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Abstract

The roles of many environmental contaminants in increasing breast cancer risk remain 

controversial. Arsenic (As) is a major global environmental contaminant and carcinogen. We 

conducted a systematic review of the role of As and gene-arsenic interactions in susceptibility 

to breast cancer. Following a systematic literature search using well-defined inclusion/exclusion 

criteria, a total of 15 epidemiologic studies (two meta-analyses, three systematic reviews, three 

cohort studies, two case-control studies, and five cross-sectional studies) were reviewed. In 

addition, several animal, in vitro, in vivo, and in silico (i.e., computer modeling) studies provided 

mechanistic insights into the association between As and breast cancer. Our review suggests 

a possible overall main effect of As on breast cancer risk. The evidence for an effect of gene­

As interactions on breast cancer risk is strong. Studies that measured levels of As metabolites 

among participants and/or evaluated interactions between As exposure and genetic or epigenetic 
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factors generally reported positive associations with breast cancer risk. Our analysis of the 

Comparative Toxicogenomics and the Ingenuity Pathway Analysis Databases provided further 

evidence for As-gene interactions and their effects on breast cancer-related biologic pathways. Our 

findings provide potential leads for future epidemiologic studies of As-associated cancer risks and 

interventions to reduce population exposure.
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Introduction

Globally, breast cancer is the most reported malignancy and the leading cause of cancer 

death among women. Age-standardized (world) incidence rates of breast cancer range from 

25.9 to 94.2 per 100,000 person-years with highest rates in Australia and New Zealand 

(94.2), Western Europe (92.6), Northern Europe (90.1), and North America (84.8) [1]. In the 

United States (US), breast cancer is the most reported cancer and the second leading cause 

of cancer death among women. 1 in 8 women in the US will develop breast cancer in their 

lifetime and 1 in 35 will die from the disease [2]. There will be an estimated 279,100 new 

cases of invasive breast cancer and 42,690 deaths due to breast cancer in the US in 2020 [2].

Known modifiable environmental and life-style risk factors for breast cancer include 

obesity, lack of physical activity, excessive alcohol use and long-term oral contraceptive 

use [3]. These factors explain relatively small attributable risks of breast cancer. Several 

environmental contaminants, particularly those that accumulate in human tissue and have 

carcinogenic and/or estrogenic properties, have also been investigated for their role in 

susceptibility to breast cancer [4]. Gene-contaminant interactions may also play a role 

[5]. Given that environmental contaminants constitute modifiable risk factors, identifying 

contaminants associated with breast cancer and elucidating the mechanisms by which they 

exert their effects may facilitate primary prevention by reducing exposures, particularly 

among susceptible subgroups.

Arsenic (As) is a major global environmental contaminant, with population exposure 

through drinking water, food, and certain occupations [6]. The inorganic form of As (iAs) is 

found in water and certain grains such as rice [7]. Ingested iAs is eliminated as mostly 

monomethylarsonic acid (MMA) and dimethylarsenic acid (DMA) along with a small 

amount as iAs. Exposure to both As and iAs has been linked to risk of several chronic 

diseases and conditions such as arsenicosis skin lesions, heart disease, diabetes, and cancer 

[8, 9].

Arsenic and As compounds are designated as Group 1 human carcinogens by IARC [10] 

and as group A carcinogens by the US Environmental Protection Agency (USEPA) [11]. 

Exposure to As and iAs has been linked to cancers of the lung, liver, bladder, kidneys, and 

skin [11, 12]. We conducted a systematic review to examine the association between As and 

the risk of developing breast cancer. Our interest lies in both the main effect of As as well 

as the effect of gene-As interactions on breast cancer risk. In our study, interaction is defined 
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as both the modifying effects of genetic factors on As-associated breast cancer risk and the 

effect of As on biologic (genetic and/or epigenetic) pathways involved in breast cancer.

Methods

The main focus of this systematic review was on the following: 1. Main effect of As on 

breast cancer risk, 2. Modifying effects of genes and gene-As interactions on breast cancer 

risk, and 3. Effect of As on genetic and epigenetic mechanisms associated with breast 

cancer.

A literature search was conducted using PubMed and Medscape interfaces on the Medline 

database using several keywords and phrases. The following search terms were used 

along with the term breast cancer: heavy metals, arsenic, gene-arsenic interactions, gene­

metal interactions, genetic modifiers and metals, genetic modifiers and arsenic, arsenic 

toxicogenomics, arsenic and genetic mechanisms, arsenic and epigenetic mechanisms, 

epidemiologic studies of arsenic, and genetic epidemiologic studies of arsenic. All relevant 

articles in peer-reviewed journals published between June 1, 2006 and May 31, 2020 

were retrieved. All meta-analyses, review articles, cohort studies, case-control studies, cross­

sectional studies, case series, and case reports were included. Other types of studies such 

as animal, in vivo, in vitro, and in silico (i.e., using computer modeling) were scanned 

and included for context and/or mechanistic insight. Meta-analyses and systematic reviews 

were given the same weight in our synthesis as original research articles. To ensure every 

paper was included in our study only once, we excluded all the original research articles 

that were part of previous review articles and meta-analyses included in our review. Articles 

only reporting on associations with breast cancer mortality were also excluded. Our search 

included all publications in English or French; the full text of articles in other languages 

were also reviewed if their abstracts were in either English or French. Relevant data 

(such as first author’s name, study design, sample size, effect size, statistical significance, 

and conclusions) were extracted from each paper systematically and tabulated. Literature 

reviews and data extractions were conducted in duplicates by various authors.

Results

Our search identified 15 relevant epidemiologic studies (two meta-analyses, three systematic 

reviews, three cohort, two case-control, and five cross-sectional) on the association between 

arsenic exposure and breast cancer risk (Table 1). The cohort, case-control and cross­

sectional studies were unique in that they were not part of any of the meta-analyses or 

systematic reviews included in our report. In addition to main effects, two systematic 

reviews, one case-control, and three cross-sectional studies included discussion of gene-As 

interactions. Additionally, several relevant animal, in-vitro, in-vivo, and in-silico studies 

were identified three of which are also included in Table 1.

The meta-analysis by Jouybari et al. (2018) involved 11 case-control studies (one collected 

plasma, four studied breast tissue, and six studied scalp hair and/or toenails) and did not 

identify an overall significant difference in As concentrations among breast cancer cases and 

healthy controls [13]. The meta-analysis by Gamboa-Loira et al. (2017) included 13 studies 
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exploring the risk of cancer in association with As but only one study (Lopez-Carrillo et al. 

2014) focusing on breast cancer, which reported a significant positive association between 

%MMA and significant negative association between %DMA and breast cancer [14].

The systematic review by Khanjani, Jafarnejad, and Tavakkoli (2017) [15] suggested a 

possible association between As and breast cancer risk based on positive results from 

four of the seven original studies reviewed. This review also concluded that the increase 

in risk of breast cancer may vary based on individual genetic susceptibilities [15]. The 

systematic review by Romagnolo et al. (2016), which focused on the main effect of As along 

with the modifying effect of genetic and epigenetic factors, reported significantly higher 

risks (OR=~1.25–1.7) of breast tumorigenesis among female carriers of certain genetic 

mutations, such as 5382insC, C61G, and 4153delA in BRCA1, in association with higher 

serum As levels (~4–6 μg/L) [16]. This review also suggested that interaction between 

environmental As exposure and alcohol use may interfere with normal folate and B12 

metabolism and influence breast cancer risk through hypermethylation of tumor suppressor 

genes[16]. Another systematic review (Bardach et al., 2015 [11]) on the association between 

high levels of As in surface and drinking water aquifers and breast cancer incidence in 

Argentina reported (based on findings of two ecological studies) higher incidence rate ratio 

per 100 μg/L increment in iAs concentration for breast cancer [11].

The results of cohort studies were mixed with 2 of 3 reporting no statistically significant 

association between As exposure and breast cancer risk (Table 1). White et al. (2018) [17] 

conducted an investigation involving sister study participants (n=50,884) by recruiting breast 

cancer-free women with a sister with breast cancer (n=2587) and deducing each participant’s 

exposure level by matching their residence using the Environmental Protection Agency 

National Air Toxic Assessment’s census-tract estimates of metal concentrations in air. This 

study reported no association between As and breast cancer risk [17]. Zhang et al. (2016) 

[18] examined the association between rice intake and breast cancer risk in the Nurses’ 

Health Study (NHS) I and II, and found non-significant associations between breast cancer 

and consumption of rice (reported to contain worrisome levels of arsenic in a 2012 US 

consumer report) [18]. Liu et al. (2015) [19] examined the association between residential 

exposure to estrogen-disrupting hazardous air pollutants and breast cancer risk, and found 

an increase in the risk of hormone receptor-negative breast cancer for exposure to iAs 

compounds at the highest exposure quintile [19].

The two case-control studies also reported contrasting results (Table 1). The study by 

O’Brien et al. (2019) [20] assessed recent As exposure in toenail clippings of 1217 

disease-discordant sister pairs in the US-based Sister (2003–2009) and Two-Sister (2008–

2010) studies and found no association between young-onset breast cancer and toenail 

concentrations of As [20]. Gamboa-Loira et al. (2017) [21] conducted a population-based 

case-control study in Northern Mexico involving 1016 cases and 1028 controls. They 

assessed As exposure through levels of urinary metabolites. They also measured methylation 

ratios of the metabolites and frequency of polymorphisms in a number of candidate genes. 

Furthermore, they evaluated interactions between genetic polymorphisms, iAs metabolites, 

and methylation levels. They found that the MTR c.2756A>G polymorphism may decrease 

the risk of breast cancer associated with iAs. They also found significant interaction 
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(p=0.002) between MTR c.2756A>G and %DMA on the risk of breast cancer with lower 

%DMA-associated risk among those with AG+GG genotypes compared to those with AA 

(i.e., homozygote for the common allele) genotypes [21].

All five cross-sectional studies reported associations and correlations suggestive of an 

increase in risk of breast cancer due to As exposure (Table 1). Michel-Ramirez et al. (2020) 

[22] found significant increase in risk of breast cancer in association with high urinary levels 

of iAs but no interactions with Yes-associated protein (YAP) genetic polymorphisms [22]. 

Ajayi et al. (2018) [23] studied the difference in metabolite levels of endocrine disruptors 

and certain hormones such as Thyroid Stimulating Hormone (TSH) among hormone 

receptor positive and negative breast cancer cases. They found that there were no significant 

differences in the serum As levels between hormone positive and negative women; however, 

an inverse relationship was found between TSH and As in premenopausal women with 

estrogen receptor negative (ER−) and progesterone receptor negative (PR−) breast cancer 

[23]. Another study by Michel-Ramirez et al. (2017) [24] found a lower concentration of 

cytoplasm YAP in breast cancer cases suggesting that YAP may act as a tumor suppressor. 

Joo et al. (2009) [25] found higher levels of As in hair of breast cancer patients compared 

to healthy controls, and a negative correlation of As levels with iron in hair of breast 

cancer patients. Schlawicke et al. (2009) [26] studied the association with polymorphisms 

in selected genes involved in As reduction reactions and one-carbon metabolism. They 

reported two SNPs in AS3MT and one in CYP17A1 being associated with lower %MMA 

and higher % DMA, hence possibly conferring protection against breast cancer [26]. They 

also found that polymorphisms in some genes involved in one-carbon metabolism and 

reduction reactions (including CYP17A1, MTRR, CDHD, GLRX and PRDX2) affect As 

metabolism [26]. The results of cross-sectional analyses should be interpreted with caution 

given the limitations of this study design; however, studies reported here highlight the 

potential biologic mechanisms involved.

Animal, in vitro, in vivo and in silico studies provided supporting evidence for the postulated 

mechanisms (Table 1). Based on studies in rats, Parodi et al. (2015) [27] concluded that in 
utero exposure to arsenite alters pre- and post-pubertal mammary gland development, and 

possibly the risk of breast cancer. Egiebor et al. (2013) [28] studied exposure of MCF7 

cancer cells to As and reported significant cytotoxicity both in the presence and absence of 

glutathion. Smeester et al. (2011) [29] found that many of the proteins encoded by genes 

with differentially-methylated CpG islands are known players in As-associated diseases 

including cancer; they reported an As-methylated complex of 17 potential tumor suppressors 

known to be silenced in human cancers.

Discussion

Our review of epidemiologic and mechanistic studies published in the last 14 years suggests 

a possible overall main effect for As on breast cancer risk. The evidence for the effect of 

gene-As interaction on breast cancer risk is strong with several studies reporting modifying 

effects of mutations and polymorphisms in some genes on As-associated breast cancer risk 

as well as an effect for As on the expression of several cancer susceptibility genes and 

pathways. Our evaluation of epidemiologic evidence to date paints a picture that most of 
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the equivocal findings are from studies that measured As exposure indirectly through As 

levels in water, air or food (such as rice) and extrapolated to individual-level exposures. 

Studies that evaluated individual-level exposures directly in serum, hair or nail generally 

found positive associations between As and breast cancer. Of note, nearly all studies that 

measured levels of As metabolites among participants and/or evaluated interactions between 

As exposure and genetic or epigenetic factors reported positive associations with breast 

cancer risk.

The majority of breast cancer cases in the general population are sporadic (i.e., not due to 

inherited genetic mutations). Hereditary breast cancers are due to segregation of germline 

mutations and variations in high-, medium- or low-penetrance susceptibility genes [30–32]. 

Sporadic breast cancer cases are believed to be due to somatic genetic and epigenetic 

alterations in the breast tissue. Environmental contaminants may induce somatic mutations 

and chromosomal abnormalities through a variety of genetic and epigenetic mechanisms. If 

contaminant-induced mutations occur in the germ cells, they can become hereditary in the 

next generation. Epigenetic alterations caused by environmental contaminants at the somatic 

level are hypothetically reversible, hence the importance of studying the carcinogenic 

potential of trace elements such as As. Understanding interactions between environmental 

contaminants and genes may help elucidate the disease mechanism and identify susceptible 

subpopulations.

There has been a wealth of information on the association between As and breast cancer 

since the earliest epidemiologic review of trace elements and cancer risk by Navarro Silvera 

et al. (2007) [33], which stated that additional studies were needed before any conclusions 

could be reached with regards to the association between As and breast cancer. We did not 

include Navarro Silvera et al. (2007) [33] in our Table 1 in order to avoid duplication since 

the original epidemiologic studies in that review were included in subsequent reviews that 

are listed in our Table 1.

With respect to the main effect of As on breast cancer risk, studies (one systematic review 

and all three cohort studies) that extrapolated individual exposures from geographic/ecologic 

exposure values produced mixed results. The systematic review by Bardach et al. (2015) 

[11] only included breast cancer studies that measured As in water; they reported higher 

incidence rate ratio with higher concentrations of iAs. The cohort studies by White et al. 

(2019) [17] and Zhang et al. (2016) [18] measured As exposure levels indirectly from 

census-tract airborne As levels and long-term consumption of rice, respectively, and did not 

find a significant association with breast cancer. The Liu et al. (2015) [19] cohort study also 

measured exposure to ambient As and iAs indirectly through census-tract air concentrations 

at residential addresses but they found borderline association between long-term, low-dose 

iAs exposure and overall breast cancer risk.

The four studies (one meta-analysis, one case-control study, and two cross-sectional studies) 

that measured individual As exposure levels directly by analyzing hair, serum, nail, or 

tissue samples of participants produced mixed but suggestive results. The meta-analysis 

by Jouybari et al. (2018) reported negative associations. The O’Brien et al. (2019) case­

control study also reported negative associations. The cross-sectional study by Ajayi et al. 
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(2018) [23] reported an inverse relationship between TSH and As in premenopausal women 

with ER− and PR− breast cancer, which may suggest an interference of thyroid hormone 

metabolism by As and possible link with hormone receptor negative breast cancer. The 

cross-sectional study by Joo et al. (2009)[25] found higher levels of As in hair of breast 

cancer patients compared to healthy controls, and a negative correlation of As levels with 

iron in hair of breast cancer patients. The significance of the negative correlation with iron is 

not known.

All seven studies that measured As metabolite levels in urine and/or interaction between 

As and genetic/epigenetic factors reported positive associations. These included the meta­

analysis by Gamboa-Loira et al. (2017) [14], the systematic reviews by Khanjani, Jafarnejad, 

and Tavakkoli (2017) [15] and Romagnolo et al. (2016) [16], the case-control study by 

Gamboa-Loira et al. (2017) [21], and three cross-sectional studies including two by Michel­

Ramirez et al. (2017 and 2020) [22, 24] and one by Schlawicke et al. (2009) [26]. Similar 

to other contaminants, As is metabolized by a series of reduction and methylation reactions 

which lead to production of MMA, DMA and iAs as metabolites that are excreted in urine. 

It is believed that MMA is the more toxic metabolite and people with higher levels of MMA 

are more susceptible to developing arsenic-related disease. Accordingly, increased risk of 

breast cancer was found in association with higher levels of MMA by Lopez-Carrillo et 

al. (2014) [34] (also reviewed in Gamboa-Loira et al. 2017 [14]). This study reported that 

women in Northern Mexico who had lower capacity to methylate MMA to DMA and/or 

higher capacity to methylate iAs to MMA had higher risks of breast cancer. Proposed 

mechanisms of action for MMA include direct genotoxic effect, interference in DNA repair, 

and histone modification [14].

We have previously shown that polymorphisms in genes that code for carcinogen­

metabolizing enzymes, such as N-acetyltransferase (NAT)2, can modify the risk of cancer 

associated with contaminants such as polycyclic aromatic amines found in tobacco smoke 

[35, 36]. Therefore, it is plausible that polymorphisms in genes that code for enzymes 

involved in As metabolism may modify As-associated cancer risk. Consistent with this, 

Schlawicke et al. (2009) [26] found modifying effects of polymorphisms in AS3MT and 

genes involved in one carbon metabolism in As-associated breast cancer risk. They reported 

two SNPs in AS3MT and one in CYP17A1 being associated with lower % MMA and higher 

%DMA, hence possibly conferring protection against breast cancer. Gamboa-Loira et al. 

(2017) [21] also assessed As exposure through levels of urinary metabolites and found that 

the MTR c.2756A>G polymorphism may decrease the risk of breast cancer associated with 

iAs. They also found a significant interaction between this polymorphism and percent DMA. 

At least one study has reported an increased risk of breast cancer among BRCA1 mutation 

carriers exposed to As in Poland (reviewed in Khanjani, Jafarnejad, and Tavakkoli 2017 

[15]). Two studies by Michel-Ramirez et al. suggested an increased risk of breast cancer 

among women with elevated urinary iAs levels, and high levels of YAP expression in tissues 

of breast cancer cases with chronic exposure to As [22, 24]. YAP is crucial in response to 

oxidative stress and cytotoxic processes, therefore, this finding may suggest induction of 

YAP expression in response to As-induced oxidative damage.
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Several studies also reported an effect of As on genetic or epigenetic pathways involved in 

breast cancer. The review by Romagnolo et al. (2016) [16] worked on the hypothesis that 

endocrine disruptors such as As affect the risk of breast cancer through epigenetic alterations 

and that foods that target the epigenetic machinery protect against these As-induced 

alterations. Consistent with their working hypothesis, Romagnolo et al. (2016) [16] found 

studies that provided evidence of epigenetic alterations associated with As such as inhibition 

of DNA mismatch repair, cell cycle control, and methylation pathways, and increase of 

proliferation, inflammation, and angiogenesis pathways. They also found evidence that 

bioactive foods such as folate and B12 may reduce As-induced mutagenic DNA breaks and 

tissue damage, whereas alcohol consumption may promote As-induced hypermethylation of 

tumor suppressor genes [16]. The Bardach et al. (2015) [11] systematic review also included 

four studies that looked at the effect of As on genetic and epigenetic pathways involved in 

cancer in general. Those studies suggested As carcinogenicity through epigenetic changes, 

particularly in DNA methylation, and genotoxic effects through micronucleus induction in 

certain malignancies such as bladder cancer.

The in vivo, in vitro and in silico studies provided additional evidence and biologic 

plausibility for the observed associations. The study by Parodi et al. (2015) [27] linking 

in utero exposure to arsenite with altered mammary gland development and possibly breast 

cancer, is consistent with As having xenoestrogenic properties [6], and suggests that As 

may induce carcinogenesis via alterations in cell differentiation and proliferation. Arsenic 

may also cause oxidative stress through direct production of reactive oxygen species (ROS) 

or indirect depletion of important antioxidants such as glutathione (GSH). Egiebor et al. 

(2013) [28] finding that As is associated with significant cytotoxicity in both the presence 

and absence of GSH suggests that GSH-mediated repair mechanism is either not employed 

or not sufficient for repairing damage by As.

A growing body of evidence suggests that As carcinogenicity may also result from 

epigenetic changes, particularly in DNA methylation. The two AS3MT SNPs reported by 

Schlawicke et al. (2009) [26], rs3740393 and rs11191439, have been consistently shown to 

be related to arsenic methylation in different populations. Smeester et al. (2011) [29] found 

that many of the proteins encoded by genes with differentially-methylated CpG islands 

are known players in As-associated diseases including cancer; this study uncovered an 

As-methylated tumor suppressorome, a complex of 17 putative tumor suppressors known to 

be silenced in human cancers. Additional evidence is provided by genome-wide association 

studies (GWAS), which have identified about 3000 genes with differential DNA methylation 

at transcriptional start sites following As exposure [12]. As has been shown to be associated 

with hypermethylation in tumor suppressor genes such as p53 and p16 [12]. This As­

associated epigenetic re-programming may induce cancer stem cells (CSC)-like behavior in 

exposed cells [37], hence increasing the risk of cancer development.

We conducted Gene Ontology (GO) analysis using the Ingenuity Pathway Analysis 

(IPA) [38] database in order to gain insight into molecular networks affected by As 

exposure. Additionally, we explored As-gene-disease interaction networks by analyzing 

the Comparative Toxicogenomics Database (CTD; http://ctdbase.org/). Predominant As­

affected pathways in IPA were estrogen receptor signaling, estrogen-dependent breast cancer 
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signaling, inhibition of angiogenesis and p53 signaling (Figure 1). We further explored the 

protein-protein interaction network of estrogen-dependent breast cancer signaling, which 

identified EGFR, ER-α, and sp1 as key molecules and proliferation, growth, and estrogen 

dependent carcinogenesis as key cellular pathways affected by As (Figure 2).

Our analysis of CTD data revealed several gene networks/biologic pathways involved in 

breast cancer, which were significantly affected by As. The most significantly-affected 

network contained genes involved in the regulation of the epithelial-mesenchymal transition. 

This analysis also highlighted estrogen receptor signaling and estrogen-dependent breast 

cancer signaling among predominant pathways affected by As (Figure 3A). Figure 3B 

depicts the As-responsive biologic pathway interactome and confirms the role of As as an 

endocrine disruptor and xenoestrogen as well as its involvement in breast carcinogenesis. 

An earlier study utilizing CTD had also reported breast cancer as being associated with the 

largest number of As-interacting genes [39]. Our overall results confirm the conclusions 

that As is capable of activating estrogen receptor α, inducing the proliferation of estrogen­

dependent breast cancer cells, and increasing the expression of estrogen-regulated genes. 

Arsenic may induce mutations indirectly by influencing mechanisms that can lead to 

increased cell proliferation and decreased DNA repair. The gene and pathway lists created 

by us through analysis of CTD and IPA can be used to select candidate genes for future 

studies of gene-As interactions.

Arsenic is a persistent environmental contaminant and parts of the world including certain 

regions in the US have naturally high levels of As in the groundwater. Therefore, exposure 

to As can be chronic and affect a large portion of the population. Studying cancer 

risks associated with As exposure is of particular interest to public health given the 

modifiable nature of this carcinogen. A recent paper highlighted the importance of assessing 

carcinogenic potential of low-dose exposures to combined environmental contaminants, 

specifically chemical carcinogens, to help determine the triggers and enabling factors during 

the long latency period of most cancers [40]. This would also apply to metal carcinogens, 

which besides As include cadmium, lead and nickel, and may help the development of 

comprehensive preventive strategies.

Conclusions and future directions

Our systematic literature review revealed evidence of a possible main effect of As on breast 

cancer risk, and strong evidence for an effect of gene-As interactions. Genetic modifiers 

of As-associated breast cancer risk have been reported and additional modifying loci 

undoubtedly exist. Several studies have provided evidence for the effect of As on genetic 

and epigenetic mechanisms involved in breast cancer. Future epidemiologic studies of cancer 

risk may benefit from measuring individual-level exposures to As and/or As metabolite 

levels and consider interactions with other metals as well as genetic factors. Knowledge 

of biologic mechanisms involved can be used to select candidate genes for more targeted 

genetic epidemiologic studies of As and breast cancer.
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Figure 1: 
Arsenic-affected pathways in the ingenuity pathway analysis database (IPA).

Moslehi et al. Page 12

Rev Environ Health. Author manuscript; available in PMC 2021 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Protein-protein interaction network of estrogen-dependent breast cancer signaling in 

ingenuity pathway analysis database (IPA).
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Figure 3: 
Arsenic-gene-breast cancer interaction in the comparative toxicogenomics database (CTD).
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