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Abstract

The ccA and ccB molecular subtypes of clear cell renal cell carcinoma (ccRCC)
have well-characterized prognostic relevance. However, it is not known whether
they possess distinct etiologies. We investigated the relationships between these
subtypes and RCC risk factors within a case-control study conducted in Eastern
Europe. We analyzed risk factor data for ccA (n = 144) and ccB (n = 106) cases
and 1476 controls through case-only and case-control comparisons to assess risk
factor differences across subtypes using logistic and polytomous regression
models. We also performed a meta-analysis summarizing case-only results from
our study and three patient cohorts. Patients with ccB tumors had poorer survival
than those with ccA tumors and were more likely to be male (case-only odds ratio
[OR] 2.68, 95% confidence interval [CI] 1.43-5.03). In case-control analyses, body
mass index was significantly associated with ccA tumors (OR 2.45, 95% ClI
1.18-5.10 for 235 vs <25 kg/m?) but not with ccB tumors (1.52, 0.56-4.12), while
trichloroethylene was associated with ccB but not ccA (OR 3.09, 95% CI
1.11-8.65 and 1.25, 0.36-4.39 respectively for >1.58 ppm-years vs unexposed). A
polygenic risk score of genetic variants identified from genome-wide association
studies was associated with both ccA and, in particular, ccB (OR 1.82, 1.11-2.99
and 2.87, 95% Cl 1.64-5.01 respectively for 90th vs 10th percentile). In a meta-
analysis of case-only results including three patient cohorts, we still observed the
ccB excess for male sex and the ccA excess for obesity. In conclusion, our find-
ings suggest the existence of etiologic heterogeneity across ccRCC molecular sub-

types for several risk factors.
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What's new?

viously understood.

1 | INTRODUCTION

Renal cell carcinoma (RCC) is made up of several histologic sub-
types with distinct genetic and clinical characteristics. Clear cell
RCC is the most common, making up over 75% of cases, and is
typically associated with a poorer prognosis than the next most
common subtypes, papillary and chromophobe RCC.! There has
been great interest in characterizing the mutational and trans-
criptomic landscape of clear cell renal cell carcinoma (ccRCC) and
identifying prognostically distinct molecular profiles to better inform
the clinical management of patients.? One well-validated classifica-
tion involves two subtypes defined by distinct gene expression sig-
natures: ccA, characterized by overexpression of genes associated
with hypoxia, angiogenesis and fatty- and organic acid metabolism,
and the poorer-prognosis ccB, overexpressing genes regulating
epithelial-to-mesenchymal transition, the cell cycle and wound
healing.3® Although the subtypes were originally identified from
gene expression array data, a 34-gene panel (“ClearCode34”) has
been developed enabling the accurate classification of ccA/ccB sub-
type at a lower cost and using formalin-fixed paraffin-embedded
tissue.®

Despite being recognized as a collection of distinct diseases
with divergent biologic processes,” RCC has typically been investi-
gated as a single disease in epidemiologic investigations; identified
risk factors include male sex, African American race, obesity,
hypertension, smoking, occupational exposure to the chemical tri-
chloroethylene (TCE) and genetic variants identified in genome-
wide association studies (GWAS).»® No epidemiologic studies to
date have explored whether ccRCC molecular subtypes possess
distinct etiologies, although findings from some clinical case series
suggest the existence of such heterogeneity, with differences in
African American race and obesity observed between patients with
ccA and ccB tumors.”!° These findings warrant further investiga-
tion, ideally in an epidemiologic study including both cases and
controls to enable the calculation of subtype-specific relative risk
estimates.

To that end, we classified ccRCC tumors within a case-control
study of kidney cancer into molecular subtypes and investigated
whether risk factor associations differ between ccA and ccB tumors.
We also conducted a meta-analysis to combine our findings with

those from three patient case series.

Renal cell carcinoma (RCC) consists of several histologic types, with distinct genetic and clinical
characteristics. Clear-cell RCC is classified by two subtypes, defined by distinct gene expression
signatures: ccA, and the poorer-prognosis ccB. Do risk factors differ for these subtypes? In this
study, the authors found that obesity is associated with increased risk for ccA tumors (but not
ccB), while patients with ccB tumors are more likely to be male or have occupational exposure to

trichloroethylene. These results suggest that the etiology of RCC may be more complex than pre-

2 | MATERIALS AND METHODS

21 | Study design

The Central and Eastern European Renal Cell Cancer Study (CEERCC)
is a hospital-based case-control study conducted in the Czech Repub-
lic, Poland, Romania and Russia between 1999 and 2003.1! Incident
cases of histologically confirmed RCC identified at participating hospi-
tals were eligible for the study. Controls in each center were chosen
among subjects admitted as in-patients or out-patients in the same
hospital as the cases for noncancer, nongenitourinary or nontobacco-
related conditions and were frequency matched with cases by sex,
age (+3 years) and study center.

Cases (N = 1097; 90%-99% of contactable eligible individuals
across centers) and controls (N = 1476 controls; 90%-96%) partici-
pated in in-person interviews conducted by trained interviewers to
collect risk factor information. Industrial hygienists assessed potential
TCE exposure based on recorded occupational histories and special-
ized questionnaires regarding workplace exposure to solvents and
other chemicals.!? Genomic DNA was extracted from whole blood
buffy coat from 987 of 1097 cases and 1298 of 1476 controls. The
survival status of cases in the Czech Republic, Poland and Russia was
later captured through medical records abstraction and linkage to vital

statistics and cancer registries.

2.2 | Tumor molecular subtype classification

Frozen tumor biopsy specimens were obtained for 524 cases, 477 of
which were ccRCC.'2 After manual microdissection to remove non-
tumor tissue, frozen sections were placed directly in Trizol reagent
(Invitrogen, Carlsbad, CA), homogenized for 2 minutes on ice, and
RNA was isolated using the manufacturer's protocol. RNA samples
from 355 ccRCC cases were available for this analysis. RNA was quan-
tified based on absorbance at 260 nm and samples with low concen-
tration (n = 8) were excluded. All samples were analyzed to measure
gene expression for the Clearcode34 panel (Table S1) and six house-
keeping genes using nCounter (NanoString Technologies Inc., Seattle,
WA). Samples with poor quality were removed using Nanostring diag-
nostics; specifically, nSolver tools were used to exclude 26 samples

that had poor positive control linearity (positive control R? value
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<0.95) and nine samples that had low overall expression (>10-fold
lower expression of housekeeping genes relative to the average
experimental sample) and were outliers in principal component
analysis (visual inspection). Data for the remaining 312 cases were
normalized using positive control genes and housekeeping genes,
log-transformed (base two) and median-centered.

We developed a ccA/ccB classification model using normalized,
base-two log-transformed and median-centered RNA sequencing data
for the Clearcode34 panel from the Cancer Genome Atlas Kidney
Renal Clear Cell Carcinoma (TCGA-KIRC) tumor collection (N = 524)
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FIGURE 1 Kaplan-Meier overall survival curves by molecular

subtype (ccA, ccB) for 158 clear cell renal cell carcinoma (RCC) cases
with survival data in the Central and Eastern Europe Renal Cell
Cancer (CEERCC) study

TABLE 1 Case-only analysis
comparing selected subject and tumor

characteristics between ccA (referent) Country  Czech Republic
and ccB tumors among ccRCC cases in Poland
the CEERCC study Romania
Russia
Age <45
45-54
55-64
65+
Sex Female
Male
Stage /1
n/1v
Grade |

International Journal of Cancer

as a training set.>® The classification model, developed through pre-
diction analysis of microarrays, was then applied to the study expres-
sion data to determine ccA/ccB subtype. We assessed the
reproducibility of subtyping using data from 4 tumors with duplicate
samples assayed and 39 tumors previously assayed and subtyped in a
pilot project. We observed concordant subtypes across all 4 duplicate
pairs and for 38 of the 39 tumors also included in the pilot, with
the one discordant tumor having uncertain subtype classifications
(ccA probabilities of 46% and 54% in the pilot and main study, respec-
tively). To filter out cases of uncertain subtype, we restricted the sta-
tistical analysis to tumors with a predicted subtype probability
>70% (n = 250).

2.3 | Statistical analysis

We first assessed the comparability between included cases vs those
without known ccA/ccB status and assessed overall survival of
patients with ccA and ccB tumors through Kaplan-Meier analysis and
Cox regression with adjustment for country, age, sex, education level
(primary education [elementary unfinished or finished], secondary and
apprenticeships, higher education [high school, university or higher]),
body mass index (BMI), stage and grade.

For our investigation, we considered the following RCC risk fac-
tors: age, sex, BMI, smoking, hypertension, occupational exposure to
TCE, family history of kidney cancer and 13 GWAS-identified SNPs
associated with renal cancer. In addition to assessing the SNPs indi-
vidually, a polygenic risk score including all 13 SNPs was constructed

as a potentially informative global assessment of subtype differences

NccA (%) NccB (%) ORccB (95% Cl)a PHetb
103 (72) 62 (58) 1.00 72

10 (7) 11 (10) 1.85 (0.61-5.64)
12 (8) 17 (16) 1.24 (0.46-3.30)
19 (13) 16 (15) 1.02 (0.42-2.48)

8 (6) 6 (6) 1.00 45

37 (26) 22 (21) 0.97 (0.24-3.92)

48 (33) 32 (30) 0.84 (0.22-3.22)

51 (35) 46 (43) 1.47 (0.39-5.61)

72 (50) 28 (26) 1.00 .002
72 (50) 78 (74) 2.68 (1.43-5.03)

98 (74) 37 (37) 1.00 .0001
34 (26) 64 (63) 4.00 (2.12-7.58)

39 (40) 4 (7) 1.00 .004
41 (42) 25 (44) 5.26 (1.57-17.71)

18 (18) 28 (49) 8.49 (2.36-30.58)

Note: Missing data: stage, n = 17; grade, n = 95. ORs and 95% Cl in bold are statistically significant.
Abbreviations: ccRCC; clear cell renal cell carcinoma; CEERCC, Central and Eastern Europe Renal Cell
Cancer Study; Cl, confidence interval; OR, odds ratio.

20Rs adjusted for country, age, sex, stage and grade.

bP-value from case-only Wald test of OR heterogeneity across subtypes.
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across multiple SNPs. Odds ratios (OR) and 95% confidence intervals
(Cl) relating these variables to ccA or ccB subtype vs controls were
calculated using polytomous regression with adjustment for age, sex,
country and education level (we adjusted for education level to con-
trol for potential confounders correlated with socioeconomic status;
this is relevant in particular for analyses of occupational exposures like
TCE). Within the polytomous model we conducted a Wald test of OR
heterogeneity across subtypes, testing the null hypothesis that the
regression coefficient for a given risk factor was the same for each
subtype. For age and sex, case-only analyses were conducted using
logistic regression (ccB vs ccA) to assess subtype differences, with
adjustment for country, stage and grade. This case-only approach was
used because age and sex were used as matching factors for control
selection and thus could not be investigated in an unbiased manner
through case-control analysis.'® Tests of trend across risk factor cate-

gories were performed by modeling the intracategory medians as a

continuous variable. To account for multiple testing, we adjusted the
P-values from tests of OR heterogeneity across the evaluated risk fac-
tors by the false discovery rate (FDR) of Benjamini and Hochberg (also
known as g-values).

To compare our findings with those from recent patient cohorts,
we conducted case-only analyses relating subtype to available risk
factor information within TCGA-KIRC (205 ccA and 175 ccB tumors;
sex evaluated adjusting for age and stage) and a patient cohort at
Memorial Sloan Kettering Cancer Center (MSKCC; 109 ccA and
98 ccB tumors; sex and BMI evaluated adjusting for age and stage).
For a third case series at Moffitt Cancer Center (MCC; 226 ccA and
56 ccB tumors), we calculated crude case-only ORs relating subtype
to sex and BMI from previously reported tabular data.’® For our
meta-analysis we estimated summary ORs using a random-effects
model and calculated the Higgin's I? statistic to evaluate heterogene-

ity across studies.

TABLE 2 Case-control analysis investigating associations with ccA and ccB tumors for known RCC risk factors in the CEERCC study

Ncontrots (%) Neca (%) ORea® (95% Cl) Nece (%)  ORcs (95% ClI)? Phet®
Body mass index (kg/m?) .24
<25 538 (36) 33 (23) 1.00 30 (28) 1.00
25 to <30 620 (42) 64 (44) 147 (0.94-2.29) 50 (47) 131 (0.82-2.11)
30to <35 250 (17) 35 (24) 201 (1.20-3.36) 21 (20) 1.53 (0.85-2.75)
235 68 (5) 12 (8) 245 (1.18-5.10) 5 (5) 1.52 (0.56-4.12)
Ptrena = .002 Pirend = .16
Per 5 kg/m? increase 1.30 (1.08-1.57) 1.10 (0.87-1.39)
TCE exposure (ppm-years) .20
Unexposed 1146 (97) 109  (96) 1.00 81 (91) 1.00
<1.58 21 (2) 2 (2) 0.69 (0.16-304) 3 (3) 1.67 (0.48-5.82)
21.58 19 (2) 3 () 1.25 (0.36-4.39) 5 (6) 3.09 (1.11-8.65)
Pirend = .94 Pirend = 049
GWAS polygenic risk score 21
90th vs 10th percentile 1.82 (1.11-2.99) 2.87 (1.64-5.01)
P =.02° P =.0002°
Smoking status .37
Never smoked 599 (41) 73 (51) 1.00 48 (45) 1.00
Former smoker 353 (24) 29 (20) 0.84 (0.51-1.38) 20 (19) 0.53 (0.30-0.95)
Current smoker 521 (35) 42 (29) 0.93 (0.59-1.46) 38 (36) 0.94 (0.57-1.55)
High blood pressure 45
No 906 (61) 82 (57) 1.00 54 (51) 1.00
Yes 569 (39) 62 (43) 121 (0.84-1.75) 52 (49) 149 (0.98-2.25)
Family history of kidney 74
cancer
No 1462 (99) 139 (97) 1.00 104 (98) 1.00
Yes 14 (1) 5 (3) 261 (0.90-7.57) 2 (2) 1.97 (0.43-8.92)

Note: Missing data: smoking status, n = 3; TCE, n = 337; GWAS polygenic risk score, n = 440; high blood pressure, n = 1. ORs and 95% Cl in bold are

statistically significant.

Abbreviations: CEERCC, Central and Eastern Europe Renal Cell Cancer Study; Cl, confidence interval; GWAS, genome-wide association study; OR, odds

ratio; TCE, trichloroethylene.
20Rs adjusted for country, age, sex and education level.
bP-value from test of OR heterogeneity across subtypes.

°P-value from Wald test of GWAS polygenic risk score, modeled as a continuous variable.
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3 | RESULTS

Selected characteristics of the 250 ccRCC cases included in the analy-
sis are summarized in Table S2. The cases' average age at diagnosis
was 60.2 years, 60% were male and 66% were from the Czech Repub-
lic. The characteristics of the cases with subtype data were generally
comparable to those of other ccRCC cases enrolled in the CEERCC
case-control study with the exception of country of residence
(reflecting differences across countries in success procuring tumor tis-
sue) and a smaller proportion of subjects missing data on TCE expo-
sure (Table S2). Kaplan-Meier survival curves indicated that, as
expected, patients with ccB tumors had poorer overall survival than
those with ccA tumors (Figure 1; log-rank test P <.0001). In Cox
modeling, ccB status was associated with increased mortality after
adjustment for age, sex, country, education level, BMI, stage and
grade (hazard ratio 2.34, 95% Cl 1.32-4.13; Table S3).

In case-only analyses exploring potential subtype heterogeneity,
ccA/ccB status was observed to vary by sex, stage and grade
(Table 1). Compared to cases with ccA tumors, ccB cases were more
frequently male (OR 2.68, 95% Cl 1.43-5.03) and had higher-stage
(I/1V vs I/11: OR 4.00, 95% Cl 2.12-7.56) and higher-grade (lll vs I: OR
8.49, 95% Cl 2.36-30.58) tumors. We did not observe statistical dif-
ferences across subtypes for country or age at diagnosis.

Case-control analyses suggested differences in associations by
subtype for BMI, TCE exposure and a GWAS polygenic risk score,
although tests of OR heterogeneity did not reach statistical signifi-
cance (Table 2). Moderate and severe obesity were significantly asso-
ciated with ccA tumors (OR 2.01, 95% Cl| 1.20-3.36 and 2.45,
1.18-5.10 for BMI 30.0-34.9 and 235.0 vs <25.0 kg/m?; Pyreng = .002)
but not with ccB tumors (1.53, 0.85-2.75 and 1.52, 0.56-4.12;
Pirend = -16). In contrast, TCE exposure was significantly associated

(A) Male vs Female

Study Odds Ratio OR 95%-Cl Weight
CEERCC ——+—> 2.68 [1.43;5.03] 23.8%
MSKCC 2.04 [1.08; 4.06] 22.2%
TCGA-KIRC — - 2.17 [1.39; 3.39] 29.2%
MCC T 0.82 [0.45;1.48] 24.7%
Random effects model _— 1.77 [1.07; 2.93] 100.0%
/2 =67%, ¥ =0.1765,P = .03 | T !

0.5 1 2 5
(B) =30 vs <30 kg/m?
Study Odds Ratio OR 95%-Cl Weight
CEERCC — 0.72 [0.37;1.40] 29.6%
MSKCC — 0.67 [0.38;1.19] 40.3%
MCC —_— 0.56 [0.29;1.09] 30.1%
Random effects model — 0.65 [0.45; 0.93] 100.0%
I1#=0%,7° =0, P=.86

0.5 1 2

FIGURE 2 Forest plots from meta-analysis comparing case-only
findings relating molecular subtype (ccB vs ccA) to (A) sex (male vs
female) and (B) body mass index (BMI, 230 vs <30 kg/m?) from
Central and Eastern Europe Renal Cell Cancer Study (CEERCC) and
three clinical case series (two with results for sex and BMI, one with
results for sex only)

International Journal of Cancer

with ccB (OR 3.09, 1.11-8.65 for >1.58 ppm-years vs unexposed;
Pirend = -049) but not with ccA tumors (1.25, 0.36-4.39; Pieng = -94).
The GWAS polygenic risk score was associated with both ccA and, in
particular, ccB tumors (90th vs 10th percentile: OR 1.82, 95% CI
1.11-2.99, Pyeng = 02 and 2.87, 95% Cl 1.64-5.01, Pyeng = -0002
respectively). In individual analyses of the 13 SNPs (Table S4), statisti-
cally significant heterogeneity across subtypes (Pheterogeneity = -049)
was observed for rs11894252, which was associated with ccB
(OR 1.44, 95% CI 1.05-1.96, P = .02) but not ccA (OR 0.96, 95% CI
0.73-1.28, P = .79). When we excluded rs11894252 and another SNP
(rs718314; Ppe-
terogeneity = -09) from the polygenic risk score, its associations with

with suggestive evidence of heterogeneity

ccA and ccB were comparable (ORs 2.10 and 2.02 respectively).

We observed no statistical differences across subtypes for
smoking, hypertension or family history of kidney cancer.

We adjusted our P-values from tests of OR heterogeneity to
account for the number of comparisons among risk factors. After FDR
adjustment, the test of heterogeneity across subtypes remained sta-
tistically significant for sex (g-value = 0.04) but not for rs11894252
(g-value = 0.51).

Figure 2 summarizes forest plots from a meta-analysis comparing
case-only findings for sex and BMI from our study to those from
TCGA-KIRC and patient cohorts at MSKCC and MCC. A male excess
of ccB tumors was observed in three of the four studies and overall
(summary OR 1.77, 95% Cl 1.06-2.93). Cases with ccB tumors were
less likely than ccA cases to have a BMI 230 kg/m? in each study with
BMI data and overall (summary OR 0.65, 95% Cl 0.45-0.93).

4 | DISCUSSION
In this case-control investigation of ccA and ccB subtypes of ccRCC,
we found suggestive evidence of etiologic heterogeneity for several
risk factors. In case-only analyses, male cases were significantly more
likely to be diagnosed with ccB tumors. In case-control analyses, obe-
sity was significantly associated with the risk of developing ccA
tumors only, while TCE exposure was significantly associated with
ccB tumors. A GWAS polygenic risk score was associated with both
subtypes, ccB in particular. When we tested for OR heterogeneity,
only the subtype differences by sex reached statistical significance.
However, when we combined our case-only findings for sex and BMI
with those of three case series in a meta-analysis, the summary results
supported a ccB excess for men and a ccA excess for obese cases.
Our report of a ccB excess among male cases is to our knowledge
the first of its kind, although male-female differences in ccRCC tumor
biology have been previously noted. Clear cell RCC has been reported
to have among the most extensive sex-biased molecular signatures
across tumors types within TCGA and the highest number of genes
differentially expressed by sex.!* An earlier study of 480 ccRCC
tumors also demonstrated substantial differences in gene expression
by sex, with many immune and inflammation gene sets overexpressed
in tumors from men, and gene sets related to catabolic process over-

expressed among tumors from women.* Sex differences in mutation
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patterns in key RCC genes have also been reported, with a signifi-
cantly increased mutation frequency of PBRM1 and the X chromo-
some encoded KDM5C in tumors from male patients and more
frequent mutations of BAP1 in tumors from female patients.'> Our
finding raises the question of whether ccA and ccB are differentially
affected by sex hormone pathways and, epidemiologically, whether
heterogeneity exists between these subtypes in their relationships
with reproductive health factors that have been tentatively associated
with RCC risk, including oral contraceptive use, parity and
hysterectomy.*¢”

In our meta-analysis the ccB excess was apparent overall and
among the CEERCC, MSKCC and TCGA cases, but not within the
MCC study. The reason for this heterogeneity is unclear, although it is
notable that for MCC we were only able to report crude ORs calcu-
lated from tabular data reported in an earlier publication, as opposed
to working with individual-level data.'® It is possible that our results
for this study may have changed if we had the opportunity to analyze
the individual-level data and adjust for age and tumor characteristics.
It is also notable that the subtype distribution in the MCC case series
is different from that of the other studies; the proportion of tumors
classified as ccA in MCC (80%) was considerably higher than in the
other studies (MSK, 52%; TCGA, 54%; CEERCC, 55%). As the tumors
in the MCC study were selected on the basis of tissue quantity, it is
possible that the case series is not representative of all cases and
could have introduced bias.

Our findings further support the existence of heterogeneity in
the relationship with obesity between subtypes, as previously
reported by the MCC case series.'® Through case-control analyses,
we found BMI to be more strongly associated with the risk of devel-
oping ccA than ccB tumors. These findings suggest that the underlying
biological mechanisms through which obesity affects RCC develop-
ment may operate through subtype-specific pathways. The stronger
BMI association with ccA is notable given that this subtype is charac-
terized by overexpression of genes involved in hypoxia and angiogene-
sis. Obesity-induced kidney injury can lead to chronic renal hypoxia,
potentially inducing persistent upregulation of the von Hippel-Lindau
(VHL)/hypoxia-inducible factor pathway and downstream oncogenic

t.28 Given these obser-

factors known to stimulate ccRCC developmen
vations, we speculate that hypoxia-driven effects of obesity may be par-
ticularly potent for driving progression of ccA tumors. Although our
finding of a stronger BMI association with the better-prognosis ccA
subtype is seemingly consistent with the postulated RCC “obesity
paradox,” whereby obese patients in some studies have had better clini-

t,2%2° we did not observe an

cal outcomes than those of normal weigh
association between BMI and survival in our cases (Table S3).

Our findings suggest that TCE exposure is particularly important
in the development of ccB tumors. TCE, an industrial solvent used to
clean metal parts, has been classified as a human kidney carcinogen
by IARC.2! We note that a smaller proportion of cases with ccA/ccB
classification had missing data on TCE than the ccRCC cases not
included in the analysis. This is attributable to the smaller proportion
of subtyped cases from Russia, where tumor procurement was less

successful and missing data for TCE was greater. As our analysis of

TCE is adjusted for country, this missingness is unlikely to have biased
our findings. The mechanisms of TCE carcinogenicity remain to be
fully elucidated, although there is strong toxicologic evidence that
metabolites formed from glutathione conjugation pathways in the kid-
ney are genotoxic.2! Our observation that TCE exposure is more
strongly associated with the more-lethal ccB subtype is an important
new finding, but requires confirmation in other studies employing sim-
ilarly high-quality exposure assessment before meaningful conclusions
can be drawn. There is also a need to investigate molecular subtype
differences in the association with other suspected renal carcinogens,
such as the dry cleaning solvent perchloroethylene, the surfactant
perfluorooctanoic acid (PFOA) and the mold toxin aristolochic
acid.2224

We also found ccB tumors to be more strongly associated with a
polygenic risk score of GWAS-identified RCC susceptibility variants,
although tests of OR heterogeneity were not statistically significant
for the risk score and most individual SNPs. The one exception was a
ccB-specific effect observed for rs11894252, mapping to an intron of
EPAS1. EPAS1, which encodes the VHL-regulated transcription factor
HIF-2a, is strongly expressed in ccA tumors, and part of the
Clearcode34 gene panel; it is thus unexpected to find this variant to
be more strongly associated with ccB. We cannot rule out chance as
an explanation for this finding, although it is notable that the
rs11894252 association with RCC has been observed to be stronger
for men, among whom ccB tumors are more frequent, than women.2*

Strengths of our case-control investigation of etiologic heteroge-
neity across ccA/ccB subtypes, to our knowledge the first of its kind,
include the inclusion of data from controls to directly calculate esti-
mates of subtype-specific relative risks (as opposed to case-only
results), the availability of information on important RCC risk factors,
and the inclusion of a meta-analysis to assess the consistency of sub-
type differences by sex and BMI across clinical case series. Our study
was limited by the sample size for ccRCC molecular subtypes, which
weakened our statistical power for tests of OR heterogeneity, and our
inability to assess potential intratumor heterogeneity in ccA/ccB phe-
notype with the available specimens.?® However, the confirmation
through meta-analysis of our observed subtype differences by sex
and BMI supports the validity of these findings. Additional evidence is
needed to confirm the novel subtype differences we observed for
TCE exposure and GWAS susceptibility variants.

In conclusion, our investigation of etiologic heterogeneity pro-
vides new evidence to suggest that the etiology of ccRCC is more
complex than previously recognized, with differences by ccA/ccB sub-
type observed for sex and BMI in multiple case groups. We also
observed suggestive evidence in CEERCC of subtype differences in
associations with TCE exposure and genetic susceptibility; however,
as statistical tests of OR heterogeneity did not reach significance and
these associations have not yet been investigated in other studies,
our findings should be interpreted with caution. Additional epidemio-
logic research is needed to confirm our findings and extend investiga-
tions of etiologic heterogeneity to other suspected RCC risk factors.
More broadly, our findings underscore the importance of collecting

tumor tissue in epidemiologic studies of renal cancer where feasible.
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