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Abstract: Background: Bisphenol A (BPA) is a synthetic plasticizer that is commonly used in the pro-
duction of polycarbonate plastics and epoxy resins. Human exposure occurs when BPA migrates from
food and beverage containers into the contents when heated or even under normal conditions of use.
BPA exerts endocrine disruptor action due to its weak binding affinity for the estrogen receptors ERa
and ERP. BPA exerts other effects by activating the membrane receptor GPER (GPR30) and/or other
receptors such as the estrogen-related receptors (ERRs).

ARTICLE HISTORY Objective: This review summarizes emerging data on BPA and cancer. These include data linking ex-

posure to BPA with an increased risk of hormone-related cancers such as those of the ovary, breast,
prostate, and even colon cancer. BPA can also induce resistance to various chemotherapeutics such as
doxorubicin, cisplatin, and vinblastine in vitro. The development of chemoresistance to available thera-
peutics is an emerging significant aspect of BPA toxicity because it worsens the prognosis of many
tumors.
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Conclusion: Recent findings support a causal role of BPA at low levels in the development of cancers
and in dictating their response to cytotoxic therapy. Accurate knowledge and consideration of these
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issues would be highly beneficial to cancer prevention and management.
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1. INTRODUCTION

Bisphenol A (BPA) is widely used in many consumer
products, epoxy resins, and polycarbonate plastics such as
baby bottles and the lining of beverage cans. However, BPA
can leach from the polymers into food and water upon expo-
sure to elevated temperature and hence accumulates in the
human body. Harsh detergents can also cause BPA to leach
into the food and beverages due to the changes in pH, which
can hydrolyze the ester bond linking BPA monomers [1-3].
Biomonitoring studies have demonstrated the presence of
low doses of BPA in human urine, blood, saliva, and milk
[4]. Moreover, epoxy resin BPA can pass through the pla-
centa causing miscarriage and can alter the ovarian cycle in
females. The Reference Dose (RfD) established by the U.S.
Environmental Protection Agency (EPA) indicates that less
than 1 pg kg ' intake of BPA per day is considered to be safe
for humans. However, recent studies demonstrated that as
little as 0.2 pg kg ™' administration of BPA can cause serious
consequences such as lower sperm production and reduced
fertility in male animals; hence it could exert these and other
adverse effects on human health as well [5-7].
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BPA is classified as an Endocrine Disrupting Chemical
(EDC) because it can act as a xenoestrogen. EDCs interfere
and prevent the binding of natural hormones to their recep-
tors and/or can act as a hormone mimics; consequently, they
exaggerate the effects of endogenous hormones [2, 8]. Re-
searchers have also found that exposure to BPA is associated
with an increased risk of insulin resistance, type 2 diabetes,
and alteration of normal immune response resulting in high
levels of Immunoglobulin E (IgE) and interleukin-4 poten-
tially leading to allergies such as hay fever. BPA can also
alter cardiac function leading to thickening of the left ven-
tricular wall. In addition, many of the estrogen-related path-
ways can be influenced by BPA because its structure is simi-
lar to estradiol; consequently, it can cause numerous hormo-
nal diseases including sexual behavior problems and acceler-
ated puberty [7, 9, 10].

BPA can increase the susceptibility to tumorigenesis per-
haps because of its endocrine-disrupting effect and similarity
to estrogen. For example, Pupo et al. (2012) demonstrated
that BPA can induce expression of G-protein coupled recep-
tor target genes to activate the G Protein-coupled Estrogen
Receptor 1 (GPER; formerly known as, GPR30, G-protein
coupled receptor 30)/Epidermal Growth Factor Receptor
(EGFR)/Extracellular Signal-Regulated Kinase (ERK)1/2
signaling pathway in cancer cells [11]. It has also been re-
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ported that BPA is directly genotoxic in human lymphocytes
through induction of DNA double-strand breaks [12, 13].
Moreover, BPA can damage DNA and interfere with many
cancer-related signaling pathways [8, 14, 15]. Low doses of
BPA can also induce resistance in many types of cancer cells
to classical chemotherapeutics such as doxorubicin, cisplatin,
carboplatin, tamoxifen (TAM), bevacizumab, PARP inhibi-
tors, vinblastine and other drugs both in vitro and in vivo
(Table 1). Conversely, BPA can induce cell cycle inhibition
in prostate cancer cells by activating androgen receptor (AR)
and pathways involving estrogen receptor beta (ERB)/EGFR
complexes, ERK, and p53 [16]. Thus, BPA is a major threat
to human health and other species. This review will highlight
the latest findings linking BPA to cancer with a focus on the
molecular mechanisms of this action and the emerging role
of BPA in response to cytotoxic therapy.

2. SEARCH STRATEGY

This review was mainly concerned with studies that
tested the molecular effects of BPA on chemotherapy. Start-
ing from August 15" 2018, the review team searched
through “PubMed” and “Scopus” and collected references
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from 2005 to 2018 using the keywords “Bisphenol A” or
“BPA” AND “Chemotherapy” or “Cancer Therapy”. The
literature search was continued until the revision stage of this
article on January 26™, 2019. The inclusion criteria were: 1.
observational studies on the impact of BPA on chemotherapy
and cancer treatment, 2. BPA measurement in blood and
body fluids, 3. BPA exposure in patients suffering from
breast, colon, ovarian, or prostate cancers and under drug
treatment. The data excluded from this review were those
that did not include or were not relevant to chemotherapy
such as demographics of the population including location,
age, and sex. The review team exported the literature into a
reference library/database established in EndNote to manage
references and citations. This review details the molecular
effects of BPA and its role in chemoresistance to common
chemotherapeutics such as cisplatin, tamoxifen, doxorubicin,
lapatinib, and vinblastine.

3. BPA AND BREAST CANCER

Breast cancer continues to be the most common invasive
malignancy and a major cause of cancer-related death among
women worldwide. Intriguingly, in spite of the major ad-

Table 1. The association of BPA with resistance to therapy and disease outcome in cancer.
Drug Resis-
. Study .
tance or other Mechanisms Evidence* References
Model
Effects
Tamoxifen Evasion of apoptosis via downregulation of p53, p21 and in vitro direct Dairkee et al. (2013) [17]
(TAM); Ra- BAX; activation of mTOR pathway; increased ER&/ER
pamycin ratio
Tamoxifen Activation of ERK/MAPK results in upregulation of in vitro indirect Hackler et al. (2014); Song et al.
(TAM) ERRy and its nuclear localization (2015) [18,19]
5 Lapatinib Activation of EGFR/ERK1/2 pathway and increasing the in vitro direct Sauer et al. (2017) [20]
% (EGFR inhibi- level of anti-apoptotic proteins
© tor)
8
o Doxorubicin; Increased expression of antiapoptotic proteins is a poten- in vitro direct LaPensee et al. (2009) [21]
Vinblastine tial mechanism, independent of classical ERs
Cisplatin Increased expression of antiapoptotic protein BCL2, in vitro direct LaPensee et al. (2009; 2010) [21,22]
independent of classical ERs
Poor prognosis BPA up-regulates HOXB9; and HOXB9 is associated Clinical; indirect Deb et al. (2016); Seki et al. (2012)
with poor disease-free survival and overall survival in o [23,24]
breast cancer patients. i vitro
s . Doxorubicin Overexpression of fascin; activation of PI3k/Akt pathway | in vivo; indirect Qualtrough et al. (2009); Chan et al.
§ § helping cancer cells to evade apoptosis through suppres- in vitro (2010); Chen et al. (2015) [25-27]
% S sion of pro-apoptotic caspase 9 and caspase 3
&)
§ Androgen BPA activates mutant AR (AR-T877A) which results in in vitro direct Hess-Wilson (2009); Wetherill et al.
5 deprivation dimerization of mutant AR and its dissociation from heat (2005) [28,29]
Q therapy (ADT) shock protein; localization to the nucleus and upregula-
=)
‘g tion of target genes (PSA) and possibly downregulation
& of ERB

Footnote: *direct evidence is obtained from direct induction of resistance by BPA in the used model while indirect evidence refers to the combined evidence of activation of a mo-
lecular pathway by BPA in one publication and that this pathway is associated with chemoresistance in another setting. Other evidence derived indirectly from cells or tissues of

different lineages are discussed in the main text.
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vances in diagnostics and treatment of cancer, the incidence
of breast cancer has failed to decline or is even increasing in
some areas [30, 31]. Several factors contribute to the etiol-
ogy of breast cancer in females. The most significant factors
are reproductive, environmental, and lifestyle.

Molecular biology and genetics play a key role in breast
cancer [32, 33]. Many observational epidemiological studies
have suggested that constant exposure to estrogen signals is a
major risk factor for the development of breast cancer. Late
menopause, late pregnancy, early menarche, and lack of
breastfeeding to the newborn baby are also reproductive fac-
tors that reflect increased or unbalanced estrogen exposure
and therefore may account for the development of breast
cancer [34]. Estrogen exerts its effects essentially via nuclear
estrogen receptor alpha (ERa) and beta (ERJ); both of these
act as DNA-binding transcription factors. Estrogen also af-
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fects the membrane estrogen receptors such as
GPER/GPR30. Environmental exposure to chemical toxi-
cants is a major concern because it might explain the cur-
rently increasing incidence of breast cancer worldwide. In
particular, an accumulating body of evidence has led many
scientists to believe that exposure to xenoestrogens during
critical windows of mammary gland development is associ-
ated with an increased risk of breast cancer later in life [14,
35-38]. The following discussion will highlight the role of
BPA in the development of chemoresistance in breast cancer
as summarized in Fig. (1).

3.1. BPA is Associated with Chemo-Resistance in Breast
Cancer

Studies have demonstrated that BPA can accelerate
mammary tumorigenesis and metastasis via multiple mecha-
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Fig. (1). Major signaling pathways that link Bisphenol A (BPA) to breast cancer development and chemo-resistance. Exposure to BPA can
act through ERK1/2/ERRy signals to trigger the proliferation of breast cancer cells and TAM resistance. Binding of BPA to ERRy results in
its nuclear translocation and activation of transcription factors such as AP1 which mediates the above action. BPA can activate ERK1/2
through GPER/EGFR pathway which consequently activates transcription and upregulation of oncogenes such as c-fos and BCL2. This ac-
tion also results in cell proliferation and resistance to EGFR-TKIs drugs such as Lapatinib. BPA can induce expression of the HOXC6 and
HOXBY genes through putative estrogen response element in their promoters. Both of these genes are associated with multiple oncogenic
pathways and with poor disease-free survival in breast and/or other cancers. BPA may alter BMP2/4 signaling via the phosphorylation of
SMAD1/5/8. Altered BMP signaling affects stem cell differentiation and induces resistance to chemotherapy. BPA, Bisphenol A; ERK1/2,
extracellular signal-regulated kinase 1/2; ERRy, estrogen-related-receptors-gamma; TAM, tamoxifen; AP1, Activator Protein 1; GPER, G
protein-coupled estrogen receptor 1; HOXC6/HOXB9, Homeobox containing genes C6 and B9; BMP2/4, Bone morphogenetic proteins 2
and 4; SMAD1/5/8, small mothers against decapentaplegic1/5/8; Question mark indicates lack of details; upward arrow indicates upregula-

tion.



Bisphenol A and Cancer

nisms. For example, low nanomolar doses of BPA, compa-
rable to those that have been widely detected in human tis-
sues, can significantly stimulate the proliferation of both
Estrogen Receptor-negative (ER-) and Estrogen Receptor-
positive (ER+) breast cancer cells [19]. Breast cancer pa-
tients with metastatic disease develop chemo-resistance to
many drugs [21, 39]. TAM is a selective ER modulator to
treat the ER+ breast cancers that account for most cases in
both women and men. Alterations in the survival pathways
in ER+ breast tumor cells can lead to the development of
TAM resistance without the loss or mutation of ER itself. Al-
ternatively, the high levels of oncogenic histone methyltrans-
ferase Enhancer of Zeste Homolog 2 (EZH2) conferred TAM
resistance via regulation of ERa activity in response to the
antagonist in ER+ breast cancer cells [40]. Dairekee et al.
(2013) demonstrated that BPA induced evasion of TAM-
induced apoptosis; BPA could also block the pro-apoptotic
effects of rapamycin. BPA exerts this effect by suppressing
signaling mediated by p53 and BAX pro-apoptotic proteins
[17]. Furthermore, BPA can oppose the pro-apoptotic effects
of the highly effective anti-cancer drugs cisplatin, vinblastine,
and doxorubicin by increasing the expression of anti-apoptotic
proteins including B-Cell Lymphoma 2 (BCL2) [21, 22].

3.2. Molecular Targets/Pathways of BPA Action
3.2.1. Estrogen-Related Receptors (ERRs)

The development and progression of breast cancer can
occur via uncontrolled estrogenic signals as discussed above.
A nuclear receptor superfamily called Estrogen-Related-
Receptors (ERRs) has been characterized at the protein and
RNA levels in breast and other types of cancer. They are
called ERRs because of their sequence homology with estro-
gen receptors, but they do not appear to bind estrogens or
other steroid hormones. Actually, they are often considered
orphan receptors because no endogenous ligands have been
identified [41].

Several studies have shown that ERRs can induce growth
and proliferation in breast cancer cells and other cancers by
altering the oncogene expression in these cells [18]. The
ERR family contains three members: ERRo, ERRB and
ERRy. The ERRa and ERRy play significant roles as both
transcriptional activators as well as cancer suppressors or
promotors [41]. ERRYy strongly binds to BPA and can medi-
ate BPA-stimulation effects. Successful silencing of ERRy
attenuated the BPA-induced proliferation of breast cancer
cells [19]. The upregulation of ERRy mRNA and protein
expression and its nuclear localization by BPA was mediated
by the phosphorylation of ERK1/2 [19]. In ER+ breast can-
cer cells, the ERRy was preferentially expressed to promote
TAM resistance [18]. Hence, BPA might have a role in TAM
resistance because it can upregulate ERRy mRNA and pro-
tein.

3.2.2. GPER/ERK]1/2 Pathway

Previous studies have shown activation of ERKI1/2
through GPER in human breast cancer cells after treatment
with BPA. The phosphorylation of ERK1/2 by BPA was
dependent upon the expression of GPER, but it was ER-
independent. The ERK1/2 inhibitor PD98059 significantly
blocked both the proliferation of ER+ breast cancer cells and
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upregulation of ERRy by BPA [11, 42]. Interestingly, the
expression of the proto-oncogene c-fos (a significant gene in
the early estrogen response) was upregulated by BPA
through the GPER/EGFR/ERK1/2 pathway [42]. Moreover,
treatment of breast cancer cells with BPA upregulated the
expression of pS2 protein, which contains an activator pro-
tein 1 (AP1) element in its promoter region and enhances the
oncogenicity of mammary carcinoma. BPA induced the ex-
pression of AP1- target genes via the GPER/EGFR/ERK1/2
cascade as well [42].

Constant exposure to BPA and other EDCs induced resis-
tance to an EGFR-targeted anti-cancer drug (Lapatinib)
through activation of the EGFR/ ERK1/2 pathway and in-
creasing the level of anti-apoptotic (BCL2) and anti-oxidant
(superoxide dismutase 1, SOD1) proteins in breast cancer
cells [20, 43].

3.2.3 Homeobox Containing Genes (HOX Genes)

Of the 39 homeobox-containing genes (HOX genes) that
are associated with embryogenesis and postnatal develop-
ment, some showed disrupted expression in a variety of can-
cers including breast cancer. The HOXC6 gene is involved
in the development of mammary glands and production of
milk; it is transcriptionally regulated by E, via ERs [44].
HOXC6 is associated with signaling pathways such as
PI3K/AKT, Wnt, and Notch as well as proteins that are key
players in tumor proliferation and metastasis such as fibro-
blast growth factor receptor 2 (FGFR2), platelet-derived
growth factor receptor alpha (PDGFRA), and bone morpho-
genetic protein 7 (BMP7). Hussain et al. (2015) showed that
HOXC6 was overexpressed in breast cancer tissue and in
ER+ breast cancer cell lines. The HOXC6 promoter is re-
sponsive to BPA and E2 treatment via two putative estrogen
response element; consequently, BPA could induce the ex-
pression of the HOXC6 even in the absence of E2 both in
vitro and in vivo [45].

Another HOX gene, HOXBY, was induced in breast cancer
cells upon exposure to BPA [23]. The HOXB9 gene is respon-
sible for cell cycle progression, embryonic segmentation, limb
pattering, and cell proliferation as well as mammary gland and
skeletal development. Studies have demonstrated that HOXB9
expression is altered in various cancer types including those of
the breast [23]. The overexpression of HOXB9 in breast tumor
cells stimulates tumor neovascularization, tumor invasion, and
disease progression [24]. In the presence of BPA, the level of
HOXB9 mRNA expression was upregulated in breast tumor
cells both in vitro and in vivo through recruitment of transcrip-
tion factors and chromatin-modification factors. Similar to
HOXC6, the HOXB9 gene promoter also contains putative
estrogen response element (ERE4) that mediates its response
to both E2 and BPA [23].

Some reports have pointed to an association between
HOX genes and response to chemotherapy of tumors. For
example, overexpression of HOXB9 was associated with
poor disease-free survival and poor overall survival in breast
cancer patients [24]. HOXC6 overexpression in pretreatment
biopsies of Esophageal Squamous Cell Carcinoma (ESCC)
specimens was associated with low tumor regression. Down-
regulation of HOXC6 decreased the sensitivity of ESCC cell
lines to cisplatin and paclitaxel [46].
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3.2.4. BPA and Bone Morphogenetic Proteins

Soto and coworkers (2013) showed that exposure to BPA
during gestation can increase the sensitivity to mammotropic
hormones and thus increases the incidence of breast cancer
later on during life [35]. Since the differentiation and fate of
mammary epithelial stem cells is under the control of BMP2
and BMP4, it is likely that BPA exerts these effects by
changing the mammary differentiation program mediated by
BMPs. This hypothesis is supported by Clement et al. (2017)
who showed that BPA can alter the differentiation of stem
cells by changing their sensitivity to BMPs signaling, de-
regulating the production of BMPs by mammary fibroblast
and changing the localization and expression of BMP type-1
receptors. BPA altered BMP signaling via the phosphoryla-
tion of “small mothers against decapentaplegic” 1/5/8
(SMAD1/5/8) [47]. The spectrum of this action could be
extended to other cancer types-it is well established that
BMPs are involved in the development of many cancers
[48].

Activation of the BMP-BMPR-SMADI1/5 signaling
pathway can lead to anti-cancer drug resistance in many can-
cer cells including lung squamous cell carcinoma [48, 49].
For example, resistance to EGFR tyrosine kinase inhibitors
(EGFR-TKI) in lung squamous cell carcinoma was due to
the activation of the BMP-BMPR-p70S6K pathway [49].

3.2.5. Other Signaling Pathways

Previous studies have revealed that BPA can trigger the
proliferation and migration of breast cancer cells SKBR3 via
stimulation of GPER to induce functional crosstalk between
cancer-associated fibroblasts (CAFs) and cancer cells [11].
BPA can activate a GPER/caveolin 1 (Cav-1)/heat shock
protein 90 (HSP90) signaling cascade under hypoxic condi-
tions to upregulate the expression of hypoxia-inducible fac-
tor-1 alpha (HIF-1a) and vascular endothelial growth factor
(VEGF) resulting in the proliferation of breast cancer cells
[50].

BPA can also up-regulate the oncogenic protein c-Myc
that predisposes breast cancer cells to accumulate DNA
double-strand breaks and produce reactive oxygen species
(ROS), which leads in turn to increased proliferation of these
cells [51]. ROS can also promote and modulate other meta-
bolic events leading to chemoresistance [43].

We emphasize that the list of cellular pathways and
molecules affected by BPA are continuously expanding.
Hence, the pathways mentioned here are by no mean com-
prehensive because we focused on the putative pathways
associated with chemoresistance. The reader is referred to
additional publications [52-56] and the emerging literature
on this topic.

4. OVARIAN CANCER AND BPA

Ovarian cancer is relatively uncommon but very deadly:
The 5-year survival rate is only 10-20%. In vitro studies have
indicated that BPA stimulates VEGF production and may
interfere with granulosa cell steroidogenesis and hence inter-
fere with reproductive activity [57]. The association between
BPA and ovarian cancer as well as the mechanisms of ovar-
ian cancer development by BPA remain unclear. Biomoni-
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toring studies have demonstrated that BPA is detectable at
nanomolar concentrations in human blood, urine, and milk
[4]. Such low doses of BPA can increase the proliferation
and migration of several ovarian cancer cell lines. This on-
cogenic action was associated with the deregulation of sev-
eral cellular pathways and molecular targets. BPA induced
phosphorylation of “signal transducer and activator of tran-
scription 3” (Stat3) and ERK1/2 [58], and upregulation of
vascular endothelial growth factor-A (VEGF-A) and its
VEGF-R2 receptor in both cancerous and non-cancerous
cells. BPA triggered the epithelial-to-mesenchymal transition
(EMT) through ER-mediated upregulation of N-cadherin,
MMP-9, and MMP-2 [59, 60]. Conversely, BPA could sup-
press the expression of proapoptotic factors including
caspase-3 and caspase-7 through ERK1/2 signaling pathway
[61]. Sub-toxic doses of BPA could also enhance the glyco-
lysis in an ERa-dependent manner resulting in higher levels
of intracellular ATP production in ovarian cancer cells [62].
Most of these alterations change the cellular response to
therapy and predispose the cells to chemoresistance.

The homeobox transcript antisense intergenic RNA
(HOTAIR) is a long, noncoding RNA with a role in carcino-
genesis. HOTAIR is associated with larger tumor size, me-
tastasis, drug resistance, and poor prognosis in many tumors.
Overexpression of HOTAIR resulted in cisplatin resistance
by regulating the expression of p21 and downregulation of
microRNA-130a by activating NF-kB, PIK3R3, and MAPK 1
[63, 64]. BPA upregulated the expression of HOTAIR in
breast cancer cells through epigenetic modification of its
promoter [65].

BPA altered the production of different types of collagen
around different cells [66]. The overexpression of collagen is
associated with drug resistance in both breast and ovarian
cancer due to the interaction of collagen with these cancer
cells. The ovarian cancer cell line A2780 developed resis-
tance to cisplatin when it was cultured in the presence of
collagen. This drug resistance can be due to altered apoptosis
sensitivity of cells and/or limited drug diffusion into cancer
tissues [67].

5. PROSTATE CANCER AND BPA

Prostate cancer incidence has been steadily increasing. It
is currently second most common cancer among men [30],
which might reflect increased environmental exposure to
potential prostatic carcinogens. Many studies have found a
link between BPA and increased risk of hormone-related
cancers. The most likely explanation for this association is
that BPA can activate steroid receptors such as ERa, ERp,
ERRs, and AR. Data from animal models have demonstrated
that overexpression of AR is sufficient for the growth of
prostate cancer [68]. The most common treatment modality
for prostatic cancer is Androgen Deprivation Therapy
(ADT), which blocks AR activity. Unfortunately, many pa-
tients develop ADT-resistance and cannot ablate AR func-
tion in these tumors. ADT-resistance is usually a conse-
quence of acquiring mutant ARs (the most common AR mu-
tant form is AR-T877A), which arise due to selective pres-
sure under ADT.

BPA activates androgen receptor mutant version AR-
T877A leading to the proliferation of prostatic adenocarci-
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noma cells LNCaP [29]. BPA can act as an alternative ligand
for mutant AR (AR-T877A) and facilitate its dissociation
from heat shock protein resulting in dimerization of the mu-
tant AR receptor and its localization to the nucleus. These
dimers (BPA/AR-T877A), with assistance of co-activator
molecules, bind to gene-regulatory regions (androgen re-
sponse elements) such as those of prostate-specific antigens
(PSA) to trigger cell proliferation. Additional work has sug-
gested that BPA/AR-T877A dimers downregulate ER},
which is known to inhibit prostatic cancer cells and conse-
quently facilitate enhanced proliferation and therapy bypass
[28]. Interestingly, BPA can also stimulate and increase the
expression of normal AR mRNA. The administration of low
doses of BPA to pregnant mice can permanently increase the
prostate size in male offspring [69].

Conversely, BPA at high doses can exert anti-
proliferative activity accompanied by cell cycle arrest in
prostate cancer by triggering cross talk with AR and ERp to
rapidly activate EGFR. This can phosphorylates ERK and
upregulate p53 and induce its phosphorylation at Serl5.
This increases the transcription of p27 and p21 and induce
cell cycle arrest [16].

It has been reported that approximately 30,000 patients
die yearly due to the resistance of advanced prostate cancer
to available drugs. These intrinsic drug-resistance mecha-
nisms include increased drug efflux from cancer cells by
overexpressed membrane bound efflux protein Adenosine
Triphosphate (ATP)-Binding Cassette (ABC), overexpres-
sion of transporter P-glycoprotein (P-gp, or ATP-binding
cassette sub-family B member 1 (ABCB1)), and overexpres-
sion of Multidrug Resistance-associated Protein 1 (MRP1)
encoded by ATP-binding cassette subfamily C member 1
(ABCC1) gene. This is in addition to the acquired continued
signaling from mutant AR and overexpression of normal AR
that activate other pro-survival signaling pathways [68].
Other models have shown that increasing the concentration
of conjugated BPA significantly correlated with high expres-
sion of ABCC1 mRNA-encoding MRP1 [70, 71].

6. BPA AND COLORECTAL CANCER

Colorectal cancer is the third most common cancer
worldwide and is a major cause of cancer deaths particularly
in developing countries [72]. The development of colon can-
cer is associated with multiple molecular genetic and epige-
netic alterations with a high degree of genetic instability
[73]. In particular, the patterns of epigenetic alterations in
colorectal cancers suggests a link to environmental exposure
in some groups [72, 74]. Since orally ingested BPA will be
in direct contact with the gastrointestinal mucosal cells, it is
likely to exert its toxic effects on the gut and possibly en-
hance transformation of the gastrointestinal cells. However,
relatively few reports have addressed the effect of BPA on
the gastrointestinal tract versus breast and classical endo-
crine-responsive organs.

Chen and coworker (2015) presented a comprehensive
proteomic study of BPA effects in colon cancer cell lines.
Upon exposure to BPA, the expressions of more than 50
proteins were significantly modulated in colorectal cancer
cell lines. These proteins were related to cell structure and
motility, cell proliferation, apoptosis, energy metabolism,
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and oxidative stress. The authors focused on one of the most
dominant features in colon cancer and confirmed that BPA
can promote the motility and invasion of colorectal cancer
cells through induction of EMT. The authors also showed
that this effect may be attributed to phosphorylation of AKT
and GSK3p that mediates the upregulation of mesenchymal
markers Snail, N-cadherin, and vimentin as well as down-
regulation of E-cadherin [27]. Other studies showed that
EMT markers such as AXL and Moesin are associated with
resistance to standard therapy in colon and breast cancer
cells [32, 75].

The most significant hits detected by proteomic analysis
in colon cancer cells after BPA exposure were upregulation
of fascin and eukaryotic initiation factor 4A-1 (TIF4A) and
downregulation of cytokeratin 8§ (KRTS) [27]. Interestingly,
the expression of Fascin in colorectal cancer cells was shown
to be associated with poor prognosis [25, 26]. Moreover, the
overexpression of fascin in xenografted breast cancer cells
induced resistance to doxorubicin via activation of PI3K/Akt
pathway, which led cancer cells to evade apoptosis through
suppression of pro-apoptotic caspase 9 and caspase 3 [76].

As discussed above, the induction of HOX genes such as
HOXB9 by BPA can play a role in the development and
formation of some types of cancers such as breast cancer.
HOXB9 can enhance chemoresistance to anti-VEGF agent
bevacizumab in colorectal cancer in mouse xenograft models
by regulating and controlling the expression of many angio-
genic factors such as angiopoietin-like 2 (Angptl2),
CXCL1,TGF-B1, and IL8 [77, 78].

CONCLUSION

BPA is a common EDC and is detectable in a wide range
of body fluids from vulnerable groups such as the urine of
children and healthy infants, serum of pregnant women, fol-
licular and amniotic fluid, fetal serum, cord blood, placenta
tissue, breast milk, and saliva of patients exposed to some
dental treatments. This review addressed an important aspect
of BPA’s adverse effects in humans: its association with
cancer and particularly resistance to chemotherapy and poor
prognosis in cancer patients. Due to the ubiquitous nature of
BPA and the potential for continuous exposure particularly
through hospital equipment and instruments, the impact of
this effect might be dramatic because it worsens the progno-
sis of already suffering cancer patients. More generally, the
association between BPA and cancer may be one of the envi-
ronmental risks that predispose people to increased incidence
and poor outcomes of common cancers. This argument
should not be surprising considering that the most common
cancers in 2018 in men and women (those of the prostate,
breast, and colon) are known to be associated with increased
exposure to environmental toxins. We explored the molecu-
lar mechanisms of this action and showed that low concen-
trations of BPA below the “safe level” approved by the regu-
latory authorities can disrupt many cellular pathways and
trigger molecular mechanisms that result in increased cellu-
lar proliferation and chemoresistance (Abdel-Rahman et al.,
unpublished data).

In spite of the mounting evidence supporting such delete-
rious effects of low dose BPA on human health, there is still a
big debate and denial from the regulatory authorities including
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the Food and Drug Administration (FDA or USFDA) as high-
lighted by results of the major collaborative project, that was
conducted by 14 investigators funded by the National Insti-
tute of Environmental Health Sciences. The report is called
the Consortium Linking Academic and Regulatory Insights
on Toxicity of BPA (CLARITY-BPA) and is available
at https://ntp.niehs.nih.gov/results/areas/bpa/index.html. The
report triggered a debate in the scientific community and
public media reports. A recent review summarized the flaws
in the design and execution of CLARITY-BPA that biased
the experiment toward not finding significant results. Exam-
ples of these flaws are: 1. The NCTR CD-SD rat is an estro-
gen-insensitive strain, 2. The administration procedure of
BPA via a daily gavage throughout life was stressful, 3.
Non-gavaged negative controls were not included. Further-
more, the FDA ignored non-monotonic low dose-response
relationships [79, 80]. The data discussed here highlight a
major aspect of BPA toxicity: chemoresistance in cancer.
That aspect of BPA toxicity was not fully addressed in the
CLARITY-BPA project.
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