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Abstract

Insulin resistance (IR) is a well-established risk factor for breast cancer (BC) development in
African American (AA) postmenopausal women. While obesity and IR are more prevalent in AA
than white women, they are under-represented in genome-wide studies for systemic regulation of
IR. By examining 780 genome-wide IR single-nucleotide polymorphisms (SNPs) available in our
data, we tested 4,689 AA women in a Random Survival Forest framework. With 37 BC-associated
lifestyle factors, we conducted a gene—environment interaction analysis to estimate risk prediction
for BC with the most influential genetic and behavioral factors and evaluated their combined
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and joint effects on BC risk. By accounting for variations of individual SNPs in BC in the
prediction model, we detected 4 fasting glucose—associated SNPs in PCSK1, SPC25, ADCY?5,

and MTNR1B and 3 lifestyle factors (smoking, oral contraceptive use, and age at menopause) as
the most predictive markers for BC risk. Our joint analysis of risk genotypes and lifestyle with
smoking revealed a synergistic effect on increased risk of BC, particularly ER/PR+ BC, in a gene—
lifestyle dose-dependent manner. The joint effect of smoking was more substantial in women with
a prolonged exposure to cigarette smoking and female hormones. The top GWA-SNPs associated
with metabolic biomarkers in combination with lifestyles synergistically increase the predictability
of invasive ER/PR positive BC risk among AA women. Our findings highlight generically targeted
preventive interventions for women who carry particular risk genotypes and lifestyles.

Keywords

glucose homeostasis; random survival forest; smoking; oral contraceptive; breast cancer; African
American postmenopausal women

Introduction

Breast cancer (BC) is the most common cancer diagnosis and cause of death related to
cancer in women in the United States and worldwide; more than 80% of new cases and
deaths occur in postmenopausal women ages 50 years and older. Whereas African American
(AA) women have a lower BC incidence rate than white women (e.g., 126.7 vs. 130.8 cases
per 100,000 during 2012-2016), AA women’s incidence rates have more rapidly increased
than those in white women (0.9% vs. 0.4% per year), contributing to a convergence in BC
incidence rates in 2016. BC is also the top leading cause of cancer incidence and mortality in
AA women.

Obesity and insulin resistance (IR) are well-established risk factors for postmenopausal BC
(White et al., 2012, Robinson et al., 2014, Munsell et al., 2014, Dash et al., 2015, Capasso et
al., 2010). In particular, obesity and lack of estrogen in postmenopausal women promote IR,
leading to glucose intolerance, which is characterized by hyperglycemia and compensatory
hyperinsulinemia. IR has a mitotic effect by overexpression of insulin receptors (INRS)

and insulin-like growth factor 1 receptors (IGF1Rs) and dysregulation of downstream
cellular insulin-signaling cascades, resulting in enhancement of cellular anabolic status and
anti-apoptosis. IR may therefore initiate and progress cancer cell growth in breast tissues

of postmenopausal women (Strange et al., 2004, Becker et al., 2009). Obesity and IR are
more prevalent in AA women (Gallagher et al., 2016, Samson et al., 2016), indicating that
they are more likely to be metabolically unhealthy than white women are. Accordingly,

BC cells and tissues of AA women, compared with those of white women, show higher
expressions of Resistin (a gene connected to obesity and IR) (Stewart et al., 2013, Vallega
etal., 2016) and INR (Gallagher et al., 2016, Kalla Singh et al., 2011); they also present
higher IGF1R and insulin receptor substrate 1 phosphorylation (Kalla Singh et al., 2010) and
miRNA involvement in the interconnected insulin signaling pathways (Sugita et al., 2016),
implicating the critical role of IR in AA women’s BC development.

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.
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For investigating the systemic regulation of IR, extensive relevant genomic studies have
been conducted, but mostly focusing on whites; racial/ethnic minorities, particularly AAs,
are under-represented in the genomic study of IR phenotypes at the genome-wide level.
Discovering IR-genetic signatures associated with AAs can advance the understanding of
mechanisms related to IR at the molecular level in the AA population and as potential
risk factors of BC, improve accuracy in predicting BC development, thus contributing to
the development of genetically targeted personalized preventive/therapeutic interventions.
In addition, previous genomic studies of IR explained a small to moderate proportion of
BC variation (Jung et al., 2019), requiring the involvement of lifestyle factors in gene—
environment (GxE) interaction studies to generate risk profiles for BC that combine both
genes and lifestyles.

For those reasons, we conducted a genomic GxE study focusing on AA postmenopausal
women. By examining 780 genome-wide association (GWA)-based IR single-nucleotide
polymorphisms (SNPs), we first performed a validation test with the relevant phenotype in
our dataset. Next, we identified BC-associated lifestyle factors from the literature that were
disproportionately represented in AA women, and incorporated those lifestyle factors with
the validated genetic markers to estimate risk prediction for BC in a Random Survival Forest
(RSF) prediction model. We eventually constructed BC risk profiles with the most predictive
genetic and behavioral factors and evaluated their combined and joint effects on BC risk.
We hoped that this multimodal analytic approach could provide a potential way to resolve
the inconclusive findings from previous studies of genetic and lifestyle factors in association
with BC and improve the predictive ability for BC risk in the racial/ethnic minority AA
women.

Materials and Methods

Study population

Our study included AA postmenopausal women enrolled in the Women’s Health Initiative
Database for Genotypes and Phenotypes (WHI dbGaP) SNP Health Association Resource
(SHARe) for the minorities AAs and Hispanics, which is part of the WHI Harmonized

and Imputed GWA Studies (GWASSs) with a joint imputation and harmonization effort

for many of the GWASs within the WHI Study. Details of study designs and rationale

have been reported (2019, 1998, 2021d). Healthy women were enrolled in the WHI study
between 1993 and 1998 at 40 clinical centers across the U.S. if they were 50-79 years

old, postmenopausal, and able to provide written informed consent. Participants were
further screened for the WHI dbGaP study if they had met eligibility requirements for

data submission to dbGaP and provided DNA samples. Among a total of 7,470 women
reporting their race or ethnicity as AA, we applied exclusion criteria (genomic data quality
control [QC]; history of diabetes; < 1-year follow-up; and diagnosis of any cancer type

at screening), resulting in 4,689 AA women. They had been followed up through August,
2014, with a 15-year median follow-up; by their last follow-up, 271 (5%) of whom had
developed primary invasive BC. This study was approved by the institutional review boards
of each WHI participating clinical center and the University of California, Los Angeles.

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.
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Selection of IR genetic variants

We used data available on glycemic traits from the Meta-Analyses of Glucose and Insulin-
related traits Consortium (MAGIC, www.magicinvestigators.org) (Dupuis et al., 2010, Scott
et al., 2012, Manning et al., 2012, Lagou et al., 2021), in which fasting levels of glucose
(FG) and insulin (FI) were analyzed as continuous variables. We also used 2 other GWAS
resources examining an AA cohort: one (Ramos et al., 2011) determined query SNPs in a
500-kb linkage disequilibrium (LD) block in association with FG, and the other (Mondal

et al., 2013) investigated functional SNPs for glucose homeostasis. Among a total of 1,344
FG-SNPs and 313 FI-SNPs, 689 FG-SNPs and 91 FI-SNPs are available in our AA SHARe
genomic dataset, of which 94 FG-SNPs (34 index in LD < 0.3) and 8 FI-SNPs (4 index in
LD < 0.3) were validated with a relevant phenotype.

Genotyping and phenotyping

Genotyping data specifically from AA women were extracted for this study from the WHI
dbGaP SHARe. Details of the genotyping are found elsewhere (2019, 2021d). Briefly,
DNA samples were obtained from participants’ blood samples at baseline and genotyped
via Affymetrix 6.0 (Affymetrix, Inc., Santa Clara, CA). Data normalization to Genome
Reference Consortium Human Build 37, imputation with the 1000 genomes refence panels,
and harmonization with pairwise concordance among all samples across WHI GWASs were
performed at the Fred Hutchinson Cancer Research Center in Seattle, WA. We conducted
data QC, filtering on SNPs with a missing-call rate of < 2%, a Hardy-Weinberg equilibrium
of p = 1E-04, and R >06 imputation quality (Schumacher et al., 2018). Further, we
excluded individuals with unexpected duplicates, first- and second-degree relatives, and
outliers on the basis of genetic principal components (PCs).

Fasting blood samples had been obtained from each participant at baseline by trained
phlebotomists. Serum levels of glucose and insulin had been measured via the hexokinase
method on a Hitachi 747 instrument (Boehringer Mannheim Diagnostics, Indianapolis, IN)
and by a radioimmunoassay method (Linco Research, Inc., St. Louis, MO), respectively,
with average coefficients of variation of 1.28% and 10.93%, respectively.

Lifestyle variables and BC outcome

We initially conducted a literature review (Akinyemiju et al., 2018, Williams et al., 2016,
Williams et al., 2017, Boggs et al., 2015, Colonna et al., 2012, Xing et al., 2020, Park et

al., 2016, Butler et al., 2016) on lifestyle factors that are associated with BC in AA women
and extracted lifestyle variables: nutrition (daily fruits and vegetables and dietary fiber);
physical activity; alcohol intake (dietary alcohol/day and history of alcohol intake); smoking
(years as a regular smoker and number of cigarettes/day); family history of breast cancer
(genetic inheritance); body mass index (BMI) and abdominal adiposity (waist circumference
and waist-to-hip ratio); comorbid conditions (lipid metabolic profile [hypercholesterolemia
ever], cardiovascular disease ever, hypertension ever, and depressive symptoms); duration

of oral contraceptive (OC) use; ages at menarche and menopause, number of pregnancies;
breast feeding period; oophorectomy and hysterectomy; and exogenous estrogen (E) use

(E only and E plus progestin [P]). In addition to those variables, we incorporated in our

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.
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data analysis demographic and socioeconomic factors, such as age at enrollment, education,
employment, marital status, and other dietary variables, including dietary calcium, vitamin
K, total sugars, and percent calories from saturated fatty acid (SFA), mono- and poly-
unsaturated FA, carbohydrates, and protein. All the participants’ variables were obtained

at screening by self-administered questionnaires (except height, weight, and waist/hip
circumferences, which were measured by trained staff), and the data collection process was
monitored by the coordinating clinical centers. With a total of 37 variables, we performed
preliminary univariate and stepwise multiple regression analyses for BC risk and checked
multicollinearity among variables.

Primary invasive BC development and its time to develop were assessed. In detail,
Participants’ BC outcomes were determined via a centralized review of medical records
and pathology and cytology reports by the WHI committee of physicians and were coded
according to the National Cancer Institute’s Surveillance, Epidemiology, and End-Results
guidelines (National Cancer Institute, June 1993). The time between study enrollment and
BC diagnosis, censoring, or study end-point was estimated as the number of days and then
converted into years.

Statistical analysis

The associations of GWA IR-SNPs with naturally log-transformed FG (mg/dl) and FI
(uIU/ml) and with BC risk were estimated via linear and Cox proportional hazards
regressions, respectively, both of which were adjusted for age and 10 genetic PCs with
assumptions for each regression met. A 2-tailed p value < 0.05 for validation tests with FG
and FI was considered nominally significant, and after the Bonferroni correction for multiple
comparisons, p < 7E-05 for FG and < 5E-04 for FI were considered statistically significant.

With index as well as individual SNPs and lifestyle variables, we performed RSF, a
nonparametric tree-based ensemble learning method that accounts for the nonlinear effects
and high-order interactions among variables (Mogensen et al., 2012). RSF has outperformed
traditional prediction models and successfully yielded accurate predictions (Chung and
Chen, 2012, Montazeri and Beigzadeh, 2016, Pang et al., 2006, Chang et al., 2008, Tong

et al., 2018). Detailed descriptions for RSF are found in Table S1. Briefly, the process

to generate a tree from each bootstrapped sample to maximize risk differences across
daughter nodes was repeated numerous times (7= 50,000 trees in this study) to create

a forest of trees (Ishwaran and Kogalur, 2007, Chung and Chen, 2012). The prediction

error (i.e., misclassification probability) was estimated using the out-of-bag (OOB) data to
calculate the OOB concordance index (c-index = 1 — prediction error). The OOB c-index

is a quantitative measure of prediction performance, conceptually similar to the area under
the receiver operating characteristic (AUROC) curve (Ishwaran and Kogalur, 2007, Ishwaran
et al., 2008). The predictability of each variable was determined with 2 values: a) minimal
depth (MD), in which variables with a small MD are considered highly predictive, and b)
variable importance (VIMP), calculated from the permutation of OOB datasets, in which
variables with a larger VIMP are more predictive (Inuzuka et al., 2012, Mogensen et al.,
2012).

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.
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We conducted a 2-stage RSF analysis: SNPs and lifestyle factors separately in the first
RSF (Figure S1) and then with only SNPs and lifestyle factors with significantly low

MD and high VIMP values carried over to the second RSF. This approach enabled

us to exclude variables without significant effects on BC, thus giving more statistical
power with the correct type | error in the second stage. In the second RSF, we took a
multimodal approach to detect the most predictive variables: a) comparing the MD and
VIMP measures in the plot; b) estimating OOB c-index with the nested RSF model; and

c) estimating the incremental error rate of each variable in the nested sequence of RSF
models. Finally, we estimated the individual and combined effects of the most influential
risk genotypes and lifestyle factors on BC risk via multiple Cox regression adjusted for
covariates. A 2-tailed p value was corrected for multiple comparisons by the Benjamini-
Hochberg method; a 5% false discovery rate (FDR) was considered statistically significant.
R4.0.4 (survival, metaphor, forestplot, survivalROC, randomForestSRC, ggRandomForests,
ggplot2, ggthemes, and gamlss) was used.

Two-stage multimodal RSF

Among 94 FG-SNPs (Table S2A) and 8 FI-SNPs (Table S2B) validated in our data at
significance nominally and after multiple comparison corrections, there are 34 index FG-
SNPs and 4 index FI-SNPs. Considering that a combined analysis of index SNPs only

can mask individual SNPs’ variation in the risk of BC development, we examined all
phenotype-specific individual SNPs, including index SNPs, in the RSF prediction model. In
the first RSF (Figure S1), we generated a plot for lifestyle factors and SNPs separately to
compare the 2 prediction measures MD and VIMP and identified the most influential factors
in agreement with high ranks: 9 of 37 lifestyles, 5 of 34 FG index SNPs, 4 (1 of which
overlaps with 1 of the selected FG indexes) of 94 FG individual SNPs, and 3 (including 2
indexes) of 8 FI SNPs.

In the second RSF, with the selected 9 lifestyles and 11 FG/FI SNPs, we first used the 2
measures MD and VIMP (Table 1) to generate a plot (Figure 1A). Both measures with high
ranks detected 4 FG SNPs (ADCY5rs6798189; MTNR1Brs7945617; SPC25rs17539351;
and PCSK1rs13169290) and 3 lifestyles (number of years as a regular smoker, duration

of OC use, and age at menopause) as the most predictive variables for BC development.
We also computed the c-index (= AUROC) from the nested RSF models and plotted it

with variables ranked by MD (Figure 1B), detecting the same set of top 7 variables that

are distinct to improve prediction accuracy compared with other variables; this suggests the
complementary use of the c-index for determining variables’ prediction ability. Further, we
computed a dropping error in each variable in the nested sequence of RSF models (Table 1),
determining once again the same top 7 variables as the strongest contributors to reduce the
prediction error rate.

Combined and joint effects of the most dominant IR SNPs and lifestyles on BC risk

Using the RSF method, which accounts for confounding factors and nonlinearity effect
of each variable on BC outcomes, we computed the predicted cumulative BC incidence

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.
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rate for the top 7 variables (Figure 2). Accordingly, the risk genotype of each SNP was
categorized for further analysis as follows (Figures 2A-2D): ADCY5rs6798189 AG+GG;
MTNR1B 57945617 CC; SPC25rs17539351 TC+CC; and PCSK1 rs13169290 AG+GG.
Corresponding to the cutoff values in Figures 2E-2G, risk lifestyles were defined as = 20
years of regular smoking; < 5 years of OC use; and age > 45 years at menopause. For those
genotypes and lifestyles, individually and combined, the risk for BC was estimated, with
HRs ranging from 1.19 to 2.13 for SNPs (Table S3) and from 1.19 to 2.21 for lifestyles
(Table S4), confirming the single and combined effects of genetic and lifestyle factors on BC
risk.

However, when those genetic and lifestyle factors, singly and in combination, were tested
for the joint effect with smoking that incorporates age at menopause, much stronger risks
for BC were observed (Tables 2-5). In detail, throughout the analyses, we conducted

a stratification analysis by age at menopause (< 45 vs. > 45 years), where an earlier
menopause group (EMG) is more likely than a later menopause group (LMG) to undergo
artificial menopause as indicative of > 80% with a history of hysterectomy and/or
oophorectomy. First, SNPs and lifestyles were combined, each without consideration of
smoking, and compared their risk for BC between menopause groups (the first columns in
Tables 2 and 4), revealing a greater risk for BC of SNPs or lifestyles in the LMG than in
the EMG. Similarly, the SNPs and lifestyles, when combined, presented a more profound
increased risk of BC in the LMG (Table 4; HRgenotype plus behaviors = 4-01, 95% CI: 1.85-
8.71) than in the EMG (Table 2; HRgenotype plus behaviors = 1.95, 95% CI: 0.91-4.20). This
indicates a prolonged female hormonal effect on FG SNPs and lifestyles led to increased BC
risk.

Next, we examined the risk genotypes and lifestyle (e.g., OC use) to determine their BC risk
jointly with smoking in each menopause group. Smokers in each group were categorized to
compare between never smokers and regular smokers > 20 years and between shorter- and
longer-term regular smokers (< 20 vs. = 20 years). Overall, in both menopause groups, the
risk difference (i.e., the joint effect of smoking) in BC between never smokers and regular
smokers for = 20 years who carry risk genotypes and lifestyle, separately and together, was
substantially greater than the difference in BC risk between regular smokers (< 20 vs. = 20
years) who carry genetic and lifestyle factors, singly and in combination. For example, in the
LMG, compared with never smokers who have null-risk genotypes and lifestyle (e.g., > 5
years of OC use), regular smokers for = 20 years who have both risk genotypes and lifestyle
(e.g., <5 years of OC use) had almost 9 times increased risk for BC (Table 4). In contrast,
no significant difference in BC risk was detected between shorter- and longer-term regular
smokers (< 20 years vs. = 20 years) who carry the SNPs and lifestyle (Table 5). Similar
patterns were observed in the EMG (Tables 2 and 3). This indicates a strong smoking

effect on FG SNPs and lifestyle to increase BC risk across different lengths of accumulated
exposure to female hormones.

Further, we compared the joint effect of smoking on BC risk between the EMG and the
LMG by focusing on risk genotypes and OC use separately. The joint effects of never
smokers vs. regular smokers for > 20 years who carry the SNPs or used OC for <5 years
did not differ between menopause groups (Tables 2 and 4). On the contrary, the joint effects

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.
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of regular smoking for < 20 years vs. = 20 years on AA women who carry SNPs or used

OC for < 5 years were higher in the LMG (Table 5) than in the EMG (Table 3). This implies
that a substantial difference in smoking exposure (i.e., never vs. longer-term smokers) may
mask the effect of female hormones on BC risk, but greater accumulated hormones can exert
their effects more apparently among regular smokers (< 20 vs. = 20 years) when a relatively
smaller difference in smoking exposure period exists.

We further conducted BC molecular subtype—specific analyses for the combined and joint
effects of SNPs and lifestyles with smoking by menopause status (Table S5), yielding
similar patterns but a substantially increased effect on the risk for estrogen/progesterone
positive (ER/PR+) BC.

Discussion

Our genetic GXE study in postmenopausal AA women examined an extensive set of GWA
IR-SNPs to test for interactions with lifestyle factors in the RSF BC risk—prediction model.
By accounting for variations of individual SNPs in BC risk, we eventually detected 4 FG
SNPs (including 2 indexes) and 3 lifestyle factors as the most predictive variables for

BC risk. Constructing BC risk profiles that incorporate genetic markers, phenotypes, and
behaviors seemed to improve cancer prediction, leading to the promotion of gene-lifestyle
combined interventions for cancer prevention effort. Our joint analysis of the risk genotypes
and smoking revealed a synergistic effect on increased risk of BC, particularly for ER/PR+
BC, in a gene-lifestyle dose-dependent manner, indicating a substantial improvement in risk
prediction for BC.

All 4 of the FG SNPs are located in the introns of genes that play well-established roles

in regulating insulin secretion and sensitivity, postulating that their genetic variation may
affect glucose metabolism. For example, the PCSK1 gene is 1 of the genes linked to
early-onset obesity. Encoded prohormone convertase 1/3 is involved in the biosynthetic
process of prohormones in endocrine tissues, regulating food ingestion and glucose
homeostasis (Ramos-Molina et al., 2016, 2021e). Also, the SPC25 gene involved in
kinetochore—microtubule interaction was reported to regulate FG and BMI (2021b) and, in
particular, play a key role in DNA damage repair and kinetochore assembly, thus promoting
proliferation of BC cells (Wang et al., 2019, Pathania et al., 2016). Both genes’ variants

in our study exhibited effects on glucose homeostasis and an increased risk for BC despite
insufficient power.

The ADCY5 gene encodes adenylate cyclase 5, catalyzing the production of cyclic
adenosine monophosphate that is the second messenger involved in the stimulation of
pancreatic cells’ insulin secretion (Roman et al., 2017, Lin et al., 2020, 2021c). Genetic
variants in this gene may result in impaired insulin secretion, thus the aberrant response

to glucose metabolism. One of the ADC Y5 gene networks is involved in BC regulation

by interacting with Stathmin, which plays an important role in carcinogenesis (2021a,
Obayashi et al., 2017). Our study is the first to detect the association of this gene’s variation
with BC risk. Also, MTNRI1B s a well-known gene that encodes melatonin receptor 1B,
which plays a key role in insulin secretion and glucose metabolism in pancreatic islets

Endocr Relat Cancer. Author manuscript; available in PMC 2023 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yon Jung et al.

Page 9

(McMullan et al., 2013, Stumpf et al., 2008). Its genetic variants may disturb circadian
rhythm, resulting in glucose intolerance (Hu and Jia, 2016). In vitro studies of elevated
expression of this gene found mixed results for BC and other cancers: a protective effect by
inhibiting BC ERa mRNA expression (Yuan et al., 2002) or a cancer-progression effect in
other cancers (Liu et al., 2019, Leon et al., 2012). Genetic variation of this gene in our study,
consistent with the results in a previous genetic study (Deming et al., 2012), was associated
with BC risk. Those particular genotypes of SNPs that are associated in our study with BC
risk in ACDY5and MTNR1B are required for further functional studies.

Given that premenopausal hysterectomy and oophorectomy are associated with a lower risk
of BC, while age at menopause of 45 years or older is associated with a higher risk of

BC than earlier menopause (Cui et al., 2014), we examined the combined and joint effects
of SNPs and lifestyles among the earlier (80% of women with removal of ovaries and/or
uterus) and later menopause groups, separately. As expected, the FG SNPs and lifestyles
displayed a greater risk in the LMG than in the EMG. When smoking was incorporated,
this longer-term accumulated effect of female hormone exposure on BC risk was constant,
but only among regular smokers (< 20 vs. = 20 years); no difference in risk of BC between
the menopause groups was observed in the comparison of never and regular smokers.

This suggests that long-term smoking effects on BC carcinogenesis may override female
hormonal modification on BC risk.

Higher total nicotine equivalents after controlling for number of cigarettes per day have
been reported in AAs than in other races/ethnicities (Park et al., 2015), but little data exist
for AA women in association with BC. In particular, AA postmenopausal women have an
increased risk of BC with a longer duration of smoking (= 20 years) (Park et al., 2016,
Butler et al., 2016); this can be partially explained by the increased level of female hormones
induced by cigarette smoking as well as by tobacco’s direct toxic and carcinogenic effects
in breast tissues (Key et al., 2011). Also, the effect of cigarette smoking on BC risk can

be BC-subtype specific. In agreement with previous reports (Park et al., 2016, Butler et al.,
2016), our results showed that the joint effect of smoking on BC risk is more substantial

in ER/PR+ BC. In previous studies, the magnitude of the association between smoking and
ER/PR+ BC was modest (HRs, 1.16-1.51). Notably, our study revealed that in both EMG
and LMG, long-term smokers (= 20 years) with combined FG SNPs had an 8-times higher
risk of ER/PR+ BC than never smokers without the SNPs, although our induction period,

15 years on average, was somewhat shorter than the typical induction period (Terry et al.,
2002). This suggests that smoking and glucose metabolism are interrelatedly involved in the
ER/PR+ BC carcinogenesis, warranting future biologic mechanism studies on the cigarette—
IR interaction.

In our study, OC users for < 5 years had a greater risk of BC than OC users for = 5 years.
This finding is consistent with those of other studies (Trentham-Dietz et al., 2000, Urban
et al., 2012) particularly among women who ceased OC use within 10 years. Although
OCs are considered carcinogenic and increase the risk for BC (IARC, 2007), exogenous
E plus P use increases the risk to a much greater extent than E-only use (Chlebowski

et al., 2016, Rosenberg et al., 2016). Synthetic progestin has an affinity for androgen

and mineralocorticoid receptors, leading to proliferation and anti-apoptosis in breast cells
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(Cogliano et al., 2005a). Thus, the difference in risk for BC according to the length of use
may be a result of changes in OC formulation. The amount of progestin in OC formulations
has declined and new types of progestin have been introduced over time (Cogliano et al.,
2005b), supporting our finding of reduced BC risk in longer-term OC users. Data were

not available for our study on the recency and type of OC formulation, so future studies
integrating those factors are warranted.

Our data on smoking and OC use were self-reported, so they could have been biased

by misclassifications. However, several validation studies have shown the high reliability
of those self-reported measures for active smoking assessment (Soulakova et al., 2012)
and OC use (Nischan et al., 1993, Rosenberg et al., 1983). Also, a 2-stage RSF may
overfit the model with multiple tasks, requesting a replication study for particularly, high
order interactions, with an independent dataset. Our study focused on AA postmenopausal
women, the generalizability of our findings to other populations is limited.

Overall, our study indicates that IR SNPs and OC use, jointly with smoking, synergistically
increase the risk of BC, more substantially in ER/PR+ BC. The joint effect of

smoking on ER/PR+ BC was more profound in women who had long-term exposure

to cigarette smoking and a prolonged exposure to female hormones. Our findings may
improve prediction accuracy in BC subtypes, and highlight genetically targeted preventive
interventions (e.g., smoking cessation) for AA women who carry particular risk genotypes.
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Figure 1.

The second stage of random survival forest (RSF) using 11 single-nucleotide polymorphisms
and 9 behavioral factors selected from the first stage of RSF analysis

A. Comparison of minimal depth and VIMP rankings. (MFA, monounsaturated fatty acid;
PFA, polyunsaturated fatty acid; VIMP, variable of importance. Note: The 7 variables within
the gold ellipse were identified as the most influential predictors.)

B. Out-of-bag concordance index (c-index). (An improvement in c-index was observed when
the top 7 variables [@] were added to the model, whereas other variables [O] did not further
improve the accuracy of prediction.)
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Figure 2.

Cumulative breast cancer incidence rate for the 7 most predictive variables (4 single-
nucleotide polymorphisms and 3 behavioral factors) based on a random survival forest
analysis. (Dashed red lines indicate 95% confidence intervals.)
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The second stage of RSF analysis: predictive values of variables for breast cancer risk

Table 1.

Minimal DepthJr

Incremental Errorf Drop Error8

Variable™ VIMP  C-index
Years as a regular smoker 2.7101 0.0063 0.4155 0.5845 —0.0845
Duration of oral contraceptive use 2.8196 0.0106 0.5526 0.4474 0.1371
Age at menopause 2.8980 0.0070 0.5694 0.4306 0.0168
ADCYS5 rs6798189 3.4848 0.0008 0.5753 0.4247 0.0059
MTNR1B rs7945617 3.6198 0.0026 0.5675 0.4325 -0.0077
SPC25 rs17539351 3.7691 0.0014 0.5698 0.4302 0.0022
PCSK1 rs13169290 3.8024 0.0044 0.5798 0.4202 0.0100
RP11-676F20.1rs10830961 3.8360 -0.0001  0.5806 0.4194 0.0009
Dietary total sugars/day (g) 3.9134 0.0013 0.5841 0.4159 0.0035
Dietary fiber/day (g) 3.9811 0.0011  0.5769 0.4231 -0.0073
Percent calories from PFA/day 3.9894 0.0005 0.5865 0.4135 0.0096
Number of pregnancies 4.1099 0.0043 0.5970 0.4030 0.0106
Percent calories from fat/day 4.2016 0.0009 0.5891 0.4109 -0.0080
Percent calories from MFA/day 4.2053 0.0000 0.5871 0.4129 -0.0020
RP11-676F20.1rs10466351 4.2344 -0.0019  0.5819 0.4181 —0.0052
PDX1-AS1rs954750 4.2351 -0.0003  0.5836 0.4164 0.0017
ADCY51s10934647 4.9397 -0.0021  0.5740 0.4260 —0.0096
GCKR 51260326 4.9595 0.0007 0.5763 0.4237 0.0023
GCKRrs780093 5.6440 -0.0008  0.5681 0.4319 —0.0082
ARL15rs6450176 5.8423 -0.0007  0.5678 0.4322 —0.0003

Page 26

C-index, concordance index; MFA, monounsaturated fatty acid; PFA, polyunsaturated fatty acid; RSF, random survival forest; VIMP, variable of

importance. Variables in bold face were selected as the most predictive markers on the basis of multimodal predictive values.

*
Variables ordered by minimal depth.

fMinimaI depth estimated as the predictive value of the variable in the nested RSF models, with a lower value likely to have a greater impact on

prediction.

”The incremental error rate was computed 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 computed from the third nested model (including

the first, second, and third variables).

§The drop error rate of the variable was computed as the difference between the error rates of a prior and the corresponding variable from the
nested models. 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 (0.5845) from 0.5.
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