulation cascades, DC Network,
hematopoietic cell lineage, intestinal immune network for IgA
production, RIG I like receptor signaling pathway, NOD-like
receptor signaling pathway, leukocyte transendothelial migra-
tion and cytosolic DNA sensing pathway (http://immunet.
princeton.edu) (41). Taken together, additional studies are
needed to further elucidate the role of ERBB4 in immune sys-
tem together with cancer development and progression. We also
found additional signals for either risk of recurrence or death
but not both which were mapped to genes that may play cru-
cial roles for cancer development and progression, such as EGFR.
Therefore, additional studies are needed to further examine the
role of these genes on RCC prognosis.

We further performed functional characterization of the
identified variants. Interestingly, there is a significant correl-
ation between the variant C allele of rs10932384 and ERBB4
mutation frequency. The interplay between germline genetic
variants and somatic mutations is intriguing and an intricate
link between them may exist. One study demonstrated that
germline background may alter the probability where a somatic
event can occur and modify the likelihood of acquiring muta-
tions in specific cancer genes (42). It has also been estimated
that approximately 40% of mutations occurred in the cancer
predisposition genes may be oncogenic (43). However, a recent
study showed that the gene mutation frequencies in GWAS
identified susceptibility regions were comparable to background
mutation frequencies (44) which implied the minimal link
between the GWAS identified cancer susceptibility regions and
somatic mutations. Although somatic mutations in ERBB4 are
not a major feature for ccRCC (1.8% based on TCGA data), our
results may provide new hypothesis regarding germline gen-
etic predictors of RCC recurrence and prognosis and shed some
light on the link between clinical outcomes associated germline
variants and somatic mutations which warrants further inves-
tigations. In this study, we also found four loci significant in the
cis-eQTL analysis using expression measured in the blood/trans-
formed fibroblasts but not in the RCC tumor tissues. Therefore,
additional studies are needed to understand the role of these
SNPs on RCC prognosis.

Our study has several strengths. First, the current study
applied a multi-phase design. For the RCC risk analysis, we fur-
ther have utilized a publicly available GWAS dataset to exter-
nally validate our findings. Second, the patients enrolled in our
study were prospectively followed for several years after treat-
ment. We also recognize a few limitations. Since no clinical data
is available in NCI dataset, the findings with respect to RCC
recurrence and OS can only be validated internally. Also, the
observed correlation between rs10932384:C and somatic muta-
tion frequency of ERBB4 requires further validation.

In summary, we identified potential novel genetic suscepti-
bility loci for RCC by targeting significant mutated genes. Of note,
many loci, particularly ERBB4 at chromosome 2934 may harbor
genetic variants with independent prognostic value in localized
RCC patients. Future independent studies are warranted to val-
idate the identified genetic predictors of RCC recurrence and OS.

Supplementary material

Supplementary material can be found at Carcinogenesis online.
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