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Abstract

Background: Body mass index (BMI) is a complex phenotype that may interact with genetic variants to influence colorectal
cancer risk. Methods: We tested multiplicative statistical interactions between BMI (per 5kg/m?) and approximately 2.7
million single nucleotide polymorphisms with colorectal cancer risk among 14 059 colorectal cancer case (53.2% women) and
14 416 control (53.8% women) participants. All analyses were stratified by sex a priori. Statistical methods included 2-step (ie,
Cocktail method) and single-step (ie, case-control logistic regression and a joint 2-degree of freedom test) procedures. All sta-
tistical tests were two-sided. Results: Each 5kg/m? increase in BMI was associated with higher risks of colorectal cancer, less
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so for women (odds ratio [OR] = 1.14, 95% confidence intervals [CI] = 1.11 to 1.18; P = 9.75 x 10~) than for men (OR = 1.26,
95% CI=1.20t01.32; P =2.13 x 10‘24). The 2-step Cocktail method identified an interaction for women, but not men, between
BMI and a SMAD? intronic variant at 18q21.1 (rs4939827; Popserved = -0009; Pihreshola = -005). A joint 2-degree of freedom test
was consistent with this finding for women (joint P = 2.43 x 107*°). Each 5kg/m? increase in BMI was more strongly associated
with colorectal cancer risk for women with the rs4939827-CC genotype (OR = 1.24, 95% CI = 1.16 to 1.32; P = 2.60 x 107*°) than
for women with the CT (OR = 1.14, 95% CI = 1.09 to 1.19; P = 1.04 x 107%) or TT (OR = 1.07, 95% CI = 1.01 to 1.14; P = .02)
genotypes. Conclusion: These results provide novel insights on a potential mechanism through which a SMAD? variant,
previously identified as a susceptibility locus for colorectal cancer, and BMI may influence colorectal cancer risk for women.

Colorectal cancer has a complex etiology involving inherited ge-
netic variants, environmental and behavioral factors, and their
interactions. Family studies estimate that inherited variability
explains up to 35% of the population variation in colorectal can-
cer susceptibility (1,2). High-risk genetic syndromes and the
common, low-risk variants identified by genome-wide associa-
tion studies (GWAS) account for an estimated 3% and 12%, re-
spectively, of the disease burden (3-5). Some of the missing
heritability may be explained by gene-by-environment (GxE)
interactions (6-10).

Body mass index (BMI), a general measure of body fatness, is
an established risk factor for colorectal cancer and adenoma, al-
though associations are often higher for men than women and
may differ by location in the colorectum or by tumor molecular
phenotype (11-16). The precise mechanisms that explain the
BMI-colorectal cancer association are unknown; however, they
likely involve multiple inflammatory, hormonal, metabolic, and
immunologic networks that interact with the local tissue micro-
environment. Given this potential for broad biologic interac-
tions, it is important to consider BMI and colorectal cancer risk
in the context of germline genetic variants. To date, no consis-
tent GxE interactions have been identified from candidate gene
(17-22) or GWA (23) studies of BMI and colorectal cancer risk.
Lack of observed interactions may be due to insufficient statisti-
cal power in earlier studies.

In this study, we tested for multiplicative statistical interac-
tions between approximately 2.7 million single nucleotide poly-
morphisms (SNPs) and BMI with risk of colorectal
adenocarcinoma using 14 059 colorectal cancer/advanced ade-
noma case (53.2% women) and 14 416 control (53.8% women)
participants.

Methods

Study Participants

The overall GWA study design has been described previously
(22,24,25). In brief, this analysis is based on GWA studies from
the multicentered Colon Cancer Family Registry, the Genetics
and Epidemiology of Colorectal Cancer Consortium (GECCO),
and the ColoRectal Transdisciplinary Study (Supplementary
Methods, available online). Study-specific data for age and BMI
are shown in Table 1.

All case participants with invasive colorectal adenocarci-
noma were confirmed by abstraction of medical records, pathol-
ogy reports, cancer registry linkage, or death certificates.
Control participants were selected based on study-specific eligi-
bility and matching criteria (eg, sex and age). Advanced colorec-
tal adenoma cases were confirmed by review of medical records
or pathology reports (women, n=494; men, n=304). Controls
for adenoma cases had a negative colonoscopy or a negative
sigmoidoscopy (for the latter, controls were matched only to

cases who were diagnosed with distal adenoma). All studies
were approved by their respective institutional review boards.

Genotyping, Quality Assurance, Quality Control, and
Imputation

Detailed information on genotyping, imputation, quality assur-
ance, and quality control are presented elsewhere (25). In brief,
genotyped SNPs were excluded based on call rate (<98%), lack of
Hardy-Weinberg Equilibrium in controls (P<1 x 107, and low
minor allele count. Because our analysis is focused on common
variants, we imputed the autosomal SNPs of all studies to the
CEU population in HapMap II. SNPs were restricted to those
with a per-study minor allele count greater than 5 and good im-
putation accuracy (R? > 0.3). After imputation and quality con-
trol analyses, a total of more than 2.7 million SNPs were used.
All analyses were restricted to samples that clustered in princi-
pal component analysis with the Utah residents of northern
and western European ancestry from the CEU population.

Harmonization of Epidemiologic Data

Information on demographics and potential risk factors were
collected by interviews and/or structured questionnaires. We
carried out a multistep data-harmonization procedure at the
GECCO coordinating center (Fred Hutchinson Cancer Research
Center) as described previously (6-10).

The reference time for cohort studies was time of blood
draw or buccal collection. The reference time for case-control
studies was generally the period 1-2years prior to diagnosis
(cases) or enrollment (controls) to avoid bias from illness-
associated weight loss. BMI was calculated from self-reports or
direct measures of body weight (kg) divided by height (m?).
World Health Organization definitions for normal, overweight,
and obese BMI were used for categorical analyses (26). Men and
women with BMI less than 18.5kg/m? (n=247) were excluded
from this analysis because of observed nonlinear associations
at the lower end of the BMI continuum in these data and in
other studies (27,28). Participants with missing BMI were ex-
cluded (n=1626).

Statistical Methods

All statistical analyses were conducted centrally at the GECCO
coordinating center on individual-level data using the R pro-
gramming language. Unless otherwise indicated, we adjusted
for age at the reference time, study center, and the first 3 princi-
pal components from EIGENSTRAT. Each directly genotyped
SNP was coded as 0, 1, or 2 copies of the variant allele. For im-
puted SNPs, we used the expected number of copies of the vari-
ant allele, which has been shown to give unbiased test statistics
(29). Genotyped and imputed SNPs were treated as continuous
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variables (ie, log-additive effects). Each study was analyzed sep-
arately, and study-specific results were combined using fixed-
effects meta-analysis to obtain summary odds ratios (ORs) and
95% confidence intervals (CIs). We calculated the heterogeneity
P values by Cochran Q statistics (30). Quantile-quantile plots
assessed whether the distributions of the P values were consis-
tent with the null distribution (except for the extreme tail).

To test for multiplicative statistical interactions between
each SNP and BMI, we used conventional case-control logistic
regression analysis and the Cocktail method (31) as primary an-
alytic methods. We also used a 2-degree of freedom (df) joint
test (32). We did not use any case-only statistical methods be-
cause BMI is a heritable trait (33,34) and G-E independence can-
not be assumed.

For the logistic regression case-control analysis, we modeled
the SNPxBMI interaction with the product of the SNP and BMI
(per 5kg/m?), while including both the main effects variables for
the SNP and BMI (and other covariates) in the same model. For
these analyses, a 2-sided Pless than 5 x 10°® was considered sta-
tistically significant.

The Cocktail method (31) consists of 2 steps. In the initial
screening step, the 2.7 million SNPs are individually ranked
according to their lowest P values from either a marginal associ-
ation test of each SNP with colorectal cancer risk (35) or by a cor-
relation between each SNP and BMI in cases and controls
combined (36). Next, we used a weighted hypothesis-testing
framework that ranks SNPs based on lowest P values from the
screening step: SNPs with lower P values from the screening
steps have less stringent alpha thresholds for the interaction
test (eg, the top 5 SNPs with the lowest P values from the screen-
ing steps have an interaction alpha threshold of less than .005,
whereas the next group of 10 SNPs has an alpha threshold of
less than .00125, and so on). A marked advantage of a 2-step
procedure that uses weighted hypothesis testing over a single-
step procedure (eg, case-control logistic regression with
Bonferroni correction) is that the former maintains an overall
genome-wide error rate (consistent with the Bonferroni ap-
proach) while reallocating type 1 error to SNPs that are more
likely to show a multiplicative interaction based on screening
statistics. In contrast, a Bonferroni correction simply assumes
all SNPs, regardless of any evidence for GXE from screening sta-
tistics, have an equal probability of GXE interaction (37). The last
step of the Cocktail method is the testing step for statistical in-
teraction, which, in this case, is a case-control logistic regres-
sion model.

For interactions highlighted here, we adjusted for additional
covariates in the logistic regression case-control model (ie,
smoking history, alcohol consumption, physical activity, and
red meat consumption) because many of the environmental
variables are correlated with BMI, and they are also associated
with colorectal cancer risk. We also examined the main effects
of BMI when stratified by the genotype of interest.

We also used the 2-df joint test (32), which simultaneously
tests for a main effect of each SNP on colorectal cancer risk and
a GxE interaction; this includes a 2-df 4° test, which is the sum
of the square of the z-statistic for the marginal association of
each SNP with colorectal cancer risk and the square of the z-sta-
tistic from the case-control analysis of GxE interaction. For the
2-df joint test, a 2-sided Pless than 5 x 108 was considered sta-
tistically significant; manual review of each result below the al-
pha threshold is required to ensure that it is not simply the
result of a low marginal association. All statistical tests were
two-sided.
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We performed bioinformatic follow-up for loci that were
deemed statistically significant. Noncoding function was inves-
tigated using normal colorectal epigenomes (Roadmap, n=3;
International Human Epigenome Consortium [IHEC], n=6),
adenocarcinomas (IHEC, n=6), colorectal cancer cell lines from
ENCODE (n=2), and regional annotations of enhancers gained
or lost in tumor vs normal tissue (ie, variant enhancer loci, 3
normal crypts vs 10 colorectal cancer cell lines) (38). Variant
effects on gene expression was investigated using normal colo-
rectal expression data (GTEx transverse, n =169, GTEx sigmoid,
n=124, and The Cancer Genome Atlas (TCGA) paired solid tis-
sue normal, n=51) and primary colon and rectal tumor samples
from TCGA (n=380). Annotation was performed for all variants
tagged by a given locus (r? > 0.5 1000 Genomes Project EUR) us-
ing Haploreg and the University of California at Santa Cruz
(UCSC) genome browser. Lastly, to explore potential issues sur-
rounding colorectal cancer somatic tumor heterogeneity, for
loci that showed statistical evidence for GxBMI interaction, we
investigated specific molecular phenotypes of colorectal cancer
(eg, methylation markers, somatic mutations) in a subsample of
case participants with available data.

Results

Descriptive characteristics of case and control participants in
this study are shown in Table 1. Each 5kg/m? increase in BMI
was associated with higher risks of colorectal cancer for women
(OR = 1.14, 95% CI = 1.11 to 1.18; P = 9.75 x 10™"; Figure 1) and,
more so, for men (OR = 1.26, 95% CI = 1.20 to 1.32; P = 2.13 x 107%%
Figure 2).

Statistical interaction results are summarized in Table 2 for
2 loci of interest. From traditional case-control logistic regres-
sion models with a Bonferroni correction for multiple testing,
we did not identify any statistically significant interactions be-
tween BMI and any variant for women or men (data not shown).
For women, the Cocktail method identified a statistically signifi-
cant interaction between BMI and a SMAD? intronic variant at
18921.1 (rs4939827: Popserved = -0009; Pinreshola = -005) and a sec-
ond suggestive finding, albeit above the alpha threshold, with a
PIK3CG variant at chromosome 7 (rs849389: Popserveda = -016;
Pihreshola = -00125). The former was 1 of 5 loci in the first
Cocktail grouping (Pthreshola = -005), whereas the latter was 1 of
10 loci in the second Cocktail grouping (Pnreshoia = -00125). The
Cocktail method did not identify any statistically significant
interactions for men. For women, using the 2-df joint test, we
again identified a statistically significant interaction between
BMI and rs4939827 (joint Pgpserved = 2.43 x 107'%): the low joint P
value was the result of both a strong marginal association for
14939827 and colorectal cancer risk (P = 7.7 x 10~°) and a low P
value for the case-control interaction term (P = .0009). The 2-df
joint test for men did not detect any statistically significant
interactions.

Table 3 shows associations of BMI with colorectal cancer for
women according to rs4939827 genotype. BMI per 5kg/m? was
more strongly associated with colorectal cancer risk for women
with the CC genotype (OR = 1.24, 95% CI = 1.16 to 1.32; P = 2.60 x
107%°) than for women with the CT (OR = 1.14, 95% CI = 1.09 to
1.19; P = 1.04 x 10‘8) or TT (OR = 1.07, 95% CI = 1.01 to 1.14; P =
.02) genotypes. The BMIxSMAD7 rs4939827 interaction result in
men (Table 4) was not consistent with the multiplicative inter-
action observed in women; indeed, the suggested trend in men
is for marginally weaker associations between BMI and colorec-
tal cancer risk for the CC genotype (OR = 1.18, 95% CI = 1.07 to
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Study N Cases Beta
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WHI Set 2 1997 997 0.04
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DAGHS Set 2 427 255 0.42
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NHS adenoma 1050 494 0.20
NHS Set 1 1124 374 -0.02
NHS Set 2 317 146 -0.05
VITAL 245 122 0.20
SCCFR 39 276 0.34
CCFR-COREGT 773 403 0.1
CPs-II 518 268 0.27
MCGS 485 261 0.12
MECC 754 390 0.16
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Meta-analysis 15238 7476 0.13
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Figure 1. Forest plot for BMI (per 5kg/m?) and colorectal cancer risk in women. Study-specific betas, odds ratios (OR) and 95% confidence intervals (CI) were estimated
with logistic regression case-control models. The summary OR was calculated using fixed-effects meta-analysis. CCFR = Colon Cancer Family Registry; CCFR-CORECT
= Colon Cancer Family Registry participants from the ColoRectal Transdisciplinary Study (CORECT); CPS-II = American Cancer Society Cancer Prevention Study-II
Nutrition cohort; DACHS = Darmkrebs: Chancen der Verhiitung durch Screening; DALS = Diet, Activity, and Lifestyle Study; Kentucky = Kentucky Case-Control study;
MEC = Multiethnic Cohort Study; MECC = Molecular Epidemiology of Colorectal Cancer study; MCCS = Melbourne Collaborative Cohort Study; NFCCR = Newfoundland
Familial Colorectal Cancer Registry; NHS = Nurses’ Health Study; OFCCR = Ontario Familial Colorectal Cancer Registry; PLCO = Prostate, Lung, Colorectal, and Ovarian
Cancer Screening Trial; SCCFR = Seattle Colon Cancer Family Registry; VITAL = VITamins And Lifestyle; WHI = Women’s Health Initiative.

1.29) than for the CT (OR = 1.27, 95% CI = 1.20 to 1.35) or TT (OR
=1.32,95% CI = 1.22 to 1.43) genotypes, although the P value for
this interaction was above any threshold for statistical signifi-
cance (P = .10).

We performed Dbioinformatic analysis of 1s4939827.
Annotation was performed for all variants tagged by rs4939827
(r*>0.5 1000 Genomes Project European) using Haploreg and
the UCSC genome browser. Data from the TCGA Xena Browser
(https://xenabrowser.net) showed reduced expression for
SMAD? in 380 primary tumor COAD-READ samples compared
with 52 paired normal samples (P = 6.8 x 10%°; Supplementary
Figure 1, available online). Supplementary Figure 2 (available
online) shows UCSC genome browser results for the SMAD7
gene: the 1s4939827 locus (shown in first track) is in linkage dis-
equilibrium (LD) with rs34007497, a locus associated with allele-
specific expression in colon transverse tissue from GTEx. The
additional 3 GTEx tracks below the UCSC gene annotation of
SMAD7 show that SMAD? is expressed in normal colon tissues.
Furthermore, the locus appears to overlap an enhancer that is
more active in normal colon tissues than cancer cell lines (ie,

variant enhancer locus). We did not observe any clear patterns
of association according to strata of selected tumor molecular
phenotypes to add insight on the observed interaction for
rs4939827 and BMI in the 680 (or fewer) women case partici-
pants for whom these data were available (data not shown).

Discussion

Consistent with overwhelming evidence from many studies
(11,27,28), we found that higher BMI was associated with in-
creased risk of colorectal cancer, more so for men than for
women. We extend these established findings by reporting a
novel GxE interaction between BMI and an intronic locus of
SMAD7 (rs4939827) for women. It is important to note that
higher BMI was associated with risk of colorectal cancer for
women in all 3 SMAD7 genotype groups at this locus; that is,
these results suggest that the magnitude of this association
varies by genotype, not the direction.

The underlying pathophysiology of the BMI-colorectal can-
cer association is not fully understood, but it likely includes
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Figure 2. Forest plot for BMI (per 5kg/m?) and colorectal cancer risk in men. Study-specific betas, odds ratios (OR) and 95% confidence intervals (CI) were estimated with
logistic regression case-control models. The summary OR was calculated using fixed-effects meta-analysis. CCFR = Colon Cancer Family Registry; CCFR-CORECT =
Colon Cancer Family Registry participants from the ColoRectal Transdisciplinary Study (CORECT); CPS-II = American Cancer Society Cancer Prevention Study-II
Nutrition cohort; DACHS = Darmkrebs: Chancen der Verhiitung durch Screening; DALS = Diet, Activity, and Lifestyle Study; Kentucky = Kentucky Case-Control study;
MEC = Multiethnic Cohort Study; MECC = Molecular Epidemiology of Colorectal Cancer study; MCCS = Melbourne Collaborative Cohort Study; NFCCR = Newfoundland
Familial Colorectal Cancer Registry; NHS = Nurses’ Health Study; OFCCR = Ontario Familial Colorectal Cancer Registry; PLCO = Prostate, Lung, Colorectal, and Ovarian
Cancer Screening Trial; SCCFR = Seattle Colon Cancer Family Registry; VITAL = VITamins And Lifestyle; WHI = Women'’s Health Initiative.

Table 2. Main results for genome-wide interaction analyses and body mass index (BMI) with colorectal cancer risk among women?

Statistical method  Pureshold Pobserved
Count Countallele wusedtodetectthe for GxBMI  for GxBMI P for No. of studies
SNP Chr BPPosition Gene allele frequency GxBMIinteraction® interaction interaction heterogeneity included
Rs4939827 18 46453463 SMAD7 C 0.54 Cocktail test .005 .0009 .32 22
Rs4939827 18 46453463 SMAD7 C 0.54 2 df Joint test 5x 1078 2.40 x 1071 .32 22
Rs849389 7 106508978 PIK3CG A 0.97 Cocktail test .00125 .016 .90 22

2BMI was modeled per 5kg/m?, excluding values less than 18.5. Directly genotyped SNPs were coded as 0, 1, or 2 copies of the count allele. Imputed SNPs were coded as
expected gene dosage. Multiplicative interaction terms were modeled as the product of BMI and each SNP of interest. BP position = base pair position based on NCBI
Build37; Chr = chromosome; SNP = single nucleotide polymorphism; NCBI= National Center for Biotechnology Information.

YAll statistical tests were 2-sided.

roles for dysfunctional white adipose tissue on creating a protu- relevant in the context of a GxBMI interaction because it nega-
mor microenvironment via increased levels of inflammatory tively regulates both TGF-f transcription (39) and glucose/lipid
cytokines (eg, IL-6, TNF-u); unfavorable profiles of glucose ho- metabolism involving the ASK1/TGF-f/p53 pathways (40). In
meostasis markers (eg, glucose, insulin, insulin-related growth turn, both the TGF-f (41) and p53 (42) pathways are principally
factors); and hypoxemia-angiogenesis dysregulation (eg, TGF-g, involved in colorectal carcinogenesis.

HIF1-2). Among these suggested mechanisms, SMAD7 is

@]
(@]
2
3
(]
oY)
Q
(0]
o
=
(]
3
0
—
o
(2]
=
Q
Q
Q
o
@
3
I
o
[
©
Q
(]
3
—
>3
2.
=
Q
=
Q
[¢)]
o
=
-
w
w
=
=
w
oo
@
[¢)]
o
N

¥20¢c



JNCIJ Natl Cancer Inst, 2021, Vol. 113, No. 1

44

Downloaded from https://academic.oup.com/jnci/article/113/1/38/5824300 by guest on 10 April 2024

"PapIs-g 21 pUE S[2POW UOISSa13a1 dNSIS0] [0 U0D-ISED WO PAALSP 31 SMN[RA d [[Vq
‘oTjel SPPO = YO ‘S[BAISIUI 9dUIPYUO0D = [D "uondwunsuod jeawt pai pue ‘A1anoe [edrsAyd ‘uondwnsuod [oyod[e ‘A101sty Sunjows ‘sIaIew [ensadue dnauasd jo syjusuodwod redwuud ¢ 151y ‘93e 10§ paisn(pe aIe S[D %56 PUR SO,

— — »-0L x9S (627103 £0T)8T'T — 0T XTT (S€T030TT) LT — -0 X ¥€¢ (EP'103gCT)CET SNONUNUOD [IN4
ad£jousad jo erens uryum

(w39 g 1od INg
— — »-0LX9T (I6T03€CT)EST — 0T X €T (£8T036€T)TI9T — 0T x €€ (00C019¢T)S9T 98390
— — 10° (8¥'10350T)STT — »-0L X 6T (6€T010TT)¥CT — »-0L %6/ (0STOITTT)6CT YSBMIIAQ
— - - (1ua19521) 00'T - — (yua13321) 00'T — - (1ua19521) 00'T [euLION
adf10uad jo e1e1IS UIYILM

S91103938D NG
€0 (66'0038£°0)88°0 €0 (ts101€0T) LT T $S2/06C o 0L X €T (SLT01TT) 67T 085/6€L 0T x€g€ (007019¢T)S9T 95990
200 (96°001€8°0) 68°0 89’ (cz101880)€0°T 82./199 90" (1€T0166°0) ¥T°T T191/2091 0L %6/ (0STOITTT)6CT YSRMIBAQ
S0 (10T 01€8°0) 160 ¥0 (66'0 03 69°0) £8°0 0%5/06€ 6C (£0T016£°0) 260 STTT/906 — (3us19321) 00'T [eULION
dnoi3 9oua19j21 UOUWIUIOD B YILM SILI0393ed

ad£yousd pue NG

od <(ID %56) 4O od (D %S6) 4O [013U0D/3SED "ON od o(ID %S6) YO [013U0D/3sED 'ON od o(ID %56)40  [013U0D/3SED "ON INd

sa11039182 NG JO 2D 1D LL

BIRIIS UTYMM S[3[[e D 1ad

adfyousd /z86¢6vS1

adfyouald £q paynens 10/pue dnoild 9OUII9SL UOWIIOD SUO YIIM S[SPOUL UO PIseq USUI UI JSLI 1I9DUED [BIDIIO0T0D Y ([INF) XSpUI SSBW APOq PUB /Z86E6+HSI 10] SHNSII UOTIDBISUI [EDNSTIEIS “ el

"P3PIs-g 918 PUE S[POUI UOISS21331 DIISIZ0] [01IU0D-3SED WIOY PIALISP 219M SIN[BA d [[Vq
*OTJRI SPPO = YO ‘S[BAIDIUI 9DUPYUO0D = [ "uondwnsuod yeawr pai pue ‘A11anoe [edrsAyd ‘uondwnsuod [oyod[e ‘A103s1y Surjouls ‘sIaxIew [e1}sadue dnauasd jo syjusuodwod redound ¢ 351y ‘93e 10§ paisn(pe aIe S[D %56 PUE SYO,

— — 00T X 97 (¢€T1019TT)¥C1T — e 0L X%0T (61T 0160T)%1°T — 200 (#1'T0ITOT) 0T SNONURUOD [NG
adfyouad jo ejens unim

Lw/3y § 12d INE
— — 01-0T X 0§ (ST'TOI6%T) 64T — 0-0L XST (BFT019T'T)IET — 600" (SP'103150°T)¥C1 95990
— — £00° (1ST0160T)8CT — £00° (1€10190T)8T'T — 0" (€£T01T0T)9T'T YSMIBA0
— — — (yus19321) 00'T — — (yus19321) 00'T — — (yus19321) 00'T [BULION
2df10uas jo eens unpIm

sar10391ed [Ng
Ll (60T 0368°0) 660 €0’ (svtorzoT) 1T 8YE/CEY sg’ (€21 01€6°0) £OT 88//9/8 600" (S¥'101S0T)¥C1 95390
»-01 X ST (€6°0036£°0)98°0 L0 (T0T0352°0) £8°0 €19/6€S i (80T 03 58°0) 96°0 TSET/T0ET 0" (€€T01T0T)9T'T 1YSeMIDAQ
¢ 0T X 98 (88°0039/0)280 , 0L *0LT (8£°003650)890 9z8/2LS » 0L X0/ (26:0032£°0)18°0 29/1/09%1 — (3us19331) 00'T [eULION
dnoid 95Ua19J21 UOWIWOD B YIIM SI110391eD

adfyouad pue NG

o «(ID %56) 4O od o(ID%56) 40 101UOD/3SED "ON od «(ID%56) 40 10TIUOD/3SED 'ON  od (1D %S6) 40 [0nu0D/3seD "ON INg

S91103338D [Ng JO 20 1D LL
elRIIS UTYIIM S[3[B D Ia9d
adfiouad /78656751
adfyousd

£q paynens 1o/pue dnoid s0USISJI UOWIUWIOD SUO YIIM S[OPOW UO PISB] USUWIOM UL JSLI ISDUBD [BIDRI0[0D IM ([NF) XSPUI SSeuwl Apoq pue /¢86£6%SI 10] SHNSSI UODBISIUL [EDNSIIEIS '€ d[qBL




Although our interaction results for rs849389, in PIK3CG,
were not statistically significant, future studies should examine
these findings closely because of the role of PIK3CG on main-
taining tissue homeostasis in the colonic epithelium and its in-
hibitory role on the PI3-kinase/Akt pathway (43), which, among
other functions, is an essential downstream mediator of meta-
bolic signaling from insulin, glucose, and related growth factors.

Rs4939827 was first identified as a risk locus for colorectal
cancer in 2007 (44); this finding has been replicated by many
subsequent studies that generally show an approximate 15% in-
creased risk for each T allele (4,5). The complexity of the
SMAD7-colorectal cancer relationship is exhibited by studies on
survival outcomes after colorectal cancer diagnosis where the C
allele, compared with the T allele, is associated with worse
prognosis (45,46), in direct contrast to data from incidence stud-
ies where it is the T allele that is associated with higher risk. To
explore this paradox, Garcia-Albeniz et al. (47) reported that
part of the poorer prognosis associated with the C allele at this
locus might be explained by a higher proportion of patients
with later-stage tumors and more frequent methylation (ie, in-
activation) at RUNX3. The genomic region wherein rs4939827
maps includes transcription factor binding sites for RUNX3, SRY,
and PAX4 (48), adding plausibility to this association. Further,
RUNX3 was recently shown to act as a direct antioxidant barrier
against TGF-p-induced genomic instability in the colon (49).
TGF-p super-family members, in turn, are increased with excess
body fatness (50). Collectively, these studies provide support for
an interaction mechanism whereby women with obese BMI and
the CC genotype at 14939827 may be at especially higher risk of
colorectal cancer because of the combined effects of increased
TGF-p signaling and predilection toward methylation at RUNX3
in colonic epithelial cells. Experimental studies are required to
directly test this hypothesis.

The rs4939827 tagging SNP (tagSNP) is in LD with 4 report-
edly functional SNPs (rs6507874, rs6507875, rs8085824, and
rs58920878) that show allele-specific enhancer activity in colon
cancer cell lines (51). Specifically, a haplotype containing the C
allele had higher enhancer activity in 2 colorectal cancer cell
lines, but this did not translate to higher SMAD7 expression lev-
els (51). Our bioinformatics results showed that rs4939827 was
also in LD with rs34007497, which has allele-specific enhancer
activity in normal colon tissue. It is curious that this variant en-
hancer activity was more pronounced in normal colon tissues
than in colon cancer cell lines, suggesting the effect may vary
according to the colon microenvironment. It is important to
note that it is especially difficult to interpret tumor expression
data for SNPs on chromosomes, including chromosome 18, that
are often lost through aneuploidy in cancer tissues.

Although this study included more than 14 000 case partici-
pants, relatively few participants also had tumor molecular
phenotype data, and the study was underpowered to look at
specific tumor phenotypic profiles according to sex-specific
strata of rs4939827 and BMI—a limitation that future studies
should address. Additionally, this study also relied largely on
self-reported height and weight, which are prone to some mis-
reporting, although the expected degree of underreporting for
weight and overreporting for height (52-54) is unlikely to mate-
rially affect our results, particularly because that misreporting
is unlikely to differ by genotype. This study was restricted, by
design, to participants with northern and western European ge-
netic ancestry; future studies should examine GXE interactions
in other racial and ethnic groups, especially in populations that
experience high rates of colorectal cancer. We chose a priori to
not split our study sample into discovery and replication sets;
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future GWASxBMI studies will need to confirm or refute the in-
teraction detected here.

We chose a priori to stratify all analyses by sex because of
consistently observed differences in the magnitude of the BMI-
colorectal cancer association for men compared with women,
suggesting differing etiologies. The attenuation of this associa-
tion for women has been attributed to an offsetting effect of
adipose-derived estrogens (55,56); circulating estrogens in post-
menopausal women, but not in men, are associated with low-
ered colorectal cancer risk (57,58). We are not aware of an
obvious explanation for the sex-specific BMIx SMAD7 interac-
tion, but it seems plausible that steroid hormones may be in-
volved. This hypothesis is further supported by findings that
17-estradiol treatment has direct effects on TGF-f signaling
and SMAD?7 protein expression in diabetic rat models (59).

This study has several strengths. First, with more than
28 000 case and control participants, this study was large
enough to detect a statistically significant BMIxSMAD? interac-
tion. The interaction locus detected at rs4939827 is reasonably
well-characterized for its potential influence on colorectal carci-
nogenesis (39,48,51). The rs4939827 locus was directly geno-
typed in 15 of the 16 different GWAS platforms used in studies
that included women in this analysis, and it was imputed with
high accuracy in the one remaining study. Other strengths of
this study include the selection of an environmental variable
that is straightforward to harmonize and less prone to between-
study heterogeneity.

In conclusion, we report a novel association whereby a com-
mon variant in SMAD7 and BMI may jointly influence colorectal
cancer risk for women. SMAD7 has a complex role in colorectal
carcinogenesis with both tumor suppressive and oncogenic
properties; thus, an interaction with BMI, an exposure that
influences many of the same biologic pathways as SMAD?,
seems plausible. This interaction may involve RUNX3 expres-
sion, the TGF-$ and p53 pathways, or other tumor-specific
markers. From a public health perspective, these findings serve
as an example on how a well-established risk factor for colorec-
tal cancer may interact with genetic variants.
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