1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Expert Rev Endocrinol Metab. 2011 May ; 6(3): 411-422. doi:10.1586/eem.11.19.

Lactogens and estrogens in breast cancer chemoresistance

Gila Idelman?, Eric M Jacobson?, Traci R Tuttle!, and Nira Ben-JonathanT:!

1Department of Cancer and Cell Biology, University of Cincinnati, 7315 Eden Avenue, Cincinnati,
OH 45267-0521, USA

Abstract

Tumor resistance to chemotherapy in advanced breast cancer is a major impediment to treatment
success. Resistance can be induced by the drugs themselves or result from the action of internal
factors. The role of hormones in chemoresistance has received little attention. This article focuses
on two classes of hormones: lactogens and estrogens. Lactogens include prolactin, growth
hormone and placental lactogen, all of which can activate the prolactin receptor. Estrogens include
endogenous steroids and nonsteroidal compounds from the environment termed endocrine
disruptors, all of which can activate ‘classical’ estrogen receptors (ERa and ERp), as well as other
types of receptors. Both lactogens and estrogens antagonize cytotoxicity of multiple
chemotherapeutic agents through complementary mechanisms. The implications of
chemoresistance by these hormones to patients with breast cancer, and the potential benefits of
developing combinatorial anti-lactogen/anti-estrogen treatment regimens, are discussed.
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The overarching goal of therapy in breast cancer is to suppress the growth of primary tumors
and eliminate cancer cells that have metastasized. Responsiveness to hormones, which is a
hallmark of early-stage breast cancer, has been exploited in the successful application of
antihormone therapy. However, for patients with hormone-insensitive tumors and for those
with advanced metastatic disease, chemotherapy is the mainstay of treatment. Despite an
initial ability of many chemotherapeutic regimens to curb tumor growth and metastases,
tumor resistance presents a major obstacle that results in treatment failure. Resistance can be
induced by the drugs themselves or caused by the actions of internal and external factors.
Drug resistance involves multiple cellular components, including membrane transporters,
detoxification enzymes, anti-apoptotic proteins, tumor-suppressor genes and DNA-repair
mechanisms [1].

Both estradiol (E2) and prolactin (PRL) are well recognized for their roles in the
pathogenesis of breast cancer [2,3], but their association with chemoresistance has only
recently become appreciated [4-6]. PRL is a member of the family of lactogens,
physiologically defined by their ability to affect the production and secretion of milk. In
humans, lactogens include three closely-related protein hormones: human PRL (hPRL),
human growth hormone (hGH) and human placental lactogen (hPL). Estrogens are
physiologically defined by their ability to develop and maintain the female reproductive
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system. Estrogenic compounds include naturally occurring steroids, as well as a variety of
nonsteroidal compounds from the environment, which are termed endocrine disruptors.

Although lactogens and estrogens differ in their chemical structure, receptor characteristics
and primary mode of action, they have several features in common, such as multiple sites of
origin and promiscuous receptors that bind to more than one ligand. There is also cross-talk
between estrogen and PRL receptors [5], which inevitably affects the therapeutic
applications in breast cancer. The purpose of this article is to summarize recent evidence that
lactogens and estrogens confer resistance against multiple chemotherapeutic agents,
compare the mechanisms by which they exert anti-cytotoxicity and discuss clinical
implications for patients with breast cancer.

Human lactogens

The hPRL gene is located on chromosome 6 and is expressed in the pituitary as well as in
multiple extrapituitary sites, including the decidua, myometrium, breast and prostate [7].
The GH/PL gene cluster is located on chromosome 17 and encodes five proteins with high
sequence homology: GH-N (normal), GH-V (variant) and three placental lactogen variants
(PL-A, PL-B and PL-L). GH-N (also called GH-1) is expressed in the pituitary, while the
other four proteins are the products of the placenta [8]. Alternative splicing generates
additional isoforms of each placental hormone, thereby increasing their functional diversity.
Similar to PRL, there is evidence for extrapituitary GH production in several normal and
malignant tissues [9].

The three lactogens have a similar tertiary structure and overlapping functions. Each protein
is composed of a single polypeptide chain of 191-199 amino acids that forms a four anti-
parallel helical bundle held by disulfide bridges [10]. Unique to humans, all three lactogens
bind the PRL receptor (PRLR). Thus, in addition to its cognate receptor (GHR), hGH binds
to the PRLR, whereas nonprimate GH binds only to the GHR. PRL in any species binds
only to the PRLR but not to GHR, while hPL does not have a unique receptor and binds only
to the PRLR [11]. The recent report on GHR-PRLR heterodimerization in breast cancer
cells [12] raises the possibility of hPL binding to such a hybrid receptor.

Pituitary PRL expression is controlled by a proximal promoter which is sensitive to
inhibition by dopamine and to stimulation by several hypothalamic and peripheral
hormones. On the other hand, expression of extrapituitary PRL is driven by a super-distal
promoter, located 6.5 kb upstream of the pituitary start site, whose transcriptional regulation
is not well understood [11]. Consequently, exposure of breast tissue to PRL comes from the
circulation as well as through local production. Expression of PRL at the mRNA and protein
levels has been detected in normal breast tissue, tumors and breast cancer cell lines [13].
Within the normal human breast, PRL is produced in larger quantities by stromal adipocytes
than by the epithelial cells [14], but whether local PRL production in either breast
compartment increases during tumorigenesis is unclear. In rodent models, autocrine PRL
stimulates the growth of mammary tumors, while in cultured breast cancer cells, it affects
cell proliferation, survival and clonogenic capacity [15-17].

Similar to PRL, the control of pituitary GH expression is complex, involving both positive
and negative input by hypothalamic neuropeptides and peripheral hormones. There is
evidence that elevated serum GH levels are associated with a small increase in risks of
breast cancer, while GH deficiency results in the opposite effects [18,19]. Overexpression of
GH in MCF-7 breast cancer cells promotes cell proliferation and survival, increases
epithelial-mesenchymal transition and invasion, upregulates genes associated with
chemoresistance [20] and antagonizes the antiproliferative effects of tamoxifen [21].
Whether GH is actually expressed in breast carcinomas is controversial [22,23]. In large
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concentrations, exogenous GH protects breast cancer cells from doxorubicin cytotoxicity
[24]. Although hGH may act via the ubiquitously expressed GHR, the concurrent expression
of PRLR in breast cancer and the ability of hGH to activate this receptor suggest that some
of its actions are mediated by the PRLR.

Human placental lactogen, also known as human chorionic somatomammotropin, is the
major secretory product of the syncytiotrophoblast. By the end of gestation, the very high
maternal serum hPL levels surpass those of any other protein hormone [25]. Notably,
immunoreactive hPL has been detected in breast carcinomas [26], and in serum from some
breast cancer patients, but not those with benign breast disease or in serum from normal men
and women [27]. The exact functions of locally produced hPL are unknown, but its presence
in breast cancer raises the intriguing possibility that it serves as a tumor biomarker. This is
supported by the recent demonstration of amplification of the three PL genes in
approximately 25% of breast carcinomas, often coinciding with amplification of c-erbB-2,
which is located on chromosome 17g11.2 in close proximity to the GH/pl locus [28].
Following the detection of immunoreactive hPL in 16 out of 26 tumors, with 77% of the
tumors with amplified PL genes associated with lymph node metastases, the authors
suggested that PL gene amplification could be used as a prognostic factor for aggressive
breast cancer [28]. Serum biomarkers have been widely used in the management of patients
with ovarian, colorectal and prostate cancer, but there is a paucity of reliable biomarkers in
breast cancer [29]. Ectopic production of placental hormones by tumors is not uncommon,
as exemplified by the expression of human chorionic gonadotropin not only in
choriocarcinomas, but also in other types of tumors [30].

The PRL receptor

The human PRLR gene is located on chromosome 5p and is comprised of ten exons
spanning 100 kb [31]. The PRLR is a single-pass membrane protein belonging to the large
cytokine/GH receptor superfamily. The receptor is characterized by a tripartite structure
composed of an extracellular ligand-binding domain, a short transmembrane domain and an
intracellular domain that couples to a variety of signaling molecules [3,32]. In addition to
the long form of the receptor, which has been most extensively studied, there are several
splice variants and shorter isoforms, some of which can act as dominant negatives [31]. The
PRLR is expressed in the normal breast, and both the long form and several of the isoforms
are variably expressed in carcinomas [33]. Amplification of the PRLR suggests its
importance in the pathogenesis and/or progression of lobular carcinomas [34].

Two binding sites on the ligand are required for PRLR activation. One receptor binds to a
high affinity site 1, while a second receptor binds to a lower affinity site 2. This forms an
active ternary complex composed of one hormone molecule and a receptor homodimer [35].
The three lactogens have dissimilar binding affinities to the two sites. As determined by
surface plasmon resonance, the Kds for hPRL ranged from 6.5 to 62 nM for site 1, and 33
uM for site 2 [36,37]. hGH has a Kd of 5.8 uM to site 1, which increases to 388 nM in the
presence of zinc. In the presence of zinc, hPL binds to the PRLR at 1.5 nM. Upon using cell
proliferation as the end point [38], the potency of hGH binding the PRLR at ECgq of 1.53
nM approached that of hPRL (ECsgg of 0.38 nM). Consequently, the nondiscriminating
nature of the PRLR makes it a key player in the transduction of signaling from three distinct
ligands that impact on breast cancer.

Binding of a ligand to the PRLR induces allosteric reorganization of the intracellular
domain, leading to phosphorylation of the associated Jak2 kinase and the subsequent
activation of other kinases and adaptor proteins [3,32]. An activated Jak2 rapidly
phosphorylates Stat proteins, which subsequently dimerize, translocate to the nucleus and
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bind to y-activated site (IFN-y-activated sequence) elements on the promoters of target
genes. Receptor activation also induces expression of endogenous suppressors of cytokine
signaling proteins, which rapidly terminate the PRL signaling pathway.

Although the Stat 5a/b transcription factors mediate many of PRL’s actions in normal and
malignant breast cells [3], other PRL-induced pathways are also involved. One is the Ras—
Raf-MAPK pathway, with ERK1/2 and c-jun N-terminal kinase being its primary
mediators. PRL induces phosphorylation of ERK1/2 in both T47D and MCF-7 cells and
synergizes with EGF to activate ERK [39]. PRL also activates the PI3K/Akt survival
pathway, which is implicated in breast cancer progression and resistance to therapy [5].
Activation of src-family kinases in breast cancer cells by PRL [40], which may be
independent of Jak2 [41], has also been reported.

Cross-talk between the PRLR and estrogen receptor (ER)-a occurs at multiple levels. For
example, PRL and E2 cooperatively enhance AP-1 activity [42], E2 rapidly phosphorylates
Stat 5 [43], while PRL activates the unliganded ER [44]. Accumulating evidence also points
to synergistic interactions between the PRL and members of the EGF and IGF families [5].
Consequently, interactions between lactogens, estrogens and oncogenic growth factors,
many of which are associated with poor prognosis and/or therapeutic resistance, should
inspire the development of effective combinatorial treatments in breast cancer.

Polymorphism of the PRLR

Breast cancer has a strong polygenetic component, where susceptibility to the disease is
determined by a large number of loci, each with a small effect on risk of developing the
disease [45]. Breast cancer is twice as common in first-degree relatives of women with the
disease versus the general population. Known susceptibility genes, such as BRCAL and
BRCAZ2, account for less than 25% of the familial risk of breast cancer, while the remaining
75% are determined by variants with a more moderate risk [46]. Variation in DNA
sequences can affect how individuals develop a disease and/or how they respond to
treatments.

A single-nucleotide polymorphism (SNP) is a single base-pair mutation that occurs at a
specific site in the DNA sequence. SNPs may fall within a coding sequence, in a non-coding
region or in regions between genes. Those that occur within a coding sequence do not
necessarily change the amino acid sequence of the encoded protein due to the degeneracy of
the genetic code, and are termed synonymous or silent mutations. SNPs that generate a
different polypeptide sequence are termed nonsynonymous. On average, SNPs occur once
every 1000 DNA base pairs. Approximately 50% lie in introns, 25% are synonymous, while
the remaining 25% nonsynonymous SNPs result in missense mutations [47,48]. The effects
of SNP can vary from mild to profound. Polymorphisms in ERa [49] and G-protein-coupled
receptor 30 (GPR30) [50] are associated either with increased susceptibility to breast cancer
or with more aggressive tumors.

The PRLR gene contains five nonsynonymous SNPs, three of which (l1le100Val, 1le170Leu
and Glu578GIn) have recently been studied [51-53]. The lle170Leu SNP increases the
survival of MCF-7 cells in response to PRL and activates the PRL signaling cascade even in
the absence of PRL. This SNP is associated with benign follicular breast adenoma [52], and
approached significance in a small number of patients with breast cancer [51]. The
Ile100Val SNP also shows constitutive activity, albeit lower than that of 1le170Leu. Two
other SNPs, Arg477Gly and Val137Glu, have not been studied. Neither of these PRLR
SNPs has been examined with respect to the severity of the disease or to responsiveness to
therapy in a large cohort of patients with breast cancer. Figure 1 depicts the locations of the
five SNPs throughout the long form of the hPRL receptor.
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Previous studies, which examined all PRLR SNPs in breast cancer (both synonymous and
nonsynonymous) known at the time, yielded conflicting results. One study, comparing 1615
patients and 1962 controls in a multi-ethnic panel, reported no association between PRLR
SNPs and breast cancer [54]. On the other hand, a study matched for ethnicity and using 441
cases versus 552 controls reported that a PRLR haplotype was associated with a decreased
risk of breast cancer [55]. Both approaches were based on the Hapmap and tagged SNPs.
The basis of this method ology is that recombination is not evenly spaced across the genome
but tends to cluster at distinct *hot-spots’. Neighboring polymorphisms often exist in linkage
disequilibrium with each other; common genetic variants can, therefore, be evaluated for
association, using a few selected SNPs as tags for all other variants within a region of
interest [56]. The problem inherent to this strategy is a bias towards the common-disease
common-variant hypothesis, which is currently debated in the complex trait field.
Association will not be detected if there are a number of rare alleles affecting disease.
Ideally, therefore, each SNP should be examined in a large, sufficiently powered association
study that is stratified by ethnicity, age, tumor stage and grade.

Chemoresistance by PRL

The reader is directed to several excellent reviews that cover the role of PRL in mammary
tumorigenesis and breast carcinogenesis [3,5,11,13,32,57]. The focus of this article is on
PRL and chemoresistance, a topic that has received much less attention. Epidemiological
studies reveal that women with elevated blood PRL levels have increased rates of treatment
failure and worse survival [57]. Hyperprolactinemic patients with metastatic breast cancer
were less responsive to taxol than those with normal serum PRL levels [58], while patients
treated with a combination of taxol and bromocriptine (which suppresses pituitary PRL
release) showed a better outcome than those receiving taxol alone [59].

Prolactin is well recognized as an anticytotoxic factor in many cancer cell types, including
ovarian, prostate and breast cancers [4]. Induction of apoptosis by cisplatin in T47D cells is
enhanced by cotreatment with a hPRL antagonist, suggesting that endogenous PRL is
protective [60]. A different antagonist of PRL potentiates the effects of paclitaxel and
doxorubicin in breast cancer cells [17]. Furthermore, cells such as T47D and MCF-7, which
is known to produce endogenous PRL, are more resistant to ceramide-induced apoptosis
than cell lines producing low or no PRL [61]. PRL can also overcome growth arrest caused
by y-irradiation [62]. None of the aforementioned studies, however, has elucidated the
mechanisms responsible for the protective effects of PRL.

In a recent study, low physiological doses of PRL antagonized cytotoxicity by two distinct
classes of chemotherapeutic agents: those that interfere with microtubule dynamics (taxol
and vinblastine), and those that cause DNA damage (doxorubicin and cisplatin) [63].
Cisplatin is a platinum-based drug that is highly effective against testicular, ovarian and lung
cancers, but only has limited efficacy in breast cancer [64]. Following its uptake into the
nucleus, cisplatin interacts with DNA and forms adducts via intrastrand crosslinks that cause
cell cycle arrest. The DNA can either be repaired by the nucleotide excision pathway or the
cell is destined to die [65]. The low efficacy of cisplatin in breast cancer raised the intriguing
possibility that this might be due to protection by PRL. Subsequently, interactions between
PRL and cisplatin were examined in greater detail.

As determined by mass spectrometry, exposure of breast cancer cells to PRL reduced the
amount of platinum bound to DNA [63]. It was then reasoned that the reduced entry of
cisplatin into the nucleus could be due either to a direct effect of PRL on membrane
transporters that extrude the drug, or to PRL-induced activation of detoxification enzymes
that alter the drug, resulting in its elimination from the cells. Subsequent investigation
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revealed that PRL activated glutathione-S-transferase (GST), a Phase Il detoxification
enzyme that conjugates electrophilic compounds to glutathione and facilitates their
expulsion from the cells [66]. Among the various GST isozymes, PRL increased the
expression of GSTy, but not GSTx [63]. The GSTu-null genotype is associated with
increased survival in women with advanced breast cancer who were treated with
chemotherapy [67]. It remains to be determined whether GST also mediates the protective
actions of PRL against other anticancer drugs, and to what extent other mechanisms,
especially activation of anti-apoptotic proteins [68], come into play in response to PRL.
Figure 2 compares the proposed mechanisms by which PRL and E2 confer resistance against
cisplatin in breast cancer.

Estrogenic compounds

Among the naturally occurring estrogens, E2, estriol and estrone, 17p E2 is by far the most
potent. During the reproductive years, the ovaries are the primary source of estrogens. After
menopause, estrogens are mostly generated by aromatization of androgens, which are
secreted by both the adrenals and the ovaries [69]. Similar to the situation with PRL, the
breast is exposed to natural estrogens from two sources: the circulation and local production.
Breast cancer expresses several sex steroid-producing enzymes, including aromatase, 17f-
hydroxysteroid dehydrogenase, which catalyzes interconversion among estrogens, and
steroid sulfatase, which hydrolyzes sulfated steroids to their bioactive forms [70].

Although serum E2 levels in postmenopausal women are less than 10% of those before
menopause, their tumors are exposed to comparable levels of active estrogens due to local
synthesis [71]. Similar to the higher production of PRL by breast stroma [14], estrogen
synthesis is greater in the stroma than in the epithelium because of the high expression of
aromatase in this compartment [72]. The ability of aromatase inhibitors to reduce estrogen
availability at the site of the tumor has been successfully used in the clinic to block growth
of ER-positive tumors, especially in postmenopausal women [73].

Interestingly, a number of industrial chemicals, pesticides, pharmaceuticals and plant-
derived compounds (phytoestrogens) mimic or antagonize endogenous estrogens [74].
Human exposure to these xenoestrogens occurs through the food and water supply,
household goods, some dental composites and even medical tubing in patients [75]. Many of
these compounds have low molecular weight, have drug-like pharmacokinetics and, by
virtue of being lipophilic, their potential storage in adipose tissue can increase their
bioavailability.

The best-studied endocrine disruptors are components of plastics, such as bisphenol A
(BPA), and detergents such as octyl- and nonylphenols. Chlorinated insecticides, for
example, kepone, dichlorodiphenyltrichloroethane, dieldrin and methoxychlor, also have
estrogen-like properties. Atrazine, a commonly used broad-leaf herbicides, has well-
documented estrogen-like disrupting properties, except that it does not act at the level of the
ER, but induces aromatase, leading to higher endogenous estrogen levels [76].

Potent pharmaceuticals, including diethylstilbestrol and ethinylestradiol, are used by
millions of patients as contraceptives, to treat symptoms of menopause and as a palliative
therapy in advanced prostatic cancer. Home toilets serve as the main source of these
pharmaceuticals in wastewater [77]. Phytoestrogens, including resveratrol, daidzein,
quercetin and genistein, show variable binding affinities to ERa and ERp, exert some
nongenomic actions and can also affect estrogen biosynthesis and metabolism [78].
Although consumption of soy products, which contain phytoestrogens, has been advocated
as a means for reducing the risk of breast cancer, the beneficial effects of phytoestrogens to
breast cancer patients have been disputed [79].

Expert Rev Endocrinol Metab. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Idelman et al.

Page 7

Estrogen receptors

Estrogens bind to several receptors of diverse structures that can be localized in the
membrane, cytoplasm and nucleus. Two ‘classical’ cytoplasmic receptors, ERa and ERB,
are the products of distinct genes. They differ primarily in their ligand-binding domains,
which accounts for the wide variations in binding affinities among estrogenic ligands [80].
Following ligand binding, classical ERs dimerize, translocate to the nucleus and bind to
estrogen response elements in the promoters of target genes. Recruitment of coregulators
results in the formation of large complexes that mediate transcription [81]. The plethora of
cell-specific coactivators and corepressors account, in part, for the partial agonist versus
antagonist activities of tamoxifen in the uterus, breast, bone and the cardiovascular system.

Similar to the differential binding dynamics of lactogens to the PRLR [82], the various
estrogenic ligands can induce distinct changes in ER conformation and thus alter cofactor
recruitment or receptor stability [83]. This is exemplified by the induction of rapid
degradation of ERa by the pure ER antagonist 1C1182780, but not by tamoxifen or E2 [84].
Activated ERs can also regulate transcription via protein—protein interactions with
transcription factors such as the Fos—Jun complex [85]. Expression of ERa is higher in in
situ carcinomas than in the normal breast epithelium, while the expression pattern of ERp
shows the opposite trend [86]. Given the decreased ratio of ERB/ERa during the neoplastic
process, it has been proposed that cancer progression is associated with a loss of ERf [80].

In addition to their well-established genomic actions, estrogens can rapidly activate the
MAPK and PI3K/Akt signaling pathways, traditionally associated with membrane receptors
[87]. However, the nature of the receptor(s) that mediate the rapid actions of estrogens
remains elusive. In neurons, pituitary and endothelial cells, G proteins, ion channels,
cytoplasmic protein kinases and adaptor proteins have all been implicated as receptors for
estrogens [43,88]. In breast cancer cells, there is evidence that a sub population of ERa is
localized to the cell membrane. Given its lack of transmembrane or kinase domains, ERa
cannot be incorporated into the cell membrane as an integral protein, but can be localized
adjacent to the membrane through palmitoylation [89]. Both IGF-1 and EGF receptors are
presumably involved in tethering ERa to the membrane and in the activation of the MAPK
and PI3K signaling pathways. Although the tethered ER model provides a plausible
explanation for some of the nongenomic actions of E2, it does not clarify how endocrine
disruptors that have much lower binding affinities to ERa or - can still be active at sub-
nanomolar concentrations [90]. It is plausible, therefore, that many of these endocrine
disruptors have their own unique receptor.

Another class of estrogen-binding receptors is represented by GPR30, a seven-
transmembrane domain receptor that signals through G proteins [91,92]. Binding of E2 to
GPR30 stimulates the cAMP pathway and induces the release of heparan-bound EGF. EGF,
in turn, binds to its cognate membrane receptor and initiates downstream signaling that
includes MAPK, PI3K and phospholipase C [92]. Both tamoxifen and ICI act as agonists,
rather than antagonists, of GPR30. Given the high expression of GPR30 in invasive
carcinoma and its association with larger tumors, GPR30 has been proposed as a predictor of
a more aggressive disease [93]. The relatively high binding affinity of GPR30 to E2 (Kd of 3
nM) makes this receptor a potential mediator of estrogen actions in ER-negative breast
cancer cells [94], but its role in cells that also express ERa and ERp is unclear.

Chemoresistance by estrogens

The ability of estrogens to activate the PI3K/Akt survival pathway and to increase
expression of anti-apoptotic proteins [95,96] serves as the backdrop to their involvement
with resistance to chemotherapy. Most studies link estrogen-induced chemoresistance to
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activation of Bcl-2. For example, MCF-7 cells grown without estrogens become sensitized
to doxorubicin. This is accompanied by a decrease in Bcl-2 expression, while Bcl-2
reconstitution restores resistance to the drug [97]. Induction of Bcl-2 by estrogen [96], as
well as ERa overexpression [6] in breast cancer cells, causes a significant decrease in taxol-
induced apoptosis. A combination of tamoxifen and TNF-related apoptosis-inducing ligand
was more effective than each alone in inducing apoptosis in ERa-negative MDA-MB-231
breast cancer cells and in arresting tumor growth in xenografts [98]. This sensitization was
associated with decreased Bcl-2 and increased expression of the proapoptotic protein Bax.

Recent studies reveal that low doses of E2 (0.01-10 nM) abrogated cisplatin toxicity in
breast cancer cells by increasing cell proliferation as well as by decreasing apoptosis [99].
Protection by estrogen occurred in the presence of ERo and ERp antagonists in ERa-
negative MDA-MB-468 cells, and in T47D cells with ERpB knockdown, strongly suggesting
an action that is independent of classical ERs. Unlike PRL, E2 does not reduce cisplatin
entry into the nucleus, indicating that it acts downstream of DNA damage [99]. Indeed, E2
increases the expression of Bcl-2 in T47D cells, both in the presence and absence of
cisplatin. However, given that a potent Bcl-2 inhibitor only partially abrogated protection by
E2, other mediators may be involved [99]. As depicted in Figure 2, antagonism of cisplatin
action by PRL and estrogen via complementary mechanisms provides a plausible
explanation for the poor efficacy of this drug in breast cancer.

In addition to activating anti-apoptotic proteins, estrogen antagonizes both taxol- and
radiation-induced apoptosis by altering JNK activity [100]. Another mechanism by which
estrogens can increase chemoresistance is by affecting membrane drug exporters. This was
demonstrated by an estrogen-induced increase in cytoplasmic P-glycoprotein in MCF-7
cells, which are resistant to doxorubicin, but not in T47D cells, which are sensitive to the
drug [101].

Chemoresistance by BPA

Bisphenol A, a monomer of polycarbonate plastics, is a major constituent of consumer
products such as food and beverage containers, lining of metal food cans and many epoxy-
based products [102]. Migration of BPA into food or water from plastic utensils is
influenced by the manufacturing process, storage conditions and heating practice by the
users [103,104]. As a consequence of the exponential increase in plastic use in the last few
decades, humans worldwide have been inadvertently exposed to BPA. Indeed, BPA is
detectable at 0.2-10 ng/ml in serum from most individuals tested [102], concentrations that
have demonstrable effects in cell culture conditions. In addition to blood and urine,
lipophilic BPA was detected in breast adipose tissue [105] and in breast milk [106].

The endocrine-disrupting properties of BPA have recently been widely covered in the news
media. Concerns over adverse effects of early exposure to BPA on infant development have
prompted the legislative banning of the use of BPA in the manufacture of baby bottles in
several countries. While this represents an initial step in the removal of an endocrine
disruptor that may affect child health, it does not resolve the contentious issue of the
potential health hazards of adult exposure to BPA, as discussed in the following paragraph.

Bisphenol A exerts estrogen-like properties in multiple reproductive and nonreproductive
systems [102,107,108]. In breast cancer cells, BPA was reported to affect cell proliferation
and activate certain sets of genes, not all of which were also induced by E2 [109]. BPA also
rapidly activates nongenomic signaling, with phosphorylation of MAPK and Akt occurring
in MCF-7 cells within 10 min of exposure [110]. BPA at low doses also induces a rapid
influx of calcium in breast cancer cells, which was neither reversed by 1C1182780 nor
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reproduced by E2 or diethylstilbestrol, leading the authors to conclude that classical ERs are
not involved [111].

Although the binding affinity of BPA to ERa or ERP is several orders of magnitude lower
than that of E2 [112], BPA at low nanomolar and even subnanomolar doses shows similar
activities to those of E2 [113,114]. To explain this discordance, it has been suggested that
BPA binds differentially within the ligand-binding domain of ERs, or recruits a different set
of coactivators [115]. In addition, estrogen-related receptors (ERRs) have been proposed as
alternative receptors for transmitting BPA signals [116]. Although ERRs do not bind
estrogen, ERR-y binds BPA with high affinity (K; of 5.5 nM) [117]. ERR-y is overexpressed
in 75% of breast tumors compared with the normal epithelium [118].

Similar to the actions of PRL and E2, BPA antagonizes multiple anticancer drugs, showing
equimolar potency with E2 in opposing cisplatin toxicity [99]. BPA alone or in combination
with doxorubicin [119] or cisplatin [99] increases Bcl-2 expression. Treatment with a Bcl-2
inhibitor completely blocks the BPA-induced antagonism of cisplatin, whereas it only
partially abrogates protection by E2. This suggests that BPA and estrogen exert protection
against drug cytotoxicity by somewhat different mechanisms — that is, anti-apoptosis versus
mitogenesis. This notion is supported by flow cytometery and bromodeoxyuridine
incorporation showing that BPA alone increases cell survival while estrogen alone increases
cell proliferation [99].

Because chemoprotection by BPA does not appear to be mediated via ERo and ERp, it
raises the intriguing possibility that BPA utilizes an as-yet unidentified unique receptor. This
prospect is not unprecedented, as exemplified by opioid and cannabinoid receptors, which
were discovered many years after the bioactivity of their exogenous ligands was recognized.
Indeed, there are still hundreds of membrane, cytoplasmic and nuclear orphan receptors
without an identified ligand.

Expert commentary

The various sources of lactogens and estrogenic compounds that impinge on breast cancer
are summarized in Figure 3. Several intractable issues confound the full understanding of
the roles of these hormones in chemoresistance. A major problem is their multiple sites of
origin, with endogenous hormones reaching breast tumors at variable levels from the
systemic circulation, from the adjacent stroma and as autocrine/paracrine factors by cancer
cells themselves. Consequently, determination of blood levels of lactogens or estrogens does
not reveal the full extent of tumor exposure to these hormones. Yet, many logistical
problems limit the clinical ability to assess the true exposure level of breast tumors to these
hormones in the microenvironment of the intact human breast.

Another confounding issue is receptor promiscuity, with ERs capable of binding both
steroidal and nonsteroidal compounds, while the PRLR is capable of binding three distinct
lactogens. This is further complicated by the presence of multiple receptor isoforms, with
estrogens binding to several classical and nonclassical receptors, while lactogens bind to
different isoforms of the PRLR that are coupled to several signaling pathways. Another
poorly understood issue is crosstalk between lactogens and estrogens, which occurs
downstream of their receptors. Addressing some of these issues by basic researchers would
require nonconventional thinking. Clinicians should consider the implementation of
combinatorial treatments, that is, antilactogens and anti-estrogens, as a means of improving
the efficacy of chemotherapeutic agents.
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Five-year view

Several PRLR antagonists, made by small modifications of the PRL molecule, have already
been generated [120]. Their therapeutic efficacy would probably increase upon further
improvements of their binding affinity, the prolongation of their serum half-life and/or by
developing an effective targeted delivery to the tumors. Efforts are also underway to identify
small molecules that selectively block the PRLR and can be used as oral medications [121].
Although blockade of the PRLR has not been a high-priority goal for drug discovery by the
pharmaceutical industry, the aforementioned evidence on the critical role of lactogens in
chemoresistance should inspire increased interest in this area.

No matter how well designed a therapy is, it is often only maximally effective in certain
patient subgroups. SNPs in genes that are involved in a particular disease can predict the
course of therapeutic outcome. Studies with large cohorts of patients with breast cancer are
needed to search for an association of PRLR SNPs with the severity of the disease and/or
with chemoresistance. In line with the ongoing progress towards personalized medicine,
identification of PRLR variants should set apart those patients who could benefit most from
antilactogen therapy.

There is an urgent need for serological markers in breast cancer. These could be used to
independently verify diagnosis and prognosis, provide surveillance after surgery, predict
tumor responsiveness to chemotherapy and assess the success of therapy in advanced cancer.
Tumor-derived hPL, which is normally only detected during pregnancy, has the potential to
serve as a tumor marker. To this end, efforts should be invested to validate hPL as a tumor
biomarker and to develop sensitive, specific and practical assays for its analysis in patients’
blood. Once materialized, the payoff could be significant for millions of women with breast
cancer.

Only a few studies so far have examined the role of endogenous estrogens in
chemoresistance. This oversight is enigmatic because estrogens enhance tumor growth, not
only as mitogens, but also as anti-apoptotic factors. There is a certain shortcoming in
defining hormone-insensitive tumors based on the lack of expression of classical ERo/ERp,
as tumor cells can still respond to estrogenic ligands via alternative mechanisms (i.e.,
GPR30 or novel receptors). Future studies examining the anticytotoxic actions of estrogens
should not overlook those breast cancer cells that do not express classical ERs and are,
therefore, traditionally considered ‘estrogen-unresponsive’.

With increased public awareness of health hazards imposed by endocrine disruptors,
regulatory agencies should become more proactive in taking measures for limiting human
exposure to bioactive chemicals such as BPA. However, as was the case with
dichlorodiphenyltrichloroethane, it may take decades before BPA is totally removed from
landfills and the water supply. Hence, many key issues remained to be resolved, including a
clear identification of the receptors involved, and a better understanding of their mode of
action and the combined effects of chemicals in mixtures.
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Key issues

e Chemoresistance can be induced by the drugs themselves, as well as by
endogenous and exogenous factors.

e Lactogens are homologous protein hormones that can bind the prolactin receptor
(PRLR) and activate its signaling. Estrogens include endogenously produced
steroid hormones, as well as nonsteroidal compounds from the environment,
which bind to a variety of estrogen receptors.

e Breast cancer is exposed to hormones from multiple sources, including the
circulation, breast stroma and cancer cells themselves, as well as through
exposure to endocrine-disrupting chemicals from the environment.

e Cross-talk between estrogen and prolactin receptors and activation of
complementary mechanisms that enhance the survival of cancer cells underlies
resistance to many anticancer drugs.

e The presence of PRLR variants could be exploited in the identification of
patients who would benefit most from blockade of prolactin signaling. Effective
blockade of the PRLR in combination with anti-estrogen therapy should
increase the efficacy of certain anticancer drugs.
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Figure 1. Schematics of the structure of the long form of the human prolactin receptor and the
locations of the five single-nucleotide polymorphisms

D1 and D2 are fibronectin-type I1l domains that are involved in ligand binding. The general
locations of the docking sites of Jak2 and Stat5 within the cytoplasmic domain are also
shown. This diagram is not drawn to scale.
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Figure 2. Complementary mechanisms by which estrogens (represented by estradiol) and
lactogens (represented by prolactin) confer resistance against cisplatin in breast cancer
Cisplatin diffuses into the cell and enters the nucleus, where it binds to DNA and causes
interchain crosslinking. The ensuing cell cycle arrest leads to the release of mitochondrial
Cyt C, which activates the caspase cascade and apoptosis. Estrogens bind either to a
membrane receptor or diffuse into the cell and bind to “classical’ cytoplasmic/nuclear
receptors. This results in increased expression of the anti-apoptotic protein Bcl-2, which
blocks Cyt C release and prevents apoptosis. Binding of lactogens to the PRL receptor
induces rapid phosphorylation of the associated Jak2, and the subsequent activation of the
Statba/b and ERK1/2 signaling pathways. It is through either, or both, of these pathways that
PRL increases transcription of the detoxification enzyme GST. Increased GST activity
promotes the conjugation of GSH to cisplatin, enabling extrusion of the conjugate from the
cell via membrane transporters. Consequently, less cisplatin is available to enter the nucleus,
resulting in decreased apoptosis.

Cyt C: Cytochrome c; E2: Estradiol; GSH: Glutathione; GST: Glutathione-S-transferase;
PRL.: Prolactin; Pt: Cisplatin.
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Figure 3. Different lactogenic and estrogenic compounds that affect breast cancer and their sites
of origin

The three structurally-related lactogens, PRL, GH and PL, which bind to the PRL receptor,
originate either from the pituitary or are produced locally by both stromal and epithelial
breast cells. Estrogens include endogenous steroids (E2 and E3) that are either secreted by
the ovary or are converted from precursors within the breast. Exogenous estrogenic
compounds include pharmaceuticals such as DES and EE2, components of plastics such as
BPA, detergents such as OP and NP, and phytoestrogens, such as genistein. Both lactogens
and estrogens (probably via aromatization) are also produced within tumor cells themselves,
where they act as autocrine/paracrine agents.

BPA: Bisphenol A; DES: Diethylstilbestrol; GH: Growth hormone; E2: Estradiol; E3:
Estriol; EE2: Etinylestradiol; NP: Nonylphenol; OP: Octylphenol; PL: Placental lactogen;
PRL: Prolactin.
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