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Abstract: Immune-related molecular and genetic pathways that are connected to colorectal cancer (CRC) and life-
styles in postmenopausal women are incompletely characterized. In this study, we examined the role of pro-inflam-
matory biomarkers such as C-reactive protein (CRP) and interleukin-6 (IL-6) in those pathways. Through selection of 
the best predictive single-nucleotide polymorphisms (SNPs) and lifestyles, our goal was to improve the prediction 
accuracy and ability for CRC risk. Using large cohort data of postmenopausal women from the Women’s Health 
Initiative Database for Genotypes and Phenotypes Study, we previously conducted a genome-wide association 
(GWA) for a CRP and IL-6 gene-behavioral interaction study. For the present study, we added GWA-SNPs from outside 
GWA studies, resulting in a total of 152 SNPs. Together with 41 selected lifestyles, we performed a 2-stage multi-
modal random survival forest analysis with generalized multifactor dimensionality reduction approach to construct 
CRC risk profiles. Overall and in obesity strata (by body mass index, waist circumference, waist-to-hip ratio, exercise, 
and dietary fat intake), we identified the best predictive genetic markers in inflammatory cytokines and lifestyles. 
Across the strata, 2 SNPs (ONECUT2 rs4092465 and HNF4A rs1800961) and 1 lifestyle factor (relatively short-term 
past use of oral contraceptives) were the most common and strongest predictive markers for CRC risk. The risk 
profile that combined those variables exhibited synergistically increased risk for CRC; this pattern appeared more 
strongly in obese and inactive subgroups. Our results may contribute to improved predictability for CRC and suggest 
genetically targeted lifestyle interventions for women carrying the inflammatory-risk genotypes, reducing CRC risk.

Keywords: Random survival forest, generalized multifactor dimensionality reduction, inflammatory cytokines, 
C-reactive protein, interleukin-6, oral contraceptive, endogenous estrogen, obesity, colorectal cancer, postmeno-
pausal women

Introduction

Chronic inflammation is a critical factor invo- 
lved in the pathogenesis of obesity-attributable 
cancers such as colorectal cancer (CRC) from 
tumor initiation to progression [1, 2]. In particu-
lar, CRC in postmenopausal women ages 50 
years and older accounts for most (approxi-
mately 90%) of newly diagnosed CRC patients 
and related deaths [3], contributing to the third 

ranking of CRC in cancer incidence and mortal-
ity among women of the United States and 
Westernized countries [4, 5]. CRC is indeed an 
inflammatory-associated disease, being seen 
as high risk among individuals with inflamma-
tory bowel disease [6] or high levels of the 
inflammatory cytokines such as C-reactive pro-
tein (CRP) and interleukin-6 (IL-6) [7-11]. The- 
se pro-inflammatory cytokines reflect differe- 
nt molecular pathways in acute and chronic 
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immune responses but may be interconnected 
in carcinogenesis as shown in in vitro and in 
vivo studies [2, 12-16]. In detail, CRP, a major 
acute-phase reactant and biomarker of chronic 
low-grade inflammation partially induced by 
IL-6, elevates the mRNA expression of genes 
(e.g., LOX-1) important to CRC development in 
CRC cell lines [12]. IL-6, upregulated by macro-
phages and adipose tissue, itself exhibits high 
mRNA expression and immunoreactivity in  
the CRC tissue, epithelium, and stroma [13]. 
Further, both inflammatory markers alter the 
gut microbiome, gradually forming a microenvi-
ronment that is essential to colorectal carcino-
genesis [14-16]. In addition, both biomarkers 
exhibit higher plasma levels or mRNA expres-
sion in adipose tissue of CRC patients [17, 18] 
and in the colon of obese individuals, accompa-
nied by precancerous changes in the transcrip-
tome [19], indicating that obesity-modified 
inflammatory pathways are associated with 
colorectal tumorigenesis.

Thus, the genetic variants involved in those bio-
markers’ functional and structural regulation 
are potentially implicated in the causal pathway 
of inflammatory-associated CRC developme- 
nt that interacts with obesity factors. Earlier 
genomic epidemiology studies for associations 
between CRP/IL-6-related genetic variants and 
CRC risk are limited and showed inconsistent 
results [20-24], with only a slight effect on CRC 
risk [25]. The gene-phenotype pathways of CRP 
and IL-6 may not link to each other alone, but 
may also be connected to lifestyle pathways, 
thus being modulated by obesity (overall and 
visceral) [26-34], obesity-related lifestyles 
including lipid metabolism [34, 35], a high-fat 
diet, exercise level, smoking, and alcohol con-
sumption [26, 36-43]. Our previous genome-
wide association (GWA) study [44] of CRP and 
IL-6 addressed this pleiotropic effect of those 
biomarkers on the gene-phenotype relation-
ship and revealed greater relationships be- 
tween single-nucleotide polymorphisms (SNPs) 
and phenotypes among overall and viscerally 
obese, physically inactive, and high dietary-fat 
subgroups, suggesting the role of obesity in 
regulating the inflammatory gene-phenotype 
pathway. Further, the genomic pathways be- 
tween CRP/IL-6 and CRC can be modified by 
obesity factors, suggesting that CRP/IL-6 (gen-
otypes and phenotypes) in conjunction with 
obesity influence the risk of CRC (Figure S1, yel-

low lines). For this reason, studying how obesity 
factors modify the effects of genes and pheno-
types, contributing to increased CRC suscepti-
bility, is important to promote genetically tar-
geted interventions in primary cancer preven-
tion efforts. However, no studies thus far have 
examined these key pro-inflammatory cyto-
kines in relation to CRC at the genome-wide 
level by incorporating a wide range of obesity-
related lifestyle factors and different fat distri-
butions of obesity status.

We hoped to address these gaps by focusing 
on postmenopausal women, a population vul-
nerable to inflammation [45], obesity, and CRC. 
By using a large cohort of postmenopausal 
women from the Women’s Health Initiative 
Database for Genotypes and Phenotypes (WHI 
dbGaP) Study, we previously performed a GWA 
gene-environment (G×E) interaction study with 
meta-analysis of subGWAs for CRP and IL-6 by 
evaluating interactions with obesity factors. We 
identified a total of 88 top GWA SNPs overall 
and in obesity strata [44]. In the present study, 
we have extended the scope of modeled SNPs 
by adding another 68 SNPs associated with 
CRP and IL-6 from earlier GWA studies that 
focused on European ancestry with indepen-
dent replications [28, 29, 46, 47]. We exam-
ined the relationships of these top GWA SNPs 
with primary CRC risk overall and in the obesity 
strata in which the SNPs were initially identified 
for the association with CRP/IL-6 in our previ-
ous GWA G×E study. This allowed us to eluci-
date a hypothetical empirical pathway in which 
a substantial proportion of the GWA SNPs in 
CRP and IL-6 affects CRC risk through interac-
tions with specific lifestyle factors, and thus 
may contribute to understanding of the genom-
ic immune-related etiologic pathways connect-
ed to CRC and lifestyles.

In this study, we hoped to improve the CRC pre-
diction accuracy and ability by better character-
izing the genetic architecture of the inflamma-
tory biomarkers with incorporation of modifi-
able and non-modifiable risk factors. We exam-
ined the top GWA SNPs together with 41 select-
ed lifestyles by performing a 2-stage multimod-
al random survival forest (RSF) analysis and 
generated their predictive value and accuracy 
for CRC. RSF, a nonparametric tree-based 
ensemble learning method, is one of the pre-
diction models that has outperformed the tradi-
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tional models in terms of clinical accuracy [48-
52]. In particular, the RSF accounts for nonlin-
earity and high-order interactions among vari-
ables [53, 54] and thus may provide a more 
accurate risk estimation. Further, we applied a 
generalized multifactor dimensionality reduc-
tion (GMDR) approach and characterized high-
order gene-gene interactions, selecting the 
best genetic prediction model [55-58]. With the 
strongest influential SNPs and lifestyle factors 
selected by the RSF and GMDR, we finally con-
structed prediction models for CRC and calcu-
lated the combined and joint effects of geno-
types and lifestyles on CRC development. We 
ultimately tested the hypothesis that the most-
predictive genetic and lifestyle factors in com-
bination synergistically increase the predict-
ability of CRC risk.

Material and methods

Study population

The present study included healthy postmeno-
pausal women from the WHI Harmonized and 
Imputed GWA Studies (GWASs) that were coor-
dinated to contribute to a joint effort of imputa-
tion and harmonization for GWASs within the 2 
WHI study arms, Clinical Trials and Observa- 
tional Studies. Details of the study designs and 
rationale are described elsewhere [59, 60], but 
briefly, healthy women were enrolled in the WHI 
study from 1993 through 1998 at 40 clinical 
centers across the U.S. if they met the following 
eligibility criteria: 50-79 years old, postmeno-
pausal, expected to stay near the clinical cen-
ters for at least 3 years after enrollment, and 
able to provide written informed consent. 
Participants were further eligible for the WHI 
dbGaP study if they had met eligibility require-
ments for submission to the dbGaP and pro-
vided DNA samples. Under the dbGaP acces-
sion (phs000200.v12.p3), the Harmonization 
and Imputation GWASs consist of 6 subGWASs 
(Tables S1A and S1B). In our previous GWA G×E 
study, we initially included 16,088 women who 
reported their race or ethnicity as non-Hispanic 
white (Figure S2) and, by applying the exclusion 
criteria (i.e., diabetes history; genetic data 
duplications; first- and second-degree relatives; 
and genetic quality control [QC] based on prin-
cipal components), left 10,798 women. In the 
present study, additional exclusion was made 
for those with a follow-up period of less than 1 

year and/or any cancer diagnosis present at 
screening, leaving a total of 10,142 women 
(94% of the eligible women in the GWAS). These 
women had been followed through August 29, 
2014, with a mean of 16 years of follow-up; 
737 (7%) of them had developed primary CRC. 
The Institutional Review Boards of each WHI-
participating clinical center and the University 
of California, Los Angeles, approved this study.

Data collection and CRC outcome

The WHI coordinating centers had collected 
participant information via self-administered 
questionnaire and periodically performed data 
quality assurance. For the purpose of our analy-
sis, we initially selected 41 variables assessed 
at screening on the basis of their association 
with inflammation and CRC through a literature 
review [1, 2, 17-19, 26, 34-43, 61-64], followed 
by preliminary analyses such as univariate and 
stepwise multiple regressions and a multicol-
linearity test. Those examined variables are as 
follows: demographic (age, education, and mar-
ital status) and socioeconomic factors (family 
income and employment); family history of dia-
betes and CRC; medical (hypertension, high 
cholesterol, cardiovascular disease, and de- 
pressive symptoms) and reproductive histories 
(hysterectomy, one or both ovaries removed, 
ages at menarche and menopause, pregnancy, 
breast feeding, oral contraceptive [OC] use, 
and exogenous estrogen [E] only and E plus 
progestin [E+P] use); lifestyles (physical activity 
and cigarette smoking); and daily diet (dietary 
energy, alcohol, total sugar, fiber, fruit, and veg-
etable consumption; percentage of calories 
from protein, carbohydrates, saturated fatty 
acids [SFA], monounsaturated FA [MFA], and 
polyunsaturated FA [PFA]). The anthropometric 
variables height, weight, and waist and hip cir-
cumferences had been measured by trained 
staff and were further included in our analysis.

The CRC outcomes were determined via a cen-
tralized review of medical charts and patholo-
gy/cytology reports by a committee of physi-
cians. Cancer sites were recorded according to 
the National Cancer Institute’s Surveillance, 
Epidemiology, and End-Results guidelines [65]. 
The time from enrollment to primary CRC devel-
opment, censoring, or study end point was 
measured and calculated in years.
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Genotyping and laboratory methods

Genotyped data were extracted from the WHI 
dbGaP GWASs database, normalized to the ref-
erence panel GRCh37, and imputed using 1000 
Genomes reference panels [60]. Details of the 
data-cleaning process have been previously 
discussed [44, 60, 66]. Briefly, the SNPs’ har-
monization was checked via pairwise concor-
dance in all samples across the GWASs. The 
initial data QC step filtered SNPs with a missing 
call rate of > 2% and a Hardy-Weinberg equilib-
rium of P < 1E-04. In the second QC step, SNPs 
with Ȓ2 ≥ 0.6 imputation quality were included 
[67], but individuals with a KING kinship esti-
mate > 0.088 were excluded [68].

Blood samples from participants who had fast-
ed for at least 8 hours had been collected at 
baseline by trained phlebotomists. Serum lev-
els of CRP were analyzed via a high-sensitivity 
immunoturbidimetric assay (Kamiya Biomedi- 
cal Company) and of IL-6 by the Quantitati- 
ve Sandwich Enzyme Immunoassay technique 
(Quantikine HS Immunoassay Kit; R&D Sy- 
stems, Inc., Minneapolis, MN), with median 
inter-assay coefficients of variation of 2.3% and 
12.4%, respectively.

Statistical analysis

Participants’ characteristics at baseline and 
allele frequencies by CRC were examined via 
unpaired 2-sample t tests (for continuous vari-
ables) and chi-squared tests (for categorical 
variables). If continuous variables were skewed 
or had outliers, the Wilcoxon rank-sum test was 
conducted. Our earlier GWAS evaluated obesity 
factors as an effect modifier via a formal inter-
action test and stratifications defined by body 
mass index (BMI; 30 kg/m2 cutoff), waist cir-
cumference (WST; 88 cm), waist-to-hip ratio 
(WHR; 0.85), metabolic equivalents (METs; 
10·hours/week), and percentage of calories 
from SFA (9%). The testing results from each 
sub-GWAS were combined via a meta-analysis 
assuming a fixed effects model. In the present 
study, we excluded 1 SNP from the 88 SNPs in 
our previous study due to high missing propor-
tion and examined their association with CRC in 
a particular lifestyle setting in which the SNPs 
were identified. Of another 68 SNPs obtained 
from other GWASs, 3 SNPs were also excluded 
due to high missing values and were analyzed 
both overall and in subgroups.

We performed the RSF analysis on the quality 
adjusted data. The RSF uses bootstrapping to 
generate samples using about 60% of the origi-
nal dataset and grows a tree from each sample 
via a splitting rule to maximize differences in 
survival rate across daughter nodes. The tree-
building process is repeated numerous times 
(n=5,000 in this study) and aggregated in a for-
est of trees for prediction [48, 69]. An ensem-
ble cumulative hazard estimate was computed 
from each tree and averaged over all trees for 
each individual, and that estimate was used to 
calculate a predicted cumulative CRC incidence 
rate. By using this ensemble estimate and cre-
ating the out-of-bag (OOB) data from the 
remaining 40% of the original data, the OOB 
concordance index (C-index) was calculated, 
which is a measure of prediction performance 
similar to the area under the receiver operating 
characteristic (AUROC) curve [69, 70]. Each 
variable’s ranking was determined according to 
its prediction ability for CRC via 2 prediction 
parameters: 1) minimal depth (MD), in which 
variables that have a small MD split the tree 
close to the root, thus being considered highly 
predictive and 2) variable importance (VIMP), 
on the basis of permutation strategy using the 
OOB C-index, in which variables that have 
greater VIMPs are more predictive [53].

A 2-stage RSF was performed (Figure 1). In the 
first stage, we conducted separate RSF analy-
ses on SNPs (overall and in obesity strata) and 
lifestyles. With only those SNPs and lifestyles 
that had a significantly low MD and high VIMP, 
we performed the second RSF with a multimod-
al approach: overall and in obesity strata 1) 
comparing MD and VIMP values in the plot, 2) 
calculating the OOB C-index from the nested 
RSF model, and 3) computing the incremental 
error rate of each variable in the nested 
sequence RSF models and from the top vari-
able, calculating a dropping error rate. This 
approach allowed us to exclude from the outset 
the SNPs and lifestyles that were not signifi-
cantly associated with CRC, resulting in in- 
creased statistical power and an adjusted type 
I error rate [48]. Additionally, we applied a 
GMDR approach, which is described elsewhere 
[55-57]. Briefly, the GMDR reduces high-dimen-
sional multifactor prediction to a single dimen-
sion by the ratio of high vs. low risk, and it 
detects the best gene-gene interaction model. 
It generates key prediction parameters, such 
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Figure 1. Two-stage random survival forest (RSF) and generalized multifactor dimensionality reduction (GMDR). (BMI, body mass index; CRC, colorectal cancer; GWA, 
genome-wide association; MD, minimal depth; SNP, single-nucleotide polymorphism; WHR, waist-to-hip ratio; WST, waist circumference; VIMP, variable of impor-
tance. * WHR subgroups combined 2 our GWA and 65 outside GWA SNPs).
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as testing balance accuracy (TBA), cross-valida-
tion consistency (CVC), and sign p value. The 
model with the highest TBA, CVC 10/10, and P 
< 0.05 based on 1,000-times permutation 
testing was considered the best model.

We further performed multiple Cox proportional 
hazards regressions with an assumption test 
via a Schoenfeld residual plot and r evaluation 
to obtain hazard ratios (HRs) and 95% confi-
dence intervals (CIs) for the single and com-
bined effects of SNPs and lifestyle factors on 
CRC, by adjusting for covariates (Table 1). A 
2-tailed p value < 0.05 was considered statisti-
cally significant with multiple-comparison cor-
rections by the Benjamini-Hochberg method 
[71]. R v.3.6.3. (survival, survivalROC, random-
ForestSRC, ggRandomForests, gamlss, ggsurv-
plot, and forestplot packages) and GMDR v.1.0. 
were used.

Results

Participants’ characteristics at screening 
according to CRC development (Table 1) and 
the allele frequencies of 152 GWA CRP/IL-6 
SNPs for each WHI subGWAS (Tables S1A and 
S1B) are displayed. Participants who developed 
CRC were likely to be younger, highly educated, 
more depressed, and taller. They also tended to 
have shorter breastfeeding periods and shorter 
durations of past OC use but higher frequen-
cies and longer durations of E-only and E+P 
use.

Two-stage multimodal RSF and GMDR

We analyzed the 152 GWA SNPs (one set of 87 
from our GWAS and another set of 65 from out-
side GWASs) and 41 selected lifestyle factors 
by implementing the 2-stage RSF and GMDR 
(Figure 1) to identify the most predictive genet-
ic and lifestyle markers with the highest pre-
dictability and lowest prediction error for CRC 
risk. In the first stage of RSF (Figure S3), we 
calculated the 2 predicted values, MD and 
VIMP, and plotted to compare them; they use 
different prediction algorithms, so we expected 
the variables’ ranking to be somewhat differ-
ent. Separately, for each set of GWA SNPs and 
the 41 lifestyles, we identified the best predic-
tive genetic and lifestyle factors on the basis of 
the agreement with high ranks in both MD and 
VIMP (Figures 1 and S3) as follows: 12 of 41 
lifestyles; 18 of 152 SNPs overall (in detail, 7 

from our GWAs and 11 from outside GWASs); 
18 and 17 of 114 SNPs (BMI < 30 and ≥ 30, 
respectively); 14 and 12 of 67 SNPs (WHR ≤ 
0.85 and > 0.85); 13 and 13 of 78 SNPs (WST 
≤ 88 and > 88); 13 and 16 of 79 SNPs (METs ≥ 
10 and < 10); and 19 and 16 of 113 SNPs (SFA 
< 9 and ≥ 9).

The 12 lifestyles and selected SNPs together, 
overall and in the obesity strata, were carried 
over to the second stage of multimodal RSF to 
generate risk profiles with the most predictive 
variables that account for both genetic and life-
style factors. Particularly, in the overall group, 
we first calculated the 2 measures MD and 
VIMP (Table 2) and plotted them (Figure 2A); 
the dashed red line reflects the agreement of 
the 2 measures. Both measures in agreement 
with high ranks revealed that 2 SNPs (HNF4A 
rs1800961 and ONECUT2 rs4092465) and 1 
lifestyle (past OC use) were the best predictive 
variables for CRC risk. Next, the C-index (i.e., 
the AUROC) was computed from the nested 
RSF model (Table 2) and plotted (Figure 2B), 
where variables were ranked by MD. From that, 
we identified the same set of top variables (2 
SNPs and 1 lifestyle). Those top variables sub-
stantially improved the C-index prediction accu-
racy (AUROC=0.95), whereas others did not, 
suggesting the complementary prediction abil-
ity of the C-index. Further, we estimated a drop-
ping error rate for each variable in the nested 
sequence of the RSF models (Table 2), identify-
ing once again the same top 3 variables as the 
strongest contributors that dropped the error 
rate, thus substantially improving the predic-
tion accuracy. Finally, we applied the GMDR 
approach (Table S2) and determined the best 
gene-by-gene interaction model; the 2-factor 
model including the top 2 SNPs was the most 
predictive, with the highest TBA of 0.7019 and 
CVC of 10/10 (P < 0.001).

We continued to apply those 2-stage multimod-
al RSF (Tables S3A, S3B, S3C, S3D, S3E, S3F, 
S3G, S3H, S3I, S3J and Figures S4, S5, S6, S7, 
S8) and GMDR (Table S2) methods to each of 
the obesity strata (BMI, WHR, WST, MET, and 
SFA), and throughout the strata, determined 
the same top 3 variables detected from the 
overall analysis as the best predictive markers, 
except in the viscerally obese subgroup (WHR  
> 0.85), in which only 1 SNP (ONECUT2 
rs4092465) was identified as the best marker.
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Table 1. Characteristics of participants, stratified by CRC

Characteristic
Participants without  

CRC (n=9,405)
Participants with  

CRC (n=737)
n (%) n (%)

Age in years, mean (SD) 67 (6.66) 66 (6.57)*
Education
    ≤ High school 3,409 (36.2) 220 (29.9)*
    > High school 5,996 (63.8) 517 (70.1)
Marital status
    Currently not married 3,649 (38.8) 288 (39.1)
    Currently married 5,756 (61.2) 449 (60.9)
Family income
    < $35,000 4,253 (45.2) 315 (42.7)
    ≥ $35,000 5,152 (54.8) 422 (57.3)
Employment
    Currently employed (full- or part-time) 6,900 (73.4) 523 (71.0)
    Currently not employed 2,505 (26.6) 214 (29.0)
Cardiovascular disease ever
    No 7,995 (85.0) 610 (82.8)
    Yes 1,410 (15.0) 127 (17.2)
Hypertension ever
    No 6,506 (69.2) 487 (66.1)
    Yes 2,899 (30.8) 250 (33.9)
Family history of CRC
    No 7,932 (84.3) 610 (82.8)
    Yes 1,473 (15.7) 127 (17.2)
Depressive symptom†
    < 0.06 8,724 (92.8) 666 (90.4)*
    ≥ 0.06 681 (7.2) 71 (9.6)
METs·hour·week-1, mean (SD)¶ 10.95 (12.84) 11.49 (12.73)
METs·hour·week-1¶
    ≥ 10.0 3,881 (41.3) 322 (43.7)
    < 10.0 5,524 (58.7) 415 (56.3)
Cigarettes smoked per day
    Never smoked 5,018 (53.4) 380 (51.6)
    < 15 2,386 (25.4) 185 (25.1)
    ≥ 15 2,001 (21.3) 172 (23.3)
Years of regular smoking
    Never smoked 5,018 (53.4) 380 (51.6)
    < 5 510 (5.4) 43 (5.8)
    5-9 524 (5.6) 37 (5.0)
    10 + 3,353 (35.7) 277 (37.6)
Dietary alcohol per day in g, mean (SD) 6.12 (11.45) 6.35 (11.92)
% calories from carbohydrates, mean (SD) 49.01 (8.69) 49.37 (8.91)
Dietary total sugars in g, mean (SD) 98.88 (43.73) 100.02 (42.93)
% calories from SFA, median (range) 11.34 (2.22-32.39) 11.44 (2.60-26.77)
% calories from SFA€
    < 9.0 % 2,121 (22.6) 169 (22.9)
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    ≥ 9.0 % 7,284 (77.4) 568 (77.1)
% calories from MFA, mean (SD) 12.71 (3.26) 12.56 (3.22)
% calories from PFA, mean (SD) 6.83 (2.09) 6.80 (2.04)
Height in cm, mean (SD) 161.9 (6.00) 162.5 (6.07)*
Weight in kg, mean (SD) 72.99 (14.79) 72.98 (14.10)
BMI in kg/m2, mean (SD) 27.80 (5.36) 27.61 (5.19)
BMI¥
    < 30.0 6,613 (70.3) 538 (73.0)
    ≥ 30.0 2,792 (29.7) 199 (27.0)
Waist circumference in cm, mean (SD) 86.72 (12.86) 87.3 (12.30)
Waist circumference¥
    ≤ 88 5,574 (59.3) 424 (57.5)
    > 88 3,831 (40.7) 313 (42.5)
Hip circumference in cm, mean (SD) 106.5 (11.16) 106.6 (10.87)
Waist-to-hip ratio, mean (SD) 0.813 (0.073) 0.8184 (0.074)
Waist-to-hip ratio¥
    ≤ 0.85 6,702 (71.3) 520 (70.6)
    > 0.85 2,703 (28.7) 217 (29.4)
Age at menopause in years, mean (SD) 48 (6.20) 49 (6.26)
Total months of breastfeeding
    1-6 3,363 (35.8) 287 (38.9)*
    7-12 4,451 (47.3) 357 (48.4)
    > 13 1,591 (16.9) 93 (12.6)
Oral contraceptive duration in years, mean (SD) 6.71 (3.54) 5.16 (3.10)*
Oral contraceptive duration£
    < 5.1 2,745 (29.2) 381 (51.7)*
    ≥ 5.1 6,660 (70.8) 356 (48.3)
Exogenous estrogen use (E-only) in years
    Never 6,588 (70.0) 488 (66.2)*
    < 5 1,312 (14.0) 106 (14.4)
    5 to < 10 476 (5.1) 54 (7.3)
    ≥ 10 1,029 (10.9) 89 (12.1)
Exogenous estrogen use (E+P) in years
    Never 7,753 (82.4) 567 (76.9)*
    < 5 900 (9.6) 86 (11.7)
    5 to < 10 394 (4.2) 42 (5.7)
    ≥ 10 358 (3.8) 42 (5.7)
BMI, body mass index; CRC, colorectal cancer; E, estrogen; E+P, estrogen + progestin; MET, metabolic equivalent; MFA, 
monounsaturated fatty acids; PFA, polyunsaturated fatty acids; RSF, random survival forest; SFA, saturated fatty acids. *P < 
0.05, chi-squared or Wilcoxon’s rank-sum test. †Depression scales were estimated using a short form of the Center for Epide-
miologic Studies Depression Scale. ¶Physical activity was estimated via recreational physical activity combining walking and 
mild, moderate, and strenuous physical activity. Each activity was assigned a MET value corresponding to intensity; the total 
MET·hours·week-1 was calculated by multiplying the MET level for the activity by the hours exercised per week and summing the 
values for all activities. The total MET was stratified into 2 groups, with 10 METs as the cutoff according to current American 
College of Sports Medicine and American Heart Association recommendations [97]. €Percent calories from SFA was classified 
by 9%, addressing low sample power (i.e., containing a quarter in one side) and adherent to the American Heart Association 
and American College of Cardiology dietary guidelines, which are aligned with the 2015-2020 Dietary Guidelines for Americans 
to help cardiovascular and metabolic diseases reductions [98]. ¥BMI, waist circumference, and waist-to-hip ratio were catego-
rized at 30 kg/m2, 88 cm, and 0.85, respectively, where those cutoff levels or higher fall within the overall or visceral obese 
range (https://www.cdc.gov/obesity/adult/defining.html; [99]). £Duration of oral contraceptive use was stratified at 5.1 years, 
where the cutoff level or higher fall within the high-risk group in the RSF model.
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Combined and joint effects of the most predic-
tive SNPs and lifestyle factor on CRC risk

Using the RSF model, we accounted for con-
founding factors and the nonlinearity of each 
variable and estimated the cumulative inci-
dence rate of CRC (Figure 3). For the purpose of 

study analysis, we used this non-linear adjust-
ed incidence rate to categorize the genotypes 
of each SNP that were originally continuous 
variables with the following risk genotypes 
(Figure 3A-C): CRP rs1800947 GG, ONECUT2 
rs4092465 GA, and HNF4A rs1800961 TT. 
Also, by using a cutoff-value diverging incidence 

Table 2. The second stage of random survival forest analysis: predictive value of variables in overall 
analysis
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.9450 0.0467 0.8449 0.1551 0.3449
HNF4A rs1800961 2.5412 0.0263 0.9308 0.0692 0.0859
ONECUT2 rs4092465 2.6928 0.0179 0.9534 0.0466 0.0226
CRP rs1800947 2.9376 0.0115 0.9533 0.0467 -0.0001
METAP2 rs11108056 3.2086 0.0102 0.9534 0.0466 0.0001
NLRP3 rs10925027 3.4894 0.0073 0.9554 0.0446 0.0020
TOMM40 rs157581 3.9874 0.0119 0.9552 0.0448 -0.0002
TOMM40 rs157582 3.9934 0.0104 0.9562 0.0438 0.0011
TRAIP rs2352975 4.2272 0.0027 0.9580 0.0420 0.0017
DUSP1 rs17658229 4.2598 0.0047 0.9647 0.0353 0.0067
TOMM40 rs11556505 4.3526 0.0123 0.9657 0.0343 0.0011
Age at enrollment 4.5316 0.0015 0.9654 0.0346 -0.0003
Waist-to-hip ratio 5.0664 0.0000 0.9650 0.0350 -0.0005
RGS6 rs2239222 5.0824 0.0017 0.9642 0.0358 -0.0007
HNF1A rs11065385 5.0992 0.0041 0.9642 0.0358 0.0000
Duration of E+P use 5.1748 0.0009 0.9647 0.0353 0.0005
Age at menopause 5.3086 0.0003 0.9658 0.0342 0.0011
HNF1A-AS1 rs2251468 5.3192 0.0057 0.9652 0.0348 -0.0006
Hip circumference 5.3238 -0.0001 0.9647 0.0353 -0.0005
Height 5.4572 -0.0001 0.9641 0.0359 -0.0006
Education 5.5004 -0.0002 0.9634 0.0366 -0.0007
Waist circumference 5.5066 -0.0002 0.9629 0.0371 -0.0005
BMI 5.6638 -0.0001 0.9627 0.0373 -0.0002
Total months of breastfeeding 5.6970 0.0003 0.9621 0.0379 -0.0006
HNF1A-AS1 rs7953249 5.7660 0.0060 0.9618 0.0382 -0.0004
Weight 5.8404 -0.0001 0.9622 0.0378 0.0005
HNF1A-AS1 rs10774579 6.3998 0.0037 0.9623 0.0377 0.0001
HNF1A-AS1 rs1920792 6.4012 0.0037 0.9624 0.0376 0.0001
HNF1A rs1169301 8.0714 0.0010 0.9617 0.0383 -0.0007
HNF1A rs1169300 8.1956 0.0010 0.9616 0.0384 -0.0001
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. 
*Variables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random 
survival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each 
variable was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 
variables, then the model with the top 3 variables, and so on. For example, the third error rate was estimated from the third 
nested model (including the first, second, and third variables). §The drop error rate was estimated by the difference between 
the error rates from the nested models with a prior and the corresponding variable. For example, the drop error rate of the 
second variable was estimated by the difference between the error rates from the first and second nested models. The error 
rate for the null model is set at 0.5; thus, the drop error rate for the first variable was obtained by subtracting the error rate 
(0.3449) from 0.5.
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Figure 2. Overall analysis: the second stage of random survival forest (RSF) analysis with 18 single-nucleotide polymorphisms and 12 behavioral factors selected 
from the first stage of RSF. A. Comparison of minimal depth and VIMP rankings. (BMI, body mass index; E+P, exogenous estrogen + progestin; VIMP, variable of 
importance. Note: The 3 variables within the gold ellipse were identified as the most influential predictors. B. Out-of-bag concordance index (C-index). (Improvement 
in the out-of-bag C-index was observed when the top 3 variables [●] were added to the model, whereas other variables [○] did not further improve the accuracy of 
prediction).



Inflammatory genetic markers and CRC: post-GWAS RSF

2965 Am J Cancer Res 2020;10(9):2955-2976

rate of a variable (Figure 3D), we defined a 
high-risk lifestyle group as having < 5 years of 
past OC use, and further analyzed that as a 
binary variable. With the most predictive GMDR-
modeled SNPs and risk lifestyle overall and in 
the obesity strata, we developed multivariate 
models predicting CRC risk (Tables S4A and 
S4B); the results indicated a stronger individual 
effect of 1 SNP (ONECUT2 rs4092465 GA) than 
the other SNP and the risk lifestyle on CRC risk 
across the strata, even after adjusting for con-
founding factors.

The 2 top SNPs and the top risk lifestyle yielded 
different patterns when tested in combination 
or jointly for the association with CRC risk. For 
example, in the overall analysis, the top 2 SNPs 

were combined with the top risk lifestyle (< 5 
years of past OC use) (Table 3). Compared with 
the lowest-risk group (i.e., low risk for geno-
types and lifestyle), the moderate-risk (i.e., high 
risk of either genotypes or lifestyle) and the 
highest-risk groups (i.e., high risk of both geno-
types and lifestyle) had about 4 times and 17 
times the excessive risk, respectively, suggest-
ing a gene-lifestyle dose-response relationship 
(Table 3). Next, we tested for the joint effect of 
past OC use with the risk genotypes of the 2 
SNPs on CRC risk (Table 4). When the 2 SNPs 
were combined, their effect on CRC risk was 
not much different from the individual effect of 
ONECUT2 rs4092465. However, when strati-
fied by past OC use, the shorter-duration users 
(high risk: < 5.1 years) with the 2 risk alleles 

Figure 3. Cumulative colorectal cancer incidence rate for the 4 most influential variables (3 SNPs and 1 behavioral 
factor) based on random survival forest analyses. (SNPs, single-nucleotide polymorphisms. Dashed red lines indi-
cate 95% confidence intervals).
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had 3 times higher risk for CRC than the longer-
duration users (low risk: ≥ 5 years) with the 
same 2 risk alleles, and further, 17 times great-
er risk than the longer-duration users with null 
or 1 risk allele. This indicates a significant joint 
effect of past OC use with the risk genotypes 
on CRC risk in both additive and multiplicative 
interaction models (G×E: HR=1.98, P=0.003). 
Multiple testing corrections were made to con-
trol the false-discovery rate. In the BMI strata 
(Tables 3 and 4), the non-overall obese group 
yielded similar results to those from the overall 
analysis, but the overall-obese group displayed 
stronger combined and joint effects of the risk 
genotypes and past OC use in both additive 
and multiplicative models (G×E: HR=1.54, 
P=0.332); these results suggest the potential 
existence of the BMI-modified inflammatory 
gene-lifestyle pathway predicting CRC risk.

and GMDR approaches determined the best 
genetic markers in inflammatory cytokines and 
the best risk lifestyle predictive for CRC devel-
opment. The most common predictors across 
the obesity strata are 2 SNPs (ONECUT2 
rs4092465 and HNF4A rs1800961) and 1 life-
style factor (relatively short-term past use of 
OC). The risk profiles that combined those 
genetic and lifestyle markers exhibited a syner-
gistically increased risk for CRC, and this pat-
tern appeared more strongly in obese sub- 
groups.

ONECUT2 encodes the second member of the 
ONECUT family of DNA-binding transcription 
factors, characterized by a single cut domain 
and a specific homeodomain, and its pheno-
types have been linked to CRP and stroke [72, 
73]. ONECUT2, as an angiogenic and epithelial-

Table 3. Combined effect of past OC use and risk genotypes (ONE-
CUT2 rs4092465 GA; HNF4A rs1800961 TT) on CRC risk overall 
and in BMI strata

n£
Risk genotype + past OC use

Total n HR† (95% CI) p*
<Overall group>

0 3,559 reference
1 4,949 4.40 (3.32-5.83) < 2e-16
2 1,634 17.54 (13.22-23.28) < 2e-16
p trend < 2e-16

<Non-overall obese group, BMI < 30 kg/m2 (n=7,151)>
0 2,594 reference
1 3,501 4.23 (3.08-5.82) < 2e-16
2 1,056 17.41 (12.62-24.02) < 2e-16
ptrend < 2e-16

<Overall obese group, BMI ≥ 30 kg/m2 (n=2,991)>
0 965 reference
1 1,448 5.08 (2.77-9.30) 1.37e-07
2 578 19.96 (10.91-36.51) < 2e-16
ptrend < 2e-16
BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; HR, hazard 
ratio; OC, oral contraceptive. Numbers in bold face are statistically significant. 
£The combined number of risk genotypes and behavioral factors was based on 1) 
risk genotypes defined as 0 (low risk: none or 1 risk allele) and 1 (high risk: 2 risk 
alleles) and 2) behavioral factors defined as 0 (low risk: past OC use ≥ 5.1 years) 
and 1 (high risk: past OC use < 5.1 years). The ultimate number of combined risk 
genotypes and behavioral factors was defined as 0 (low risk for genotypes and 
behaviors), 1 (high risk for either genotypes or behaviors), and 2 (high risk for both 
genotypes and behaviors). †Multivariate regression was adjusted by age at enroll-
ment, education, BMI (in overall group), height and weight (in BMI strata), waist-
to-hip ratio, age at menopause, total months of breastfeeding, and exogenous 
estrogen plus progestin. *p values were adjusted to correct for multiple testing via 
the Benjamini-Hochberg approach.

Further, we examined the 
combined and joint effects of 
past OC use with the risk gen-
otypes on CRC risk in the 
other obesity strata, and de- 
termined that the risk geno-
types in combination (Table 
S5) or jointly (Table S6) asso-
ciated with OC use displayed  
a synergistic effect on CRC 
risk; particularly in the METs 
strata, the gene-lifestyle com-
bined and joint effect on can-
cer appeared more strongly in 
the physically inactive group 
(Figure 4).

Discussion

An increasing number of pop-
ulation-based human genom-
ic studies have incorporated 
environmental factors in can-
cer molecular causal path-
ways. Elucidating the role of 
lifestyle factors in modifying 
the gene and phenotype asso-
ciation, thus influencing the 
risk of CRC, may improve the 
predictability for CRC and 
facilitate the development of 
personalized genetically tar-
geted lifestyle interventions 
for primary cancer prevention 
efforts. Our multimodal RSF 
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mesenchymal transition (EMT) marker, plays a 
key role in the oncogenesis of several cancers, 
including hepatocellular carcinoma (HCC) [74] 
and ovarian [73], breast [75], and prostate can-
cers [76]. With regard to CRC, ONECUT2 is 
involved in the EMT and the migration and inva-
sion of CRC cells, and it acts as a tumor pro-
moter [77], although the colorectal carcinogen-
ic mechanism is not fully determined. Our 
genomic study initially detected 1 SNP near 
ONECUT2 for the association with CRP at the 
GWA level and its strong association with CRC 
risk, suggesting the effect of the genetic aber-
ration in this transcription factor on colorectal 
tumorigenesis. Notably, the effect of this SNP 
on CRC risk appeared much stronger when it 
was combined and jointly interacted with the 
cumulative exposure to estrogen, warranting 
future biologic mechanism study on the inflam-
matory-sex hormone interaction in colorectal 
carcinogenesis.

HNF4A encodes hepatocyte nuclear factor 4 
alpha, a nuclear transcription factor that con-
trols the expression of other genes such as 
HNF1A, and it plays a role in the maturation of 
liver, kidney, and intestine [78, 79]. Its pheno-
types include CRP [32, 45, 80, 81] and high-

density lipoprotein [82], and mutations in this 
gene have been associated with maturity-onset 
diabetes of the young type 1, type 2 diabetes, 
ulcerative colitis, and Crohn’s disease [82, 83]. 
HNF4A expression has antitumor activity in 
several cancer cell lines, such as lung carcino-
ma [84, 85], head and neck squamous cell car-
cinoma [86], esophageal adenocarcinoma [87], 
and HCC [88, 89]. Also, the ectopic expression 
of HNF4A inhibited CRC cells’ proliferation, 
invasion, and migration by G2/M cell-phase 
arrest and promoted apoptosis through its 
effect on the Wnt/B-catenin signaling pathway 
[90]. Further, HNF4A protects the intestinal 
mucosa against inflammation by blocking the 
IL6R/STAT3 pathway [83]. Therefore, downreg-
ulation of HNF4A expression is crucial in the 
aggravation of CRC. As supported by these pre-
vious studies, the minor allele of the HNF4A 
SNP in our study, both individually and in com-
bination with the ONECUT2 SNP, presented a 
strong effect on increased risk for CRC. Further, 
considering the positive correlation between 
the HNF4A genetic score and BMI [91], our find-
ing of the greater impact of the SNPs on CRC 
risk in the BMI-obese and MET-inactive sub-
groups is biologically compelling. Additionally, 
among obese or diabetic individuals (i.e., those 

Table 4. Joint effect of past OC use with risk genotypes (ONECUT2 rs4092465 GA; HNF4A rs1800961 
TT) on CRC risk overall and in BMI strata 

n
Total Past OC use ≥ 5.1 years Past OC use < 5.1 years

HR† (95% CI) p* n HR† (95% CI) p* n HR† (95% CI) p*
<Overall group>
    Risk genotypes£
        0 reference 3,559 reference 1,492 1.59 (1.04-2.43) 0.03415
        1 7.39 (5.93-9.20) < 2e-16 3,457 5.46 (4.11-7.25) < 2e-16 1,634 17.15 (12.92-22.76) < 2e-16

ptrend < 2e-16
<Non-overall obese group, BMI < 30 kg/m2 (n=7,151)>
    Risk genotypes£
        0 reference 2,594 reference 946 1.52 (0.92-2.53) 0.10148
        1 7.07 (5.48-9.12) < 2e-16 2,555 5.14 (3.73-7.07) < 2e-16 1,056 17.05 (12.36-23.53) < 2e-16

ptrend < 2e-16
<Overall obese group, BMI ≥ 30 kg/m2 (n=2,991)>
    Risk genotypes£
        0 reference 965 reference 546 1.89 (0.83-4.30) 0.12766
        1 8.40 (5.43-12.97) < 2e-16 902 6.69 (3.64-12.31) 1e-09 578 19.50 (10.66-35.68) < 2e-16

ptrend < 2e-16

BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; OC, oral contraceptive. Numbers in bold face are statisti-
cally significant. †Multivariate regression was adjusted by age at enrollment, education, BMI (in overall group), height and weight (in BMI strata), 
waist-to-hip ratio, age at menopause, total months of breastfeeding, OC use (in total analysis), and exogenous estrogen plus progestin. *p values 
were adjusted to correct for multiple testing via the Benjamini-Hochberg approach. £The number of risk genotypes was defined on the basis of 
Kaplan-Meier analysis as follows: 0 (none or 1 risk allele) and 1 (2 risk alleles).
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with chronic low-grade inflammatory diseases), 
HNF4A has hepatic cross-talk with sex hor-
mones such as sex hormone-binding globulin 
[92, 93], potentially influencing cancer initia-
tion and progress, although the underlying 
mechanism is uncertain. Our study indicates 
that the HNF4A/ONECUT2 SNPs combined with 

past OC use synergistically increase CRC risk, 
and that this pattern is more profound in obese 
subgroups; this may provide a scientific basis 
for future mechanistic study.

Lifetime cumulative exposure to estrogen, par-
ticularly past use of OC in postmenopausal 

Figure 4. Forest plot of the combined (A) and joint (B) effect of past OC use and risk genotypes on CRC risk overall 
and in MET subgroups. Plot (A) shows the independent and combined effect of risk genotypes and OC use on CRC 
risk, and Plot (B) shows the joint tests for risk genotypes with OC use, presented as the 95% CIs (indicated with red 
lines) and the estimates (proportional to the size of the blue squares). The analyzed risk genotypes included ONE-
CUT2 rs4092465 GA and HNF4A rs1800961 TT. (CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; 
MET, metabolic equivalent; OC, oral contraceptive).
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women, has been considered a protective fac-
tor for CRC risk, as shown in in vivo and in vitro 
studies reporting that estrogen upregulates a 
p53 cell-cycle regulator, leading to the inhibi-
tion of CRC cell growth [94, 95]. Our RSF-based 
estimation of the CRC cumulative incidence 
rate for OC use accounted for its nonlinearity, 
showing that cancer risk increased with up to 5 
years of OC use but dropped thereafter. The 
past use of OC, when combined with inflamma-
tory SNPs, increased cancer risk in a gene-life-
style dose response-associated manner, imply-
ing the existence of inflammatory-sex hormone 
cross-talk in colorectal carcinogenesis.

In the early 1980s, OC formulations had high 
estrogen concentration, but that has since 
been changed [96]. We did not have data avail-
able on OC types. Because CRC risk can be 
dependent on different OC preparations, our 
study should be further validated with data 
incorporating information on OC estrogen con-
centration. We also had no data on CRC molec-
ular subtypes, warranting future independent 
studies with data on the tumor molecular fea-
tures. Further, our study population was 
restricted to non-Hispanic white postmeno-
pausal women, so our findings should not be 
generalized to other populations. Despite the 
strong benefits from the 2-stage multimodal 
approaches, they are noisy tasks, leading to the 
over-fit model in small subgroups; thus, a repli-
cation study with a large sample size is 
requested.

In this study, the GWA SNPs in pro-inflammato-
ry cytokines exhibit synergistically increased 
risk for CRC in combination with lifetime cumu-
lative exposure to estrogen and this pattern is 
more profound in obese/inactive subgroups. 
Our results call for molecular studies to exam-
ine inflammatory gene signatures and their 
expressions aberrantly presenting in their 
downstream signaling pathways in relation to 
CRC by incorporating the effect of estrogen  
and obesity. Our study may contribute to an 
improved prediction ability for CRC risk and 
suggest genetically targeted lifestyle interven-
tions for women carrying the inflammatory-risk 
genotypes, thus reducing CRC risk.
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Figure S1. Empirical pathways of pro-inflammatory SNPs, phenotypes, and CRC risk, interplaying with obesity status 
and obesity-lifestyle factors (Note: pathways in red and blue lines were tested in our previous GWA G×E and current 
post-GWA analyses; yellow lines reflect conceptual framework. BMI, body mass index; CRC, colorectal cancer; CRP, 
C-reactive protein; G×E, gene-environment interaction; GWA, genome-wide analysis; IL-6, interleukin-6; SNP, single-
nucleotide polymorphism; WHR, waist-to-hip ratio; WST, waist circumference).
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Table S1A. Allele frequencies (total n=10,798) of the 87 SNPs associated with pro-inflammatory phenotypes from our previous GWA analysis

Chr Position¥ Gene SNP
Allele

Alt Allele Frequency
AS264 GARNET GECCOCYTO GECCOINIT HIPFX WHIMS

Ref Alt n=1,603 n=2,382 n=1,177 n=216 n=1,909 n=3,511
1 159652939 CRPP1 rs2592887 C T 0.41 0.41 0.41 0.38 0.40 0.39
1 159653599 CRPP1 rs1470515 C T 0.40 0.39 0.40 0.37 0.38 0.38
1 159655726 CRPP1 rs2592902 G T 0.40 0.39 0.40 0.37 0.38 0.38
1 159665921 CRPP1 rs2808624 C G 0.40 0.39 0.40 0.36 0.38 0.38
1 159668984 CRPP1 rs11265257 C T 0.40 0.39 0.40 0.36 0.38 0.38
1 159674933 CRPP1 rs876537 C T 0.40 0.39 0.40 0.36 0.38 0.38
1 159676011 CRPP1 rs2808628 G A 0.34 0.34 0.34 0.32 0.33 0.33
1 159676796 CRPP1 rs2808629 G A 0.34 0.34 0.35 0.32 0.33 0.33
1 159678816 CRPP1/CRP rs2794520 C T 0.34 0.34 0.34 0.32 0.33 0.33
1 159682233 CRP rs1205 C T 0.34 0.34 0.34 0.32 0.33 0.33
1 159684665 CRP rs3091244 G A 0.32 0.36 0.32 0.34 0.34 0.37
1 159689388 CRP rs2027471 T A 0.35 0.35 0.35 0.33 0.33 0.33
1 159691559 CRP rs1341665 G A 0.35 0.35 0.35 0.33 0.33 0.33
1 159693605 CRP rs2211320 G A 0.33 0.33 0.33 0.31 0.31 0.32
1 159694779 CRP rs7551731 T C 0.34 0.34 0.34 0.32 0.32 0.33
1 159698549 CRP rs7553007 G A 0.34 0.34 0.34 0.31 0.32 0.32
1 159699249 CRP rs4546916 G T 0.34 0.34 0.34 0.31 0.32 0.32
1 159703442 CRP rs4287174 T A 0.34 0.34 0.34 0.31 0.32 0.32
1 159703462 CRP rs4428887 A G 0.35 0.34 0.35 0.32 0.33 0.33
1 159706230 CRP rs12037186 A G 0.33 0.33 0.33 0.30 0.31 0.32
1 159708825 CRP/RP11-419N10.5 rs12042360 G A 0.16 0.17 0.18 0.16 0.16 0.15
1 159713844 CRP/RP11-419N10.5 rs12049404 C T 0.16 0.17 0.18 0.16 0.16 0.15
1 159717162 CRP/RP11-419N10.5 rs11588887 G A 0.16 0.17 0.18 0.16 0.16 0.15
9 118330052 DEC1 rs149109490 T C 0.99 0.99 0.99 0.99 0.99 0.99
12 121380544 HNF1A-AS1 rs2649999 T C NA 0.66 0.67 NA 0.68 0.65
12 121384495 HNF1A-AS1 rs11065358 T C NA 0.63 0.63 NA 0.64 0.62
12 121388559 HNF1A-AS1 rs1696359 T C NA 0.65 0.66 NA 0.67 0.64
12 121388962 HNF1A-AS1 rs2650000 A C 0.66 0.65 0.66 NA 0.67 0.65
12 121390078 HNF1A-AS1 rs2701194 A G NA 0.63 0.65 NA 0.66 0.63
12 121391671 HNF1A-AS1 rs2701175 C A 0.63 0.61 0.63 NA 0.64 0.61
12 121392040 HNF1A-AS1 rs11065365 G A NA 0.55 0.56 NA 0.57 0.54
12 121392341 HNF1A-AS1 rs1732391 C T 0.66 0.65 0.66 NA 0.67 0.65
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12 121397875 HNF1A-AS1 rs6489786 A G 0.66 0.65 0.66 NA 0.67 0.65
12 121398654 HNF1A-AS1 rs7954039 A C 0.66 0.65 0.66 NA 0.67 0.65
12 121398657 HNF1A-AS1 rs7954331 G T 0.66 0.65 0.66 NA 0.67 0.65
12 121403724 HNF1A-AS1 rs7953249 G A 0.59 0.58 0.59 NA 0.60 0.58
12 121404155 HNF1A-AS1 rs7135337 A C 0.58 0.57 0.58 NA 0.58 0.57
12 121404584 HNF1A-AS1 rs1920792 C T 0.51 0.53 0.53 NA 0.51 0.53
12 121405126 HNF1A-AS1 rs2251468 C A 0.66 0.65 0.66 NA 0.67 0.65
12 121405210 HNF1A-AS1 rs10774579 C T 0.51 0.53 0.52 NA 0.51 0.53
12 121406293 HNF1A-AS1 rs2393792 A G 0.50 0.53 0.52 NA 0.51 0.53
12 121406370 HNF1A-AS1 rs2243616 G T 0.65 0.64 0.65 NA 0.66 0.63
12 121413027 HNF1A-AS1 rs148608463 A G 0.66 0.65 0.66 NA 0.67 0.65
12 121413345 HNF1A-AS1 rs142632970 G A 0.68 0.67 0.68 NA 0.69 0.67
12 121414915 HNF1A-AS1 rs2255531 A G 0.65 0.64 0.65 NA 0.67 0.64
12 121415293 HNF1A-AS1 rs7139079 G A 0.59 0.58 0.60 NA 0.60 0.58
12 121415390 HNF1A-AS1 rs2464190 C T 0.58 0.55 0.59 NA 0.58 0.56
12 121416622 HNF1A rs1169289 G C 0.57 0.54 0.58 NA 0.57 0.55
12 121416650 HNF1A rs1169288 C A 0.68 0.67 0.68 NA 0.69 0.67
12 121416988 HNF1A rs2244608 G A 0.68 0.67 0.68 NA 0.70 0.67
12 121419056 HNF1A rs1169286 C T 0.58 0.56 0.57 NA 0.59 0.57
12 121419926 HNF1A rs1169284 C T 0.68 0.68 0.69 NA 0.70 0.68
12 121420260 HNF1A rs7979473 A G 0.60 0.61 0.62 NA 0.61 0.61
12 121420263 HNF1A rs7979478 A G 0.60 0.60 0.61 NA 0.61 0.61
12 121420807 HNF1A rs1183910 A G 0.69 0.68 0.69 NA 0.70 0.68
12 121423285 HNF1A rs11065384 T C 0.68 0.68 0.69 NA 0.70 0.68
12 121423376 HNF1A rs7970695 G A 0.62 0.61 0.62 NA 0.63 0.61
12 121423386 HNF1A rs11065385 A G 0.69 0.68 0.69 NA 0.70 0.68
12 121423659 HNF1A rs9738226 A G 0.62 0.61 0.62 NA 0.63 0.61
12 121423956 HNF1A rs2393791 C T 0.62 0.61 0.62 NA 0.63 0.61
12 121424406 HNF1A rs2393776 G A 0.62 0.61 0.62 0.60 0.63 0.61
12 121424490 HNF1A rs2243458 T C 0.69 0.68 0.69 0.66 0.70 0.68
12 121424574 HNF1A rs2393775 G A 0.62 0.61 0.62 0.60 0.63 0.61
12 121424861 HNF1A rs7310409 A G 0.62 0.61 0.62 0.59 0.63 0.61
12 121426478 HNF1A rs1169292 T C 0.69 0.68 0.69 0.67 0.70 0.68
12 121426594 HNF1A rs1169294 A G 0.69 0.68 0.69 0.67 0.70 0.68
12 121431225 HNF1A rs1169300 A G 0.70 0.69 0.71 0.69 0.72 0.70
12 121431300 HNF1A rs1169301 T C 0.70 0.69 0.71 0.69 0.72 0.70
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12 121432603 HNF1A rs2264782 T C 0.65 0.63 0.66 0.63 0.66 0.65
12 121434833 HNF1A rs2259852 A G 0.65 0.63 0.66 0.63 0.66 0.64
12 121435342 HNF1A rs2259820 T C 0.70 0.69 0.71 0.69 0.72 0.70
12 121435427 HNF1A rs2464196 A G 0.70 0.69 0.71 0.69 0.72 0.70
12 121435475 HNF1A rs2464195 A G 0.65 0.63 0.66 0.63 0.66 0.64
12 121435587 HNF1A rs2259816 T G 0.65 0.63 0.66 0.66 0.66 0.64
12 121438311 HNF1A rs1169306 T C 0.65 0.63 0.66 0.63 0.66 0.64
12 121438844 HNF1A rs735396 C T 0.65 0.63 0.66 0.63 0.66 0.64
12 121439192 HNF1A rs1169309 T G 0.65 0.63 0.66 0.66 0.66 0.64
12 121439433 HNF1A rs1169310 A G 0.65 0.63 0.66 0.63 0.66 0.64
12 121440731 C12orf43 rs1169311 T C 0.65 0.63 0.66 0.63 0.66 0.64
12 121441461 C12orf43 rs1169312 T G 0.65 0.63 0.66 0.63 0.66 0.64
12 121442670 C12orf43 rs1169313 C T 0.65 0.63 0.65 0.63 0.66 0.64
12 121445808 C12orf43 rs2257962 C T 0.65 0.63 0.65 0.63 0.66 0.64
12 121450384 C12orf43 rs2254971 C C 0.63 0.61 0.64 0.60 0.63 0.62
12 121454622 C12orf43 rs1182933 T C 0.70 0.69 0.71 0.69 0.72 0.70
19 45411941 APOE rs429358 C T 0.85 0.87 0.87 NA 0.87 0.86
22 22190785 MAPK1 rs56398890 A T 0.58 0.56 0.56 0.53 0.57 0.56
22 22202164 MAPK1 rs9607320 T C 0.59 0.58 0.57 0.53 0.58 0.57
Alt, alternative; Chr, chromosome; GWA, genome-wide association; Ref, reference; SNP, single-nucleotide polymorphism. ¥GRCh 37 coordinated.

Table S1B. Allele frequencies (total n=10,798) of the 65 SNPs associated with pro-inflammatory phenotypes from other GWA studies

Chr Positions¥ Gene SNP
Allele

Alt Allele Frequency
AS264 Garnet Geccocyto Geccoinit Hipfx Whims

Ref Alt n=1,603 n=2,382 n=1,177 n=216 n=1,909 n=3,511
1 27180088 ZDHHC18 rs75460349 A C 0.02 0.03 0.02 0.02 0.03 0.02
1 40036847 PABPC4 rs2293476 G C 0.21 0.22 0.24 0.25 0.23 0.23
1 40064961 PABPC4/HEYL rs12037222 G A NA 0.22 0.24 0.24 0.23 0.23
1 66085574 LEPR rs3790439 A T 0.63 0.63 0.62 0.67 0.63 0.63
1 66102257 LEPR rs1805096 A G 0.63 0.62 0.62 0.67 0.63 0.63
1 66161461 LEPR rs4420065 T C 0.63 0.62 0.62 0.68 0.63 0.63
1 91530305 ZNF644 rs469772 C T 0.20 0.20 0.19 0.19 0.18 0.19
1 154426264 IL6R rs4129267 C T 0.41 0.40 0.41 0.40 0.40 0.41
1 154426970 IL6R rs2228145 A C 0.41 0.40 0.41 0.40 0.41 0.41
1 159683438 CRP rs1800947 C G 0.06 0.06 NA 0.06 0.06 0.05
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1 159684186 CRP rs1417938 T A 0.30 0.31 0.31 0.32 0.32 0.32
1 247601595 NLRP3 rs12239046 C T 0.37 0.37 0.38 0.36 0.37 0.37
1 247612562 NLRP3 rs10925027 C T 0.40 0.40 NA 0.42 0.40 0.39
2 629881 TMEM18 rs12995480 C T 0.17 0.18 0.18 0.17 0.17 0.18
2 27730940 GCKR rs1260326 C T 0.41 0.41 0.41 NA 0.41 0.40
2 88438050 FABP1 rs4246598 C A 0.45 0.46 0.45 0.47 0.45 0.46
2 102744854 IL1R1 rs9284725 A C 0.24 0.25 0.23 0.25 0.25 0.25
2 113838145 IL1F10 rs13409371 G A 0.39 0.39 0.41 0.43 0.39 0.40
2 113841030 IL1F10 rs6734238 A G 0.40 0.40 0.42 0.44 0.40 0.40
2 214033530 IKZF2 rs1441169 G A 0.49 0.49 0.48 0.50 0.48 0.48
3 49891885 TRAIP rs2352975 C T NA 0.69 NA 0.70 0.69 0.69
3 170705693 EIF5A2 rs1514895 A G 0.30 0.30 0.30 0.27 0.28 0.29
5 131839618 IRF1 rs4705952 A G 0.25 NA 0.27 0.24 0.25 0.24
5 172191052 DUSP1 rs17658229 T C 0.04 NA 0.04 0.03 0.04 0.04
6 116314634 FRK rs12202641 C T 0.41 NA 0.41 0.41 0.40 0.41
6 117114025 GPRC6A rs6901250 G A 0.33 0.32 0.32 0.32 0.33 0.31
6 126851160 CENPW rs1490384 T C 0.49 0.51 0.51 0.54 0.47 0.49
6 130371227 L3MBTL3 rs9385532 C T 0.33 0.31 0.31 0.33 0.32 0.33
7 22759469 IL6 rs1880241 G A 0.52 0.52 0.50 0.52 0.51 0.51
7 22766645 IL6 rs1800795 G C 0.43 0.43 0.41 0.40 0.43 0.44
7 36084529 EEPD1 rs2710804 T C 0.37 0.36 0.39 0.38 0.38 0.38
7 72971231 BCL7B rs13233571 C T 0.11 0.13 0.11 0.13 0.12 0.12
8 9183358 PPP1R3B rs9987289 G A 0.09 0.09 0.08 0.08 0.09 0.09
8 9183596 PPP1R3B rs4841132 G A 0.09 0.09 0.08 0.08 0.09 0.09
8 117007850 TRPS1 rs2064009 T C 0.42 0.43 0.40 0.39 0.41 0.41
8 126344208 NSMCE2 rs2891677 C T 0.55 0.54 0.54 0.57 0.55 0.55
9 136142355 ABO rs643434 G A 0.36 0.37 0.35 0.31 0.35 0.35
10 91007360 LIPA rs1051338 T G 0.30 0.30 0.29 0.28 0.30 0.29
11 13357183 ARNTL rs10832027 A G 0.32 0.32 0.31 0.36 0.32 0.32
11 47312892 MADD rs10838687 T G 0.21 0.21 0.20 0.23 0.21 0.20
11 60021948 MS4A4A rs1582763 G A 0.36 0.38 0.35 0.39 0.36 0.38
11 72496148 STARD10 rs7121935 G A 0.34 0.37 0.38 NA 0.38 0.38
12 95855385 METAP2 rs11108056 C G 0.44 0.43 NA 0.44 0.46 0.43
12 103483094 ASCL1 rs10745954 G A 0.52 0.52 0.50 0.55 0.51 0.52
12 103537266 C12orf42 rs10778215 A T 0.53 0.53 0.53 0.58 0.52 0.53
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14 73011885 RGS6 rs2239222 A G 0.36 0.36 0.34 NA 0.36 0.35
14 94838142 SERPINA1/SERPINA2P rs112635299 G T 0.02 0.02 0.02 0.03 0.02 0.02
15 51745277 DMXL2 rs4774590 G A 0.38 0.37 0.39 0.35 0.38 0.39
15 53728154 WDR72 rs1189402 A G 0.37 0.37 0.39 0.38 0.36 0.38
15 60878030 RORA rs340005 A G 0.38 0.37 0.37 0.38 0.39 0.38
15 60894965 RORA rs340029 T C 0.39 0.37 0.37 0.38 0.39 0.37
16 53803574 FTO rs1558902 T A 0.39 0.41 0.40 0.42 0.40 0.40
17 16097430 NCOR1 rs178810 C T NA 0.56 0.57 0.57 0.57 0.56
17 72699833 CD300LF/RAB37 rs10512597 C T 0.19 0.19 0.18 0.16 0.18 0.19
18 12821593 PTPN2 rs2847281 A G 0.39 0.39 0.38 0.39 0.40 0.40
18 12841176 PTPN2 rs2852151 G A 0.39 0.39 0.38 0.39 0.40 0.40
18 55080437 ONECUT2 rs4092465 A G 0.62 0.63 NA NA 0.65 0.64
18 57897803 MC4R rs12960928 T C 0.26 0.26 0.26 0.26 0.27 0.27
19 45395714 TOMM40 rs157581 T C NA 0.21 0.21 NA 0.20 0.21
19 45396144 TOMM40 rs11556505 C T 0.13 0.13 0.12 NA 0.12 0.14
19 45396219 TOMM40 rs157582 C T 0.23 0.21 0.20 NA 0.20 0.21
20 43042364 HNF4A rs1800961 C T 0.03 0.03 NA 0.04 0.03 0.03
20 62343956 ZGPAT rs2315008 G T 0.31 0.32 0.32 0.30 0.31 0.33
21 40465534 PSMG1 rs2836878 G A 0.27 0.27 0.25 0.28 0.27 0.27
22 39074737 TOMM22 rs6001193 A G NA 0.35 0.37 0.30 0.36 0.36
Alt, alternative; Chr, chromosome; GWA, genome-wide association; Ref, reference; SNP, single-nucleotide polymorphism. ¥GRCh 37 coordinated.
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Figure S2. Flow diagram of analytic cohort derived from the previous GWA G×E interaction study. (G×E, gene-envi-
ronment; GWAS, genome-wide association study; WHI, Women’s Health Initiative).
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Figure S3. The first stage of random survival forest analysis, comparing minimal depth and VIMP rankings. A. Behavioral factors (BMI, body mass index; CVD, car-
diovascular disease; E-only, exogenous estrogen; E+P, E + progestin; MFA, monounsaturated fatty acids; PFA, polyunsaturated fatty acids; SFA, saturated fatty acids; 
VIMP, variable of importance. Note: The 12 variables within the gold ellipse were identified as the most influential predictors). B. 152 (=87 + 65) SNPs in overall 
analysis (SNPs, single-nucleotide polymorphisms. Note: The 18 (=7 + 11) SNPs within the gold ellipses were identified as the most influential predictors). C. 114 
(=49 + 65) SNPs in BMI-stratified analysis-non-overall obese group (BMI < 30) (BMI, body mass index. Note: The 18 (=9 + 9) SNPs within the gold ellipses were 
identified as the most influential predictors). D. 114 (=49 + 65) SNPs in BMI-stratified analysis - overall obese group (BMI ≥ 30) (Note: The 17 (=6 + 11) SNPs within 
the gold ellipses were identified as the most influential predictors). E. 67 SNPs (combining our 2 GWA SNPs and 65 SNPs from outside GWASs) in WHR-stratified 
analysis - non-viscerally obese group (WHR ≤ 0.85) (WHR, waist-to-hip ratio. Note: The 14 SNPs within the gold ellipse were identified as the most influential predic-
tors). F. 67 SNPs (combining our 2 GWA SNPs and 65 SNPs from outside GWASs) in WHR-stratified analysis - viscerally obese group (WHR > 0.85) (Note: The 12 
SNPs within the gold ellipse were identified as the most influential predictors). G. 78 (=13 + 65) SNPs in WST-stratified analysis - non-viscerally obese group (WST 
≤ 88) (WST, waist circumference. Note: The 13 (=2 + 11) SNPs within the gold ellipses were identified as the most influential predictors). H. 78 (=13 + 65) SNPs in 
WST-stratified analysis-non-viscerally obese group (WST > 88) (Note: The 13 (=2 + 11) SNPs within the gold ellipses were identified as the most influential predic-
tors). I. 79 (=14 + 65) SNPs in physical activity-stratified analysis - active group (MET ≥ 10) (MET, metabolic equivalent. Note: The 13 (=4 + 9) SNPs within the gold 
ellipses were identified as the most influential predictors). J. 79 (=14 + 65) SNPs in physical activity-stratified analysis-inactive group (MET < 10) (Note: The 16 (=5 
+ 11) SNPs within the gold ellipses were identified as the most influential predictors). K. 113 (=48 + 65) SNPs in SFA-stratified analysis- < 9.0% calories from SFA 
(SFA, saturated fatty acids. Note: The 19 (=7 + 12) SNPs within the gold ellipses were identified as the most influential predictors). L. 113 (=48 + 65) in SFA-stratified 
analysis - ≥ 9.0% calories from SFA (Note: The 16 (=6 + 10) SNPs within the gold ellipse were identified as the most influential predictors).
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Table S2. GMDR-based model for high-order gene-gene interactions in relation to CRC risk
n Model TBA P Value CVC

<Overall>
1 ONECUT2 rs4092465 0.6954 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7019 0.0010 10/10

<Non-overall obese group, BMI < 30 kg/m2>
1 ONECUT2 rs4092465 0.6933 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.6993 0.0010 10/10

<Overall obese group, BMI ≥ 30 kg/m2>
1 ONECUT2 rs4092465 0.7006 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7084 0.0010 10/10

<Non-viscerally obese group, WHR ≤ 0.85>
1 ONECUT2 rs4092465 0.7010 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7106 0.0010 10/10

<Viscerally obese group, WHR > 0.85>
1 ONECUT2 rs4092465 0.6819 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.6769 0.0010 10/10

<Non-viscerally obese group, WST ≤ 88 cm>
1 ONECUT2 rs4092465 0.6943 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7014 0.0010 10/10

<Viscerally obese group, WST > 88 cm>
1 ONECUT2 rs4092465 0.6970 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7029 0.0010 10/10

<Active group, MET ≥ 10.0>
1 ONECUT2 rs4092465 0.6925 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7014 0.0010 10/10

<Inactive group, MET < 10.0>
1 ONECUT2 rs4092465 0.6973 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7009 0.0010 10/10

<Low-fat diet group, % cal. from SFA < 9.0>
1 ONECUT2 rs4092465 0.7061 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.7135 0.0010 10/10
3 ONECUT2 rs4092465 HNF4A rs1800961 CRP rs1800947 0.7094 0.0010 10/10

<High-fat diet group, % cal. from SFA ≥ 9.0>
1 ONECUT2 rs4092465 0.6922 0.0010 10/10
2 ONECUT2 rs4092465 HNF4A rs1800961 0.6984 0.0010 10/10
BMI, body mass index; CRC, colorectal cancer; CVC, cross-validation consistency; GMDR, generalized multifactor dimensional-
ity reduction; MET, metabolic equivalent; SFA, saturated fatty acids; TBA, testing balance accuracy; WHR, waist-to-hip ratio; 
WST, waist circumference. Models in bold face are considered the best, with the highest TBA, 10/10 CVC, and p < 0.05.
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Table S3A. The second stage of random survival forest analysis: predictive value of variables in non-
overall obese group (BMI < 30 kg/m2)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.8458 0.0472 0.8617 0.1383 0.3617
HNF4A rs1800961 2.7410 0.0259 0.9332 0.0668 0.0715
ONECUT2 rs4092465 2.8580 0.0171 0.9532 0.0468 0.0201
CRP rs1800947 3.0740 0.0117 0.9523 0.0477 -0.0010
METAP2 rs11108056 3.3444 0.0107 0.9556 0.0444 0.0034
NLRP3 rs10925027 3.6380 0.0076 0.9585 0.0415 0.0029
TOMM40 rs157581 4.0532 0.0120 0.9569 0.0431 -0.0016
TOMM40 rs157582 4.2028 0.0091 0.9572 0.0428 0.0004
TRAIP s2352975 4.4012 0.0027 0.9585 0.0415 0.0013
Age at enrollment 4.6002 0.0017 0.9597 0.0403 0.0011
TOMM40 rs11556505 4.8112 0.0113 0.9598 0.0402 0.0001
Waist circumference 5.2336 0.0001 0.9597 0.0403 -0.0001
Hip circumference 5.2418 -0.0001 0.9592 0.0408 -0.0005
Waist-to-hip ratio 5.3210 0.0001 0.9593 0.0407 0.0001
Age at menopause 5.3436 0.0003 0.9598 0.0402 0.0005
HNF1A rs1169288 5.3498 0.0018 0.9587 0.0413 -0.0012
Duration of E+P use 5.4476 0.0007 0.9606 0.0394 0.0019
HNF1A rs11065385 5.5488 0.0056 0.9602 0.0398 -0.0004
Total months of breastfeeding 5.6758 0.0003 0.9589 0.0411 -0.0012
Height 5.6878 -0.0002 0.9585 0.0415 -0.0004
HNF1A rs11065384 5.7466 0.0057 0.9583 0.0417 -0.0002
HNF1A-AS1 rs7135337 5.7714 0.0030 0.9575 0.0425 -0.0007
Weight 5.9938 -0.0001 0.9571 0.0429 -0.0004
HNF1A rs2243458 6.1380 0.0030 0.9565 0.0435 -0.0006
HNF1A-AS1 rs2251468 6.1412 0.0058 0.9558 0.0442 -0.0007
Education 6.3760 -0.0001 0.9572 0.0428 0.0014
HNF1A-AS1 rs7953249 6.9202 0.0065 0.9570 0.0430 -0.0002
HNF1A-AS1 rs10774579 7.2118 0.0032 0.9566 0.0434 -0.0004
HNF1A-AS1 rs1920792 7.2578 0.0035 0.9555 0.0445 -0.0011
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3617) from 0.5.
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Table S3B. The second stage of random survival forest analysis: predictive value of variables in over-
all obese group (BMI ≥ 30 kg/m2)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 2.4382 0.0344 0.8249 0.1751 0.3249
HNF4A rs1800961 2.9428 0.0334 0.9024 0.0976 0.0775
CRP rs1800947 3.7300 0.0155 0.9022 0.0978 -0.0002
ONECUT2 rs4092465 3.8762 0.0181 0.9373 0.0627 0.0351
METAP2 rs11108056 4.1160 0.0093 0.9383 0.0617 0.0010
NLRP3 rs10925027 4.4502 0.0068 0.9409 0.0591 0.0026
TOMM40 rs157582 5.2110 0.0125 0.9408 0.0592 -0.0001
RGS6 rs2239222 5.3524 0.0035 0.9416 0.0584 0.0008
TOMM40 rs157581 5.3750 0.0103 0.9424 0.0576 0.0008
Education 5.5236 -0.0005 0.9431 0.0569 0.0007
TOMM40 rs11556505 5.5752 0.0136 0.9471 0.0529 0.0040
DUSP1 rs17658229 5.6148 0.0038 0.9513 0.0487 0.0042
CD300LF/RAB37 rs10512597 5.7284 0.0015 0.9514 0.0486 0.0001
Height 5.8142 -0.0001 0.9496 0.0504 -0.0019
Age at enrollment 6.0544 0.0002 0.9466 0.0534 -0.0030
Age at menopause 6.0706 0.0000 0.9456 0.0544 -0.0010
Hip circumference 6.0802 0.0006 0.9479 0.0521 0.0023
HNF1A rs11065385 6.2498 0.0033 0.9469 0.0531 -0.0010
Waist circumference 6.3752 -0.0003 0.9462 0.0538 -0.0008
HNF1A-AS1 rs7135337 6.3972 0.0030 0.9447 0.0553 -0.0014
Waist-to-hip ratio 6.4432 -0.0001 0.9427 0.0573 -0.0021
HNF1A-AS1 rs7953249 6.4710 0.0080 0.9417 0.0583 -0.0009
HNF1A-AS1 rs2251468 6.5062 0.0061 0.9391 0.0609 -0.0027
Weight 6.7850 -0.0006 0.9381 0.0619 -0.0010
Duration of E+P use 6.9146 0.0000 0.9381 0.0619 0.0000
HNF1A-AS1 rs1920792 7.8064 0.0026 0.9394 0.0606 0.0013
HNF1A-AS1 rs10774579 7.9144 0.0026 0.9402 0.0598 0.0008
Total months of breastfeeding 8.0044 0.0000 0.9392 0.0608 -0.0010
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3249) from 0.5.
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Table S3C. The second stage of random survival forest analysis: predictive value of variables in non-
viscerally obese group (waist-to-hip ratio ≤ 0.85)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.9340 0.0409 0.8510 0.1490 0.3510
HNF4A rs1800961 2.6618 0.0267 0.9326 0.0674 0.0817
ONECUT2 rs4092465 2.7684 0.0185 0.9540 0.0460 0.0214
CRP rs1800947 3.1084 0.0124 0.9519 0.0481 -0.0022
METAP2 rs11108056 3.3028 0.0101 0.9520 0.0480 0.0001
NLRP3 rs10925027 3.5750 0.0075 0.9551 0.0449 0.0032
TOMM40 rs157581 3.7964 0.0120 0.9556 0.0444 0.0005
TOMM40 rs157582 3.9188 0.0107 0.9562 0.0438 0.0006
TOMM40 rs11556505 4.3290 0.0132 0.9568 0.0432 0.0006
TRAIP rs2352975 4.3390 0.0029 0.9597 0.0403 0.0030
DUSP1 rs17658229 4.4170 0.0038 0.9646 0.0354 0.0049
Age at enrollment 4.6750 0.0010 0.9649 0.0351 0.0003
NCOR1 rs178810 4.8928 0.0003 0.9640 0.0360 -0.0010
RGS6 rs2239222 4.9694 0.0020 0.9627 0.0373 -0.0013
Duration of E+P use 5.0122 0.0011 0.9640 0.0360 0.0013
Hip circumference 5.0998 -0.0002 0.9639 0.0361 -0.0002
GCKR rs1260326 5.1030 0.0029 0.9649 0.0351 0.0011
Age at menopause 5.1118 0.0004 0.9641 0.0359 -0.0008
Waist circumference 5.1856 0.0000 0.9642 0.0358 0.0002
STARD10 rs7121935 5.2054 0.0025 0.9629 0.0371 -0.0014
Height 5.5332 -0.0002 0.9629 0.0371 0.0000
BMI 5.5796 -0.0002 0.9627 0.0373 -0.0002
Weight 5.6600 0.0001 0.9614 0.0386 -0.0013
Education 5.9200 -0.0003 0.9605 0.0395 -0.0009
Total months of breastfeeding 6.6006 0.0000 0.9602 0.0398 -0.0004
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3510) from 0.5.
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Table S3D. The second stage of random survival forest analysis: predictive value of variables in vis-
cerally obese group (waist-to-hip ratio > 0.85)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 2.1058 0.0563 0.8342 0.1658 0.3342
HNF4A rs1800961 2.9236 0.0282 0.9160 0.0840 0.0818
CRP rs1800947 3.0800 0.0157 0.9134 0.0866 -0.0026
ONECUT2 rs4092465 3.4690 0.0226 0.9385 0.0615 0.0251
METAP2 rs11108056 4.0050 0.0085 0.9387 0.0613 0.0001
NLRP3 rs10925027 4.1224 0.0082 0.9379 0.0621 -0.0008
TOMM40 rs157581 4.4910 0.0216 0.9361 0.0639 -0.0018
TOMM40 rs11556505 4.5374 0.0255 0.9411 0.0589 0.0050
TOMM40 rs157582 4.8506 0.0176 0.9399 0.0601 -0.0012
Age at enrollment 4.9918 0.0030 0.9435 0.0565 0.0037
DUSP1 rs17658229 5.0486 0.0038 0.9486 0.0514 0.0051
TRAIP rs2352975 5.1480 0.0017 0.9493 0.0507 0.0007
NLRP3 rs12239046 5.2114 0.0036 0.9497 0.0503 0.0004
NCOR1 rs178810 5.3192 0.0009 0.9482 0.0518 -0.0015
Education 5.6916 -0.0006 0.9466 0.0534 -0.0017
Height 5.8588 -0.0001 0.9447 0.0553 -0.0019
Weight 6.0178 -0.0003 0.9455 0.0545 0.0008
Total months of breastfeeding 6.0396 0.0007 0.9456 0.0544 0.0001
BMI 6.0644 -0.0002 0.9441 0.0559 -0.0015
Hip circumference 6.2248 0.0002 0.9432 0.0568 -0.0010
Age at menopause 6.2702 -0.0005 0.9439 0.0561 0.0007
Waist circumference 6.3782 0.0004 0.9418 0.0582 -0.0021
Duration of E+P use 7.3304 -0.0001 0.9408 0.0592 -0.0010
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.4251) from 0.5.
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Table S3E. The second stage of random survival forest analysis: predictive value of variables in non-
viscerally obese group (waist circumference ≤ 88 cm)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.8380 0.0508 0.8749 0.1251 0.3749
ONECUT2 rs4092465 2.7844 0.0209 0.9479 0.0521 0.0730
HNF4A rs1800961 2.8618 0.0234 0.9534 0.0466 0.0055
CRP rs1800947 3.1218 0.0164 0.9534 0.0466 -0.0001
METAP2 rs11108056 3.2872 0.0094 0.9537 0.0463 0.0004
NLRP3 rs10925027 3.5948 0.0069 0.9560 0.0440 0.0022
TOMM40 rs157581 3.8174 0.0162 0.9554 0.0446 -0.0006
TOMM40 rs157582 3.9572 0.0136 0.9569 0.0431 0.0015
TOMM40 rs11556505 4.2854 0.0178 0.9568 0.0432 -0.0001
Age at enrollment 4.4032 0.0015 0.9580 0.0420 0.0012
TRAIP rs2352975 4.6390 0.0025 0.9592 0.0408 0.0013
RGS6 rs2239222 4.8606 0.0033 0.9592 0.0408 -0.0001
DUSP1 rs17658229 4.8922 0.0034 0.9623 0.0377 0.0031
Hip circumference 5.3536 -0.0002 0.9612 0.0388 -0.0011
Duration of E+P use 5.3606 0.0008 0.9617 0.0383 0.0005
Age at menopause 5.3786 0.0001 0.9614 0.0386 -0.0004
Waist-to-hip ratio 5.5536 -0.0002 0.9620 0.0380 0.0006
Height 5.5628 -0.0003 0.9616 0.0384 -0.0004
CRP rs7551731 5.6326 0.0013 0.9611 0.0389 -0.0005
Education 5.7548 -0.0002 0.9602 0.0398 -0.0008
BMI 5.8016 -0.0001 0.9600 0.0400 -0.0003
Weight 5.8430 0.0000 0.9588 0.0412 -0.0011
Total months of breastfeeding 5.9848 0.0001 0.9581 0.0419 -0.0007
CRP rs1205 6.4662 0.0012 0.9576 0.0424 -0.0005
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3749) from 0.5.
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Table S3F. The second stage of random survival forest analysis: predictive value of variables in viscer-
ally obese group (waist circumference > 88 cm)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 2.1864 0.0392 0.8140 0.1860 0.3140
HNF4A rs1800961 2.5850 0.0300 0.9117 0.0883 0.0977
ONECUT2 rs4092465 3.1096 0.0206 0.9442 0.0558 0.0325
CRP rs1800947 3.1376 0.0203 0.9410 0.0590 -0.0032
METAP2 rs11108056 3.7004 0.0090 0.9425 0.0575 0.0015
NLRP3 rs10925027 3.7572 0.0086 0.9442 0.0558 0.0017
TOMM40 rs157581 4.2294 0.0170 0.9423 0.0577 -0.0019
TOMM40 rs11556505 4.3040 0.0207 0.9483 0.0517 0.0061
TOMM40 rs157582 4.3952 0.0149 0.9473 0.0527 -0.0010
TRAIP rs2352975 4.5670 0.0029 0.9500 0.0500 0.0027
DUSP1 rs17658229 4.5686 0.0048 0.9560 0.0440 0.0060
NCOR1 rs178810 4.7188 0.0010 0.9551 0.0449 -0.0009
Waist-to-hip ratio 5.2952 0.0008 0.9541 0.0459 -0.0010
Age at enrollment 5.3224 0.0011 0.9525 0.0475 -0.0016
Hip circumference 5.4536 0.0000 0.9512 0.0488 -0.0013
Weight 5.4926 -0.0001 0.9489 0.0511 -0.0023
CRP rs7551731 5.4994 0.0030 0.9506 0.0494 0.0017
BMI 5.5298 0.0001 0.9492 0.0508 -0.0014
Height 5.6658 0.0003 0.9483 0.0517 -0.0009
Age at menopause 5.6948 0.0003 0.9481 0.0519 -0.0003
Education 5.8200 -0.0003 0.9469 0.0531 -0.0012
Duration of E+P use 6.0930 0.0004 0.9473 0.0527 0.0004
CRP rs1205 6.5412 0.0022 0.9465 0.0535 -0.0009
Total months of breastfeeding 6.7822 -0.0001 0.9452 0.0548 -0.0013
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3140) from 0.5.
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Table S3G. The second stage of random survival forest analysis: predictive value of variables in active 
group (MET ≥ 10.0)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.9696 0.0472 0.8663 0.1337 0.3664
ONECUT2 rs4092465 2.8608 0.0232 0.9467 0.0533 0.0803
HNF4A rs1800961 3.0362 0.0250 0.9509 0.0491 0.0042
CRP rs1800947 3.3198 0.0181 0.9534 0.0466 0.0025
TOMM40 rs157581 3.6268 0.0192 0.9550 0.0450 0.0017
METAP2 rs11108056 3.6452 0.0099 0.9551 0.0449 0.0001
TOMM40 rs157582 3.6524 0.0182 0.9547 0.0453 -0.0004
NLRP3 rs10925027 3.9368 0.0073 0.9538 0.0462 -0.0009
TOMM40 rs11556505 4.1794 0.0188 0.9531 0.0469 -0.0007
Age at enrollment 4.6828 0.0020 0.9546 0.0454 0.0015
TRAIP rs2352975 4.7204 0.0021 0.9546 0.0454 0.0000
Waist-to-hip ratio 5.3104 0.0002 0.9542 0.0458 -0.0004
Hip circumference 5.5046 -0.0001 0.9530 0.0470 -0.0012
CRP rs4546916 5.6138 0.0018 0.9523 0.0477 -0.0006
CRP rs7553007 5.6618 0.0030 0.9516 0.0484 -0.0008
Duration of E+P use 5.7384 0.0005 0.9522 0.0478 0.0006
Age at menopause 5.8254 0.0005 0.9549 0.0451 0.0027
CRP rs7551731 5.8472 0.0024 0.9544 0.0456 -0.0005
Height 5.9668 0.0001 0.9539 0.0461 -0.0005
Waist circumference 6.0430 -0.0002 0.9531 0.0469 -0.0008
Weight 6.0468 0.0000 0.9520 0.0480 -0.0012
BMI 6.0648 0.0000 0.9515 0.0485 -0.0005
Education 6.3488 0.0002 0.9508 0.0492 -0.0007
Total months of breastfeeding 6.6838 0.0000 0.9507 0.0493 -0.0001
CRPP1 rs2808629 6.6970 0.0015 0.9497 0.0503 -0.0010
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; VIMP, variable of importance. *Vari-
ables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in the nested random sur-
vival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error rate of each variable 
was estimated in the nested sequence of models starting with the top variable, followed by the model with the top 2 variables, 
then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from the 3rd nested model 
(including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between the error rates from the 
nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd variable was estimated 
by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null model is set at 0.5; 
thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3664) from 0.5.
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Table S3H. The second stage of random survival forest analysis: predictive value of variables in inac-
tive group (MET < 10.0)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.9854 0.0442 0.8406 0.1594 0.3406
HNF4A rs1800961 2.6084 0.0284 0.9229 0.0771 0.0823
CRP rs1800947 2.9872 0.0218 0.9222 0.0778 -0.0007
ONECUT2 rs4092465 3.0140 0.0195 0.9514 0.0486 0.0292
METAP2 rs11108056 3.5080 0.0085 0.9487 0.0513 -0.0026
NLRP3 rs10925027 3.8052 0.0073 0.9510 0.0490 0.0023
TOMM40 rs11556505 4.2900 0.0202 0.9531 0.0469 0.0021
TOMM40 rs157581 4.3890 0.0164 0.9549 0.0451 0.0018
TOMM40 rs157582 4.4968 0.0126 0.9552 0.0448 0.0004
TRAIP rs2352975 4.7224 0.0024 0.9581 0.0419 0.0029
DUSP1 rs17658229 4.7960 0.0041 0.9640 0.0360 0.0059
Age at enrollment 4.8076 0.0012 0.9640 0.0360 0.0000
Age at menopause 5.3608 0.0000 0.9637 0.0363 -0.0003
RGS6 rs2239222 5.4870 0.0031 0.9622 0.0378 -0.0015
Height 5.5214 0.0002 0.9612 0.0388 -0.0010
Waist-to-hip ratio 5.5884 0.0000 0.9604 0.0396 -0.0009
Education 5.6460 -0.0003 0.9614 0.0386 0.0010
Hip circumference 5.7232 0.0001 0.9607 0.0393 -0.0007
Waist circumference 5.7434 0.0001 0.9603 0.0397 -0.0004
Weight 6.1228 0.0000 0.9594 0.0406 -0.0009
Duration of E+P use 6.1626 0.0006 0.9599 0.0401 0.0005
CRP rs4546916 6.1910 0.0017 0.9587 0.0413 -0.0012
BMI 6.1978 0.0000 0.9581 0.0419 -0.0006
Total months of breastfeeding 6.2060 0.0002 0.9574 0.0426 -0.0007
CRP rs7553007 6.2664 0.0023 0.9562 0.0438 -0.0012
CRP rs7551731 6.4542 0.0021 0.9574 0.0426 0.0013
CRP rs1341665 6.8222 0.0016 0.9570 0.0430 -0.0004
CRP rs1205 8.0524 0.0012 0.9564 0.0436 -0.0007
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; MET metabolic equivalent; VIMP, 
variable of importance. *Variables are ordered by minimal depth. †Predictive value of variable was assessed via minimal 
depth in the nested random survival forest models. A lower value is likely to have a greater impact on prediction. ¶The 
incremental error rate of each variable was estimated in the nested sequence of models starting with the top variable, fol-variable, fol-
lowed by the model with the top 2 variables, then the model with the top 3 variables, and so on. For example, the 3rd error rate 
was estimated from the 3rd nested model (including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the 
difference between the error rates from the nested models with a prior and the corresponding variable. For example, the drop 
error rate of the 2nd variable was estimated by the difference between the error rates from the 1nd and 2rd nested models. The 
error rate for the null model is set at 0.5; thus, the drop error rate for the 1st variable was obtained by subtracting the error rate 
(0.3406) from 0.5.
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Table S3I. The second stage of random survival forest analysis: predictive value of variables in low 
fat-diet group (< 9.0% calories from SFA)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 2.3760 0.0380 0.8533 0.1467 0.3533
HNF4A rs1800961 3.4392 0.0255 0.9087 0.0913 0.0554
CRP rs1800947 3.7850 0.0138 0.9173 0.0827 0.0085
ONECUT2 rs4092465 3.9060 0.0224 0.9458 0.0542 0.0285
METAP2 rs11108056 4.4608 0.0085 0.9440 0.0560 -0.0019
NLRP3 rs10925027 4.5676 0.0059 0.9476 0.0524 0.0036
TOMM40 rs157581 4.8704 0.0147 0.9482 0.0518 0.0006
TOMM40 rs157582 4.9000 0.0127 0.9459 0.0541 -0.0023
Age at enrollment 5.2120 0.0030 0.9475 0.0525 0.0017
TRAIP rs2352975 5.2532 0.0036 0.9498 0.0502 0.0023
TOMM40 rs11556505 5.7586 0.0102 0.9513 0.0487 0.0015
GCKR rs1260326 5.8828 0.0034 0.9528 0.0472 0.0015
Total months of breastfeeding 5.9300 0.0004 0.9524 0.0476 -0.0004
STARD10 rs7121935 6.0306 0.0045 0.9509 0.0491 -0.0015
Waist-to-hip ratio 6.0872 0.0007 0.9508 0.0492 -0.0001
Duration of E+P use 6.4696 0.0008 0.9526 0.0474 0.0018
Height 6.6032 -0.0001 0.9552 0.0448 0.0026
RGS6 rs2239222 6.6070 0.0028 0.9539 0.0461 -0.0012
HNF1A rs11065385 6.6214 0.0065 0.9530 0.0470 -0.0009
HNF1A rs11065384 6.7248 0.0059 0.9517 0.0483 -0.0013
HNF1A rs1183910 6.7818 0.0062 0.9514 0.0486 -0.0003
Age at menopause 6.7838 0.0002 0.9513 0.0487 -0.0001
Hip circumference 6.8202 0.0002 0.9503 0.0497 -0.0010
BMI 6.8798 0.0003 0.9511 0.0489 0.0009
HNF1A rs2244608 6.9668 0.0038 0.9490 0.0510 -0.0021
Waist circumference 7.0358 -0.0001 0.9502 0.0498 0.0012
HNF1A-AS1 rs7953249 7.0712 0.0036 0.9507 0.0493 0.0005
Weight 7.1228 0.0002 0.9505 0.0495 -0.0002
Education 7.2266 -0.0003 0.9494 0.0506 -0.0010
HNF1A-AS1 rs10774579 7.3834 0.0023 0.9479 0.0521 -0.0015
HNF1A-AS1 rs1920792 7.4540 0.0023 0.9480 0.0520 0.0000
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; SFA, saturated fatty acids; VIMP, vari-
able of importance. *Variables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in 
the nested random survival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error 
rate of each variable was estimated in the nested sequence of models starting with the top variable, followed by the model 
with the top 2 variables, then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from 
the 3rd nested model (including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between 
the error rates from the nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd 
variable was estimated by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null 
model is set at 0.5; thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3533) from 0.5.
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Table S3J. The second stage of random survival forest analysis: predictive value of variables in high 
fat-diet group (≥ 9.0% calories from SFA)
Variable* Minimal Depth† VIMP C-index Error¶ Drop Error§
Duration of oral contraceptive use 1.9438 0.0480 0.8444 0.1556 0.3444
HNF4A rs1800961 2.4968 0.0297 0.9318 0.0682 0.0874
ONECUT2 rs4092465 2.8286 0.0169 0.9561 0.0439 0.0243
CRP rs1800947 3.0134 0.0153 0.9552 0.0448 -0.0009
METAP2 rs11108056 3.2954 0.0102 0.9561 0.0439 0.0009
NLRP3 rs10925027 3.4476 0.0082 0.9572 0.0428 0.0011
TOMM40 rs157581 4.0982 0.0127 0.9559 0.0441 -0.0013
TOMM40 rs157582 4.1014 0.0115 0.9570 0.0430 0.0011
TOMM40 rs11556505 4.3028 0.0148 0.9579 0.0421 0.0009
TRAIP rs2352975 4.3790 0.0028 0.9604 0.0396 0.0025
DUSP1 rs17658229 4.4004 0.0053 0.9659 0.0341 0.0055
Age at enrollment 4.7984 0.0011 0.9656 0.0344 -0.0003
Waist-to-hip ratio 5.3352 0.0000 0.9653 0.0347 -0.0004
HNF1A rs11065385 5.3556 0.0055 0.9650 0.0350 -0.0003
Hip circumference 5.3852 0.0000 0.9640 0.0360 -0.0010
Age at menopause 5.3868 0.0001 0.9634 0.0366 -0.0006
Duration of E+P use 5.5778 0.0006 0.9649 0.0351 0.0015
CRP rs7553007 5.5802 0.0014 0.9647 0.0353 -0.0002
Education 5.6508 -0.0003 0.9643 0.0357 -0.0004
Height 5.6578 -0.0001 0.9631 0.0369 -0.0012
Waist circumference 5.7086 -0.0001 0.9624 0.0376 -0.0006
BMI 5.9430 -0.0003 0.9616 0.0384 -0.0008
HNF1A-AS1 rs7953249 5.9834 0.0045 0.9615 0.0385 -0.0001
HNF1A rs2243458 6.0142 0.0027 0.9604 0.0396 -0.0011
Weight 6.0170 -0.0001 0.9597 0.0403 -0.0008
Total months of breastfeeding 6.5938 0.0001 0.9615 0.0385 0.0019
HNF1A-AS1 rs10774579 6.9126 0.0043 0.9608 0.0392 -0.0007
HNF1A-AS1 rs1920792 6.9468 0.0044 0.9603 0.0397 -0.0005
BMI, body mass index; C-index, concordance index; E+P, exogenous estrogen + progestin; SFA, saturated fatty acids; VIMP, vari-
able of importance. *Variables are ordered by minimal depth. †Predictive value of variable was assessed via minimal depth in 
the nested random survival forest models. A lower value is likely to have a greater impact on prediction. ¶The incremental error 
rate of each variable was estimated in the nested sequence of models starting with the top variable, followed by the model 
with the top 2 variables, then the model with the top 3 variables, and so on. For example, the 3rd error rate was estimated from 
the 3rd nested model (including the 1st, 2nd, and 3rd variables). §The drop error rate was estimated by the difference between 
the error rates from the nested models with a prior and the corresponding variable. For example, the drop error rate of the 2nd 
variable was estimated by the difference between the error rates from the 1nd and 2rd nested models. The error rate for the null 
model is set at 0.5; thus, the drop error rate for the 1st variable was obtained by subtracting the error rate (0.3444) from 0.5.
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Figure S4. BMI-stratified analysis: the second stage of random survival forest (RSF) with 18 single-nucleotide polymorphisms (SNPs) and 12 behavioral factors se-
lected from the first stage of RSF in non-overall obese group (BMI < 30, A and B); and with 17 SNPs and 12 behavioral factors selected in overall obese group (BMI 
≥ 30, C and D). The variables within the gold ellipses in (A and C) were identified as the most influential predictors.
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Figure S5. WHR-stratified analysis: the second stage of random survival forest (RSF) with 14 single-nucleotide polymorphisms (SNPs) and 12 behavioral factors 
selected from the first stage of RSF in non-viscerally obese group (WHR ≤ 0.85, A and B); and with 12 SNPs and 12 behavioral factors selected in viscerally obese 
group (WHR > 0.85, C and D). The variables within the gold ellipses in (A and C) were identified as the most influential predictors. (WHR, waist-to-hip ratio).
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Figure S6. WST-stratified analysis: the second stage of random survival forest (RSF) with 13 single-nucleotide polymorphisms (SNPs) and 12 behavioral factors 
selected from the first stage of RSF in non-viscerally obese group (WST ≤ 88, A and B); and with 13 SNPs and 12 behavioral factors in viscerally obese group (WST 
> 88, C and D). The variables within the gold ellipses in (A and C) were identified as the most influential predictors. (WST, waist circumference.).
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Figure S7. Physical activity-stratified analysis: the second stage of random survival forest (RSF) with 13 single-nucleotide polymorphisms (SNPs) and 12 behavioral 
factors selected from the first stage of RSF in active group (metabolic equivalent [MET] ≥ 10, A and B); and with 16 SNPs and 12 behavioral factors in inactive group 
(MET < 10, C and D). The variables within the gold ellipses in (A and C) were identified as the most influential predictors.
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Figure S8. SFA-stratified analysis: the second stage of random survival forest (RSF) with 19 single-nucleotide polymorphisms (SNPs) and 12 behavioral factors 
selected from the first stage of RSF in low fat-diet group (< 9.0% calories from SFA, A and B); and with 16 SNPs and 12 behavioral factors in high fat-diet group (≥ 
9.0% calories from SFA, C and D). The variables within the gold ellipses in (A and C) were identified as the most influential predictors. (SFA, saturated fatty acids.)
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Table S4A. Overall analysis: results from multivariate regression predicting CRC risk
Variable HR† (95% CI) p
SNP (Ref/Alt)
    ONECUT2 rs4092465 (GG + AA/GA) 7.49 (5.95-9.42) < 2e-16
    HNF4A rs1800961 (CC + CT/TT) 2.68 (1.61-4.48) 0.000158
Behavioral factor*
    Duration of oral contraceptive use 2.88 (2.48-3.35) < 2e-16
Alt, alternative allele; CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; Ref, reference allele; SNP, single-
nucleotide polymorphism. Numbers in bold face are statistically significant. †Multivariate regression was adjusted by age at 
enrollment, education, body mass index, waist-to-hip ratio, age at menopause, total months of breastfeeding, and exogenous 
estrogen plus progestin. *A behavioral factor was analyzed as a binary variable via a cutoff value, where the cutoff level and/
or higher reflects a greater risk for CRC on the basis of random survival forest analysis. The cutoff for oral contraceptive use 
was 5.1 years.

Table S4B. Stratified analysis: results from multivariate regression predicting CRC risk
Variable HR† (95% CI) p
<Non-overall obese group (BMI < 30 kg/m2) (n=7,151)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 7.25 (5.56-9.47) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 2.63 (1.45-4.78) 0.00153
    Behavioral factor*
        Duration of oral contraceptive use 3.01 (2.52-3.58) < 2e-16
<Overall obese group (BMI ≥ 30 kg/m2) (n=2,991)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 8.27 (5.26-13.01) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 2.90 (1.08-7.85) 0.03549
    Behavioral factor*
        Duration of oral contraceptive use 2.76 (2.06-3.70) 8.91E-12
<Non-viscerally obese group, WHR ≤ 0.85 (n=7,222)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 8.27 (6.21-11.02) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 4.38 (1.96-9.81) 0.000321
    Behavioral factor*
        Duration of oral contraceptive use 3.08 (2.57-3.68) < 2e-16
<Viscerally obese group, WHR > 0.85 (n=2,920)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 6.04 (4.11-8.88) < 2e-16
    Behavioral factor*
        Duration of oral contraceptive use 2.44 (1.85-3.21) 1.88E-10
<Non-viscerally obese group, WST ≤ 88 cm (n=5,998)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 7.53 (5.55-10.23) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 4.50 (1.86-10.88) 0.000835
    Behavioral factor*
        Duration of oral contraceptive use 3.46 (2.84-4.21) < 2e-16
<Viscerally obese group, WST > 88 cm (n=4,144)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 7.42 (5.24-10.50) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 1.79 (0.95-3.37) 0.06981
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    Behavioral factor*
        Duration of oral contraceptive use 2.38 (1.89-3.00) 1.28E-13
<Active group, MET ≥ 10.0 (n=4,203)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 7.42 (5.23-10.55) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 3.28 (1.35-7.95) 0.00850
    Behavioral factor*
        Duration of oral contraceptive use 2.57 (2.04-3.22) 3.96E-16
<Inactive group, MET < 10.0 (n=5,939)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 7.49 (5.53-10.16) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 2.34 (1.25-4.39) 0.00792
    Behavioral factor*
        Duration of oral contraceptive use 3.15 (2.58-3.86) < 2e-16
<Low fat-diet group, < 9.0% cal. from SFA (n=2,290)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 9.91 (5.92-16.62) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 5.99 (1.48-24.26) 0.012135
    Behavioral factor*
        Duration of oral contraceptive use 3.60 (2.63-4.93) 1.21E-15
<High fat-diet group, ≥ 9.0% cal. from SFA (n=7,852)>
    SNPs (Ref/Alt)
        ONECUT2 rs4092465 (GG + AA/GA) 7.01 (5.42-9.06) < 2e-16
        HNF4A rs1800961 (CC + CT/TT) 2.26 (1.30-3.92) 0.00368
    Behavioral factor*
        Duration of oral contraceptive use 2.70 (2.27-3.20) < 2e-16
Alt, alternative allele; BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; MET, metabolic 
equivalent; Ref, reference allele; SFA, saturated fatty acids; SNP, single-nucleotide polymorphism; WHR, waist-to-hip ratio; 
WST, waist circumference. Numbers in bold face are statistically significant. †Multivariate regression was adjusted by age at 
enrollment, education, BMI, WHR, age at menopause, total months of breastfeeding, and exogenous estrogen plus progestin; 
variables used to stratify were not included as covariates in the multivariate analysis; additional variables were adjusted in 
specific strata (height and weight were adjusted in BMI strata; waist and hip circumferences, in WHR strata; and hip circumfer-
ence instead of WHR, in WST strata). *A behavioral factor was analyzed as a binary variable via a cutoff value, where the cutoff 
level and/or higher reflects a greater risk for CRC on the basis of random survival forest analysis. The cutoff for oral contracep-
tive use was 5.1 years.
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Table S5. Combined effect of past OC use and risk genotypes (ONECUT2 rs4092465 GA; HNF4A 
rs1800961 TT) on CRC risk in obesity strata
n£ n total HR† (95% CI) p*
<Non-viscerally obese group, WHR ≤ 0.85 (n=7,222)>
    0 2,590 reference
    1 3,525 5.45 (3.78-7.85) < 2e-16
    2 1,107 22.63 (15.68-32.66) < 2e-16
    ptrend < 2e-16
<Viscerally obese group, WHR > 0.85 (n=2,920)>§
    0 908 reference
    1 1,456 3.01 (1.88-4.83) 4.98E-06
    2 556 11.00 (6.84-17.69) < 2e-16
    ptrend < 2e-16
<Non-viscerally obese group, WST ≤ 88 cm (n=5,998)>
    0 2,206 reference
    1 2,953 4.95 (3.39-7.24) < 2e-16
    2 839 22.06 (15.04-32.35) < 2e-16
    ptrend < 2e-16
<Viscerally obese group, WST > 88 cm (n=4,144)>
    0 1,353 reference
    1 1,996 3.78 (2.49-5.76) 5.35E-10
    2 795 13.64 (8.96-20.76) < 2e-16
    ptrend < 2e-16
<Active group, MET ≥ 10.0 (n=4,203)>
    0 1,481 reference
    1 2,105 4.71 (3.09-7.19) 6.12E-13
    2 617 16.80 (10.92-25.85) < 2e-16
ptrend < 2e-16
<Inactive group, MET < 10.0 (n=5,939)>
    0 2,078 reference
    1 2,844 4.16 (2.85-6.07) 1.42E-13
    2 1,017 18.03 (12.38-26.27) < 2e-16
    ptrend < 2e-16
<Low fat-diet group, < 9.0% cal. from SFA (n=2,290)>
    0 788 reference
    1 1,137 3.36 (1.88-5.99) 4.05E-05
    2 365 19.93 (11.28-35.21) < 2e-16
    ptrend < 2e-16
<High fat-diet group, ≥ 9.0% cal. from SFA (n=7,852)>
    0 2,771 reference
    1 3,812 4.75 (3.44-6.56) < 2e-16
    2 1,269 16.94 (12.22-23.49) < 2e-16
    ptrend < 2e-16
CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; MET, metabolic equivalent; OC, oral contraceptive; SFA, 
saturated fatty acids; WHR, waist-to-hip ratio; WST, waist circumference. Numbers in bold face are statistically significant. 
£The combined number of risk genotypes and behavioral factors was based on 1) risk genotypes defined as 0 (low risk: none 
or 1 risk allele) and 1 (high risk: 2 risk alleles) and 2) behavioral factors defined as 0 (low risk: past OC use ≥ 5.1 years) and 
1 (high risk: past OC use < 5.1 years). The ultimate number of combined risk genotypes and behavioral factors was defined 
as 0 (low risk for genotypes and behaviors), 1 (high risk for either genotypes or behaviors), and 2 (high risk for both genotypes 
and behaviors). §In the viscerally obese group (WHR), only the ONECUT2 rs4092465 GA genotype was analyzed. †Multivariate 
regression was adjusted by age at enrollment, education, body mass index, hip and waist circumferences (both in WHR strata; 
hip only in WST strata), waist-to-hip ratio (in MET and SFA strata), age at menopause, total months of breastfeeding, and exog-
enous estrogen plus progestin. *p values were adjusted to correct for multiple testing via the Benjamini-Hochberg approach.
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Table S6. Joint effect of past OC use with risk genotypes (ONECUT2 rs4092465 GA; HNF4A 
rs1800961 TT) on CRC risk in obesity strata

n£
Total  Past OC use ≥ 5.1 years Past OC use < 5.1 years

HR† (95% CI) p* n HR† (95% CI) p* n HR† (95% CI) p*
<Non-viscerally obese group, WHR ≤ 0.85 (n=7,222)>
    Risk genotypes
        0 reference  2,590 reference  984 1.80 (1.04-3.11) 0.036327
        1 8.76 (6.61-11.61) < 2e-16 2,541 6.72 (4.66-9.70) < 2e-16 1,107 22.05 (15.28-31.83) < 2e-16
        ptrend    < 2e-16    
<Viscerally obese group, WHR > 0.85 (n=2,920)>
    Risk genotypes§
        0 reference  908 reference  479 0.96 (0.44-2.11) 0.928426
        1 6.02 (4.09 - 8.85) < 2e-16 977 3.85 (2.39-6.20) 3.19e-08 556 10.82 (6.73-17.40) < 2e-16
        ptrend    < 2e-16    
<Non-viscerally obese group, WST ≤ 88 cm (n=5,998)>
    Risk genotypes
        0 reference  2,206 reference  747 2.02 (1.14-3.58) 0.01653
        1 7.60 (5.65-10.21) < 2e-16 2,206 5.82 (3.98-8.53) < 2e-16 839 21.66 (14.76-31.77) < 2e-16
        ptrend    < 2e-16    
<Viscerally obese group, WST > 88 cm (n=4,144)>
    Risk genotypes
        0 reference  1,353 reference  745 1.23 (0.65-2.32) 0.52740
        1 7.15 (5.15-9.93) < 2e-16 1,251 5.06 (3.31-7.74) 6.47e-14 795 13.35 (8.77-20.32) < 2e-16
        ptrend    < 2e-16    
<Active group, MET ≥ 10.0 (n=4,203)>
    Risk genotypes
        0 reference  1,481 reference  563 1.25 (0.62-2.55) 0.53390
        1 7.97 (5.64-11.28) < 2e-16 1,542 5.85 (3.83-8.93) 3.13e-16 617 16.39 (10.65-25.22) < 2e-16
        ptrend    < 2e-16    
<Inactive group, MET < 10.0 (n=5,939)>
    Risk genotypes
        0 reference  2,078 reference  929 1.83 (1.07-3.13) 0.02792
        1 6.97 (5.25-9.26) < 2e-16 1,915 5.13 (3.50-7.52) < 2e-16 1,017 17.67 (12.13-25.74) < 2e-16
        ptrend    < 2e-16    
<Low fat-diet group, < 9.0% cal. from SFA (n=2,290)>
    Risk genotypes
        0 reference  788 reference  362 0.67 (0.22-2.06) 0.488644
        1 9.73 (5.96-15.90) < 2e-16 775 4.50 (2.52-8.05) 3.99e-07 365 19.59 (11.09-34.60) < 2e-16
        ptrend    < 2e-16    
<High fat-diet group, ≥ 9.0% cal. from SFA (n=7,852)>
    Risk genotypes
        0 reference  2,771 reference  1,130 1.90 (1.19-3.04) 0.00715
        1 6.92 (5.42-8.85) < 2e-16 2,682 5.80 (4.19-8.03) < 2e-16 1,269 16.50 (11.90-22.89) < 2e-16
        ptrend    < 2e-16    
CI, confidence interval; CRC, colorectal cancer; HR, hazard ratio; MET, metabolic equivalent; OC, oral contraceptive; SFA, saturated fatty acids; 
WHR, waist-to-hip ratio; WST, waist circumference. Numbers in bold face are statistically significant. £The number of risk genotypes was defined 
on the basis of Kaplan-Meier’s analysis as follows: 0 (none or 1 risk allele) and 1 (2 risk alleles). †Multivariate regression was adjusted by age 
at enrollment, education, body mass index, hip and waist circumferences (both in WHR strata; hip only in WST strata), waist-to-hip ratio (in MET 
and SFA strata), age at menopause, total months of breastfeeding, OC use (in total analysis), and exogenous estrogen plus progestin. *p values 
were adjusted to correct for multiple testing via the Benjamini-Hochberg approach. §In the viscerally obese group (WHR), only the ONECUT2 
rs4092465 GA genotype was analyzed.


