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Abstract

Background: Physical activity has been shown to affect the mammalian target of rapamycin 

(mTOR) signaling pathway and consequently breast carcinogenesis. Given that Black women in 

the US are less physically active, it is not well understood whether there are gene-environment 
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interactions between mTOR pathway genes and physical activity in relation to breast cancer risk in 

Black women.

Methods: The study included 1398 Black women (567 incident breast cancer cases and 831 

controls) from the Women’s Circle of Health Study (WCHS). We examined interactions between 

43 candidate single-nucleotide polymorphisms (SNPs) in 20 mTOR pathway genes with levels 

of vigorous physical activity in relation to breast cancer risk overall and by ER-defined subtypes 

using Wald test with 2-way interaction term and multivariable logistic regression.

Results: AKT1 rs10138227 (C>T) and AKT1 rs1130214 (C>A) were only associated with a 

decreased risk of ER+ breast cancer among women with vigorous physical activity, (odds ratio 

[OR] = 0.15, 95% confidence interval (CI) 0.04, 0.56, for each copy of the T allele, p-interaction 

= 0.007 and OR = 0.52, 95% CI 0.27, 0.96, for each copy of the A allele, p-interaction = 

0.045, respectively). MTOR rs2295080 (G>T) was only associated with an increased risk of ER+ 

breast cancer among women with vigorous physical activity (OR = 2.24, 95% CI 1.16, 4.34, for 

each copy of the G allele; p-interaction= 0.043). EIF4E rs141689493 (G>A) was only associated 

with an increased risk of ER− breast cancer among women with vigorous physical activity (OR 

= 20.54, 95% CI 2.29, 184.17, for each copy of the A allele; p-interaction = 0.003). These 

interactions became non-significant after correction for multiple testing (FDR-adjusted p-value 

>0.05).

Conclusion: Our findings suggest that mTOR genetic variants may interact with physical 

activity in relation to breast cancer risk in Black women. Future studies should confirm these 

findings.
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Introduction

Physical inactivity may promote the development of obesity, induce insulin resistance, 

and subsequently enhance breast cancer risk (1). The mammalian target of rapamycin 

(mTOR) pathway receives signaling from insulin and insulin-like growth factors and 

its aberrant activation has been implicated in breast cancer etiology (2), mTOR is a 

part of phosphatidylinositol 3-kinase (PI3K) pathway generally involved in cell growth, 

differentiation, and survival (2,3), and may be influenced by various factors, including 

nutrients, growth factors, and hormones (2,3). It has two functionally distinct complexes: 

mTOR complex 1 (mTORC1) controls protein translation and plays a functional role in 

the mechanism of tumor cell growth (4), by phosphorylating mTOR downstream effector 

molecules including the p70 ribosomal S6 kinase 1 (S6K1) and the eukaryotic initiation 

factor 4E (EIF4E)-binding protein 1 (4E-BP1) (5–7); mTOR complex 2 (mTORC2) 

stimulates cell survival which is dependent on the activation of AKT kinase (8–11). In 

previous epidemiological studies, genetic variants in the mTOR pathway were associated 

with breast cancer risk (12–22).

Physical activity, a modifiable behavioral factor may reduce breast cancer risk (23–33), 

potentially through the inhibition of the mTOR signaling pathway (34,35). The relationship 
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between physical activity and breast cancer risk has been extensively investigated with 

studies mostly reporting an inverse association in White women (23,24). In Black women, 

an inverse association was also reported (25–33), specifically for ER+ breast cancer 

(33). Black women are disproportionately obese compared to other races in the US with 

over 70% of Black women physically inactive (33,36,37). Physical activity may also be 

associated with decreased breast cancer risk through biological pathways involving chronic 

inflammation, adiposity and insulin resistance (23,38,39). In animal models, physical 

activity is associated with decreased signaling of mTOR and its downstream targets in 

mammary cancer (35), and the influence may be independent of weight reduction (40). 

However, it is unknown how physical inactivity interacts with the mTOR signaling pathway 

or its etiological implications for breast cancer in Black women.

The primary objective of this study was to investigate potential gene-environment 

interactions between mTOR pathway candidate genes and physical activity in relation to 

breast cancer risk in Black women, overall and by ER-defined subtypes. We hypothesized 

stronger inverse associations of mTOR candidate polymorphisms with breast cancer in 

women with physical activity not reaching the vigorous level (metabolic equivalent of 

energy expenditure [MET] value of less than 6.0) than women with physical activity 

reaching the vigorous level (MET values of 6.0 or greater).

Methods

Study population

Women for these analyses were selected from participants of the Women’s Circle of 

Health Study (WCHS), described in detail elsewhere (41,42). WCHS is a case-control 

study comprised of two recruitment bases, a hospital-based case ascertainment in New York 

City and a population-based case ascertainment in New Jersey (41). Both study sites had 

identical eligibility criteria. The hospital-based case ascertainment in New York City started 

in 2003 and included women who were between the ages of 20 to 75 years old, with 

no previous history of cancer other than nonmelanoma skin cancer, who were diagnosed 

within 9 months with primary, histologically confirmed invasive breast cancer or ductal 

carcinoma in situ and were English-speaking. In the population-based case ascertainment 

in New Jersey, cases were identified through rapid case ascertainment by the New Jersey 

State Cancer Registry. Black women who were less than 75 years of age, diagnosed within 9 

months with primary, histologically confirmed invasive breast cancer or ductal carcinoma in 

situ were eligible for participation. Control eligibility and identification was similar for New 

York City and New Jersey study bases as women who were between the ages of 20 to 75 

years without a history of any cancer diagnosis other than non-melanoma skin cancer were 

eligible to be controls. Random digit dialing was used to generate controls in New York 

City while community-based recruitment was used to supplement random digit dialing for 

sampling controls in New Jersey (42). Controls were frequency matched to cases by race and 

5-year age groups. The in-person interview comprised the informed consent procedure and 

administration of extensive behavioral questionnaires, and collection of saliva samples and 

anthropometric measurements.
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Participants reported any activities they participated in for at least one hour per week 

for at least three months, the number of years in total for the activity, the number of 

months per year, and the average hours per week. Vigorous physical activity variables 

have been derived as part of effort in African American Breast Cancer Epidemiology 

and Risk (AMBER) Consortium and categorized as vigorous physical activity (Yes and 

No) during the recent past and the duration of vigorous physical activity (0, <2, 2+ hours/

week). Vigorous-intensity activity was defined as activities with a metabolic equivalent 

of energy expenditure (MET) value of 6.0 or greater (43). Consent for medical records 

release, pathology data and tumor tissue release was obtained from cases. The current study 

included 1398 Black women (567 incident breast cancer cases with invasive breast cancer 

or ductal carcinoma in situ and 831 controls) with available questionnaire, anthropometric, 

and genetic data. The WCHS protocol was approved by the Institutional Review Boards 

at Roswell Park Cancer Institute, Rutgers Cancer Institute of New Jersey, Mount Sinai 

School of Medicine, and participating hospitals in New York. Signed informed consent was 

obtained from each participant prior to interview and biospecimen collection. The current 

study was approved by the University of Florida’s institutional review board.

Anthropometric Data Collection

Anthropometric measurements were taken at the end of the interview by trained research 

staff using standardized protocols (44); participants were asked to wear light clothing. 

Weight was measured in kilograms (kg) while standing height was measured to the nearest 

0.1 cm. Body mass index (BMI) was calculated as the measured weight (kg) divided by 

height (m)2.

SNP Selection

We performed a computerized literature search of the PubMed database (2000–2021) and 

Google search engine to identify all the relevant studies of mTOR candidate polymorphisms 

and cancer risk. The search strategy included the following key words: “Candidate 

polymorphisms in the mTOR pathway and breast cancer risk”, “mTOR genetic variants and 

breast cancer”, “mTOR genetic variants and breast cancer risk”, “mTOR genetic variants 

and cancer”, “Candidate polymorphisms in the mTOR pathway and cancer”. The studies 

selected were required to meet the following criteria: 1) evaluate the associations between 

mTOR genetic variants and breast cancer risk in Black and/or Non-Black population; 2) 

evaluate the associations between mTOR genetic variants and risk of other cancer types in 

Black and/or Non-Black population. The following information was extracted from each 

of the included publications: the first author’s name, publication date, gene/SNP name, 

sample population, cancer type, study type and sample size. We identified 86 SNPs in 38 

genes in the mTOR pathway that were significantly associated with breast cancer risk, as 

well as risk for other cancer types from the literature studying Black or Non-Black women 

(Supplemental Table 1). Candidate SNPs in this present study are defined as SNPs that were 

statistically significantly associated with breast cancer risk and other cancers. Out of 86 

identified SNPs, we selected a total of 43 candidate SNPs in the mTOR pathway (43 SNPs 

in 20 genes) that were available and already genotyped in WCHS for statistical analyses 

(Supplemental Table 2). WCHS is a member of the AMBER consortium and genotyping, 

imputation and quality control procedures have been previously reported (16,26,45–47).
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Statistical Analyses

Descriptive characteristics of the cases and controls were compared using t-tests for 

continuous variables and chi-square tests for categorical variables. Multivariable logistic 

regression was used to test the associations between selected candidate SNPs and breast 

cancer risk while adjusting for the following known and potential confounders: age (18–39, 

40–49, 50–59 [reference] and 60–79), BMI (<25 [reference], 25-<30, and ≥30 kg/m2), 

geographic location (New Jersey [reference] and New York City ), DNA source (blood 

[reference], mouth wash and saliva) and principal components (PC) of the genotypes (PC5, 

PC6 and PC8). Since menopausal status and educational status did not change the estimates, 

they were not included in the final models. The associations were presented as odds ratios 

(OR) and corresponding 95% confidence intervals (CI). The genetic association analysis 

tested for an additive model; the genetic variants, i.e., the independent variables, were 

modeled as 0, 1, or 2 alleles. We examined associations for all breast cancer cases combined 

as well as separately for ER+ and ER− tumors. Among cases with known ER status, 

case-only analyses were conducted comparing ER− tumors to ER+ tumors.

To explore whether associations between mTOR genetic variants and breast cancer were 

modified by vigorous physical activity, we conducted stratified analyses by vigorous 

physical activity defined as vigorous physical activity (Yes and No) during the recent past. 

The Wald test was used to evaluate effect modification, including a 2-way interaction term 

between the SNPs and vigorous physical activity. We further conducted a stratification 

analysis by menopausal status for the gene-environment interactions in association with 

overall breast cancer risk. Statistical significance was defined as nominal p < 0.05 for 

selected candidate SNPs and all statistical tests were 2-sided. To control for the inflation of 

false-positive rates from multiple comparisons, we controlled the false discovery rate (FDR). 

The adjusted p-value with a significance threshold of 0.05 was applied. We calculated 

aggregated genetic risk scores only for mTOR candidate SNPs associated with overall 

breast cancer with nominal p-values (p <0.05) and (p<0.10) (48), and evaluated whether 

their associations with overall breast cancer were modified by physical activity variable. 

The scores for risk alleles were modeled as 0, 1, or 2 alleles and imputed values were 

rounded up to the nearest whole number. The scores of all the SNPs were summed and 

the distribution of the total SNP score was divided into quartiles in multivariable logistic 

regressions. Statistical analyses were performed using SAS 9.4 software (SAS Institute Inc.).

Results

This study included 567 cases and 831 controls. Descriptive characteristics of study 

participants were presented in Table 1. Among cases with known ER status, 26.46 % were 

ER− and 60.14% were ER+ tumors. The distribution of age, BMI, vigorous physical activity 

as well as menopausal status did not differ by case-control status.

Table 2 shows stratified results for the associations between mTOR candidate SNPs and 

overall breast cancer risk by vigorous physical activity. A borderline interaction was found 

between EIF4E rs141689493 (G>A) and vigorous physical activity (p-interaction= 0.094). 

The variant was associated with borderline decreased risk of overall breast cancer among 

women with no vigorous physical activity (OR = 0.52, 95% CI 0.24, 1.11, for each copy of 
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the A allele) but not among women with vigorous physical activity. The interaction however 

became non-significant after correction for multiple testing (FDR-adjusted p-value >0.05).

Table 3 shows stratified results for the associations between mTOR candidate SNPs and 

ER+ breast cancer risk by vigorous physical. Vigorous physical activity was an effect 

modifier for the association of AKT1 rs1130214 (C>A) and AKT1 rs10138227 (C>T) with 

ER+ breast cancer risk (p-interaction = 0.045 and 0.007, respectively). The variants were 

associated with a decreased risk of ER+ breast cancer among women with vigorous physical 

activity (OR = 0.52, 95% CI 0.27, 0.96, for each copy of the A allele and OR = 0.15, 

95% CI 0.04, 0.56, for each copy of the T allele, respectively) but not among women 

with no vigorous physical activity. These interactions, however, became non-significant after 

correction for multiple testing (FDR-adjusted p-value>0.05).

Table 4 shows stratified results for the associations between mTOR candidate SNPs and 

ER− breast cancer risk by vigorous physical activity. Vigorous physical activity was an 

effect modifier for the association of EIF4E rs141689493 (G>A) with ER− breast cancer 

risk (p-interaction = 0.003). The variant was associated with an increased risk of ER− breast 

cancer among women with vigorous physical activity (OR = 20.54, 95% CI 2.29, 184.17, for 

each copy of the A allele) but not among women with no vigorous physical activity. These 

interactions became non-significant after correction for multiple testing (FDR-adjusted p-

value >0.05).

Table 5 shows stratified results for the associations between mTOR candidate SNPs and 

breast cancer risk by vigorous physical activity. in case-only analysis comparing ER− 

cases to ER+ cases. An interaction existed between AKT1 rs10138227 (C>T) and vigorous 

physical activity (p-interaction = 0.001). The interaction remained statistically significant 

after correction for multiple testing (FDR-adjusted p-value = 0.030). Interactions also 

existed between vigorous physical activity and EIF4E rs141689493 (G>A) (p-interaction 

= 0.044) and MTOR rs2536 (T>C) (p-interaction = 0.023), which however, became non-

significant after correction for multiple testing (FDR-adjusted p-value >0.05).

Supplemental Table 3 provides the aggregated genetic risk score estimation for the 

associations of mTOR candidate SNPs with overall breast cancer risk stratified by vigorous 

physical activity. Although, we observed no gene-environment interaction, quartile (Q)4 vs 

Q1 of aggregated genetic risk score was associated with an increased overall breast cancer 

risk among women with no vigorous physical activity but not among women with vigorous 

physical activity.

Supplemental Table 4 provides the results of the stratified analysis by menopausal status 

for the gene-environment interaction in relation to overall breast cancer risk. EIF4E 
rs141689493 (G>A) was associated with a borderline increased overall breast cancer risk 

in premenopausal women with vigorous physical activity but not in postmenopausal women.

Discussion

In Black women enrolled in the WCHS, we found significant interactions of several of 

the mTOR genetic variants with vigorous physical activity in relation to breast cancer 
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risk, overall and in ER+ and ER− tumors separately. These interactions did not remain 

statistically significant after correction for multiple testing and thus should be interpreted 

with caution.

The interactions of mTOR genetic variants and physical activity on breast cancer risk have 

not been investigated in epidemiological studies and the evidence for other cancer risk 

is limited. In a large White population-based case-control study, physical activity, energy 

intake, and genetic variants in the mTOR pathway including AKT3, RAPTOR and TSC2 
jointly influenced bladder cancer risk (49). In another case-control study of renal cell 

carcinoma risk in Non-Hispanic White participants, a potential joint effect of low physical 

activity and mTOR genetic variants (six SNPs in AKT3) on renal cell carcinoma risk was 

reported. An increased renal cell carcinoma risk was observed only in participants who were 

physically inactive but not in participants with intensive physical activity (50). However, 

in the recent Netherlands Cohort study for colorectal cancer risk, no modifying effects of 

mTOR genes including AKT2, AKT3, MTOR and TSC2 were observed on the association 

of physical activity with colorectal cancer risk (51).

In the present study, we observed that vigorous physical activity was an effect modifier 

for the associations of AKT1 rs1130214 (C>A) and AKT1 rs10138227 (C>T) with ER+ 

breast cancer risk. The variants were associated with a decreased risk of ER+ breast cancer 

among women with vigorous physical activity, findings that supported our study hypothesis. 

These two genetic variants in AKT1 may interact with vigorous physical activity to confer 

a protective effect on ER+ breast cancer risk but our findings warrant validation. AKT1 
rs1130214 and AKT1 rs10138227 have been mapped in regions with active transcriptional 

enhancers in breast myoepithelial cells (52). In Sri-Lankan women, AKT1 rs1130214 was 

associated with HER2-positive breast cancer (14), whether the observed association is 

specific to HER2-positive tumors in Black women needs further research.

We observed that EIF4E rs141689493 (G>A) variant was associated with a borderline 

decreased risk of overall breast cancer among women with no vigorous physical activity 

and an increased risk of ER− breast cancer among women with vigorous physical activity. 

Our stratified analysis by menopausal status also showed that EIF4E rs141689493 (G>A) 

was associated with a borderline increased overall breast cancer risk among premenopausal 

women with vigorous physical activity but not in postmenopausal women. These findings 

did not support our study hypothesis. The reason behind this is not clear but a potential 

hypothesis is that other biological mechanisms independent of vigorous physical activity 

that were not measured in the present study may be implicated. EIF4E rs141689493 (G>A) 

is an intronic SNP found in region with active transcriptional promoters in mammary 

epithelial cells (52). Although, we cannot dismiss the chances for a false positive result, an 

important next step is to investigate whether the functional impact of EIF4E rs141689493 

(G>A) on the mTOR pathway differs in Black women.

Substantive epidemiological evidence suggests that moderate to vigorous physical activity 

is associated with a decreased breast cancer risk (43). There is still however, limited 

understanding of the impact of the mechanisms of physical activity as well as the 

heterogeneous measures of physical activity exposures on breast cancer risk (38,43). Given 
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that maintaining a lifestyle that only involves reducing energy intake has been challenging, 

a feasible strategy to maintain energy balance and reduce breast cancer risk is to engage in 

physical activity and reduce energy intake (49). Physical activity has been reported to confer 

several anticancer benefits such as decrease in inflammation, enhanced immune function and 

carcinogen detoxification and DNA repair mechanism as well as altered cell proliferation 

and apoptosis (53). Although the present study did not examine these anticancer benefits of 

physical activity, the modifying effects of physical activity on mTOR pathway and breast 

cancer in our study warrants further investigation.

To our knowledge, this is the first study to comprehensively evaluate gene-environment 

interactions between mTOR pathway candidate genes and physical activity among Black 

women. It had a relatively large sample size of Black women which enabled the analysis 

of risk for overall breast cancer, as well as for ER+ and ER− cancer separately. The large 

panel of genes used in the study covered a detailed mTOR signaling pathway and genes 

were available for the selected candidate SNPs that were reported in the literature.

A few limitations in our study should be noted. Our findings require validation, as some 

of the gene-environment interactions were not significant after correction for multiple tests. 

Significant results from this study also require validation. Thus, interpretation of the study 

findings with caution is warranted. There is lack of generalization of study findings to other 

racial and ethnic groups as the study only used Black women participants. There is still 

a possibility for residual confounding potentially due to unmeasured variables despite the 

study aiming to adjust for important confounders in the statistical analysis. We did not 

have information on comorbidities, whether the residual confounding is large enough to 

affect result estimates need to be determined in future studies. There is lack of objective 

measurement of physical activity because physical activity was self-reported which may 

introduce measurement errors. Physical activity is a complex behavioral activity, and its 

quantification is multifaceted involving varying measures of type, frequency, intensity, and 

duration of physical activity. In the present study, vigorous intensity activity was defined 

as activities with MET value of 6.0 or greater, indicating the absolute rate of energy 

expenditure and the recommended descriptor for the specific range of intensity measured 

in our study (43). These variables were analyzed as vigorous physical activity (Yes and No) 

during the recent past. We also considered the duration of vigorous physical activity (0, <2, 

2+ hours/week) but the number of breast cancer cases were small within strata of physical 

activity measurements, which resulted in wide 95% confidence intervals and potentially 

inflated risk estimates (data not shown). Since this is a case-control study, recall bias cannot 

be ruled out as cases and controls may have varying recall of physical activity. Therefore, 

a prospective cohort study with an objective measure of physical activity is required to 

estimate the causal relationship of physical activity and breast cancer considering the mTOR 

signaling pathway. The difference in ascertainment of controls in New York City and New 

Jersey may raise concerns regarding bias due to systematic over-enumeration of controls in 

New Jersey however, the sampled controls were representative of the same populations from 

which the cases were derived (42).
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In conclusion, our findings suggest that mTOR genetic variants may interact with physical 

activity in relation to breast cancer risk in Black women. Studies with larger sample size of 

Black women are needed to validate our findings.
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