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Abstract
Progesterone and progesterone receptor play a central role in hormone responsive
tissue. Although there is increasing evidence that disruption of the progesterone pathway
is associated with an increased risk of developing breast cancer, there are few known
environmental compounds with progesterone-like activity. Previous studies from our
laboratory and others show that metalloestrogens including metal/metalloid anions and
bivalent cations have estradiol-like activity in breast cancer cell lines that leads to
estradiol-independent activation of estrogen receptor alpha. Estrogen receptor alpha and
progesterone receptor (PR) have similar protein structures. This study addresses the role
of the oxyanions arsenite and nitrite in progesterone independent activation of
progesterone receptor (PR). Treatment with arsenite or nitrite induced the expression of
the PR responsive genes BIRC3, FKBP5, and STAT5A in T47D-co breast cancer cells
that constitutively express PR and in HEK293-T cells that transiently express PRB.
Treatment with the pure antiprogesterone EC317 blocked the induction of the expression
of the PR responsive genes BIRC3, FKBP5, and STAT5A in T47D-co breast cancer cells
in response to arsenite or nitrite treatment. In HEK293T cells transiently transfected with
PRB, treatment with arsenite or nitrite recruited PRB to the progesterone response
element in the promoters of BIRC3, FKPB5A, and STAT5A. Treatment with the
oxyanions also recruited the steroid receptor co-activator 1 (SRC1) and RNA polymerase
iii

II (POLII) to the promoters of BIRC3, FKBP5, and STAT5A. In the ligand-binding
domain of the PRB, the amino acids that are important for arsenite or nitrite induction of
the progesterone responsive genes BIRC3, FKBP5 and STAT5A were S754, H881 and
K919. Furthermore, H888 and R899 were important sites for arsenite or nitrite induction
of FKBP5 and STAT5A mRNAs. Together, these results suggest that the oxyanions
arsenite and nitrite activate PR.
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Introduction
Mammary gland composition and development
The mammary gland is composed of milk secreting ductal system and a network of
stromal components supports it. The ductal system contains lobules that are formed by
alveolar structures and ducts that connect the lobules with the nipple. Secretory, cuboidal
epithelial cells that can produce milk form the alveoli, also known as acini. Each lobular
cluster of alveoli drains into the nipple via a duct lined by luminal epithelia, which are
also called ductal epithelia. Lining the basement membrane of the alveolar and ductal
epithelia are basal myoepithelial cells that are responsible for the contractile motion that
expels the secreted milk into the lumen of the duct. The surrounding stroma is also called
the mammary fat pad. It is composed of extracellular matrices (ECMs), blood vessels,
and various types of supporting cells, such as adipocytes and neurons. The crosstalk
between the epithelial cells and the stromal microenvironment is essential for the
regulation of ductal morphogenesis and alveolar differentiation during mammary gland
development 1,2.
The female reproductive function, development and physiology of breast are
controlled by the hypothalamic-pituitary-ovarian axis. The major source for progesterone
and estrogen is the ovaries. At birth, the tissue of rudimentary gland starts from the
nipples, and then it grows allometrically until puberty. At puberty, the menstrual cycles
and the changes in estrogen and progesterone hormones start (Figure 1). In the first half
of the cycle, estrogen levels reach the peak prior the ovulation, while progesterone levels
reach the peak in the second phase.3

1

Figure 1. Serum levels of progesterone (blue) and estrogen (red) through different
phases of the menstrual cycle. 3
During pregnancy, increasing levels of progesterone from corpus luteum in the ovary
will be produced, and thus the alveolar compartment undergoes significant development,
branching and expansion. As the result of a massive increase in epithelial proliferation
that is largely stimulated by progesterone, sufficient cell number and surface area for
milk production are produced. After pregnancy and lactation, the mammary gland
involutes and returns to the pubertal state, a process that involves apoptosis of the
mammary epithelia 3.
Both estrogen and progesterone play important, coordinated roles in the postnatal
development of mammary ducts and alveoli. Using knockout mouse models, it has been
determined that estrogen receptor signaling is required for the ductal growth while both
estrogen receptor (ER) and progesterone receptor (PR) signaling are essential for terminal
end bud development, ductal branching, and the formation of milk-secreting acini 1,3.

Steroid receptors structures and functions
ER and PR are members of the nuclear receptor superfamily that function as
transcriptional regulators. Additionally, similar to other nuclear receptors, the protein

2

structure of ER and PR are similar with a common protein structure among nuclear
receptors (Figure 2) 4. Accordingly, both ER and PR proteins contain a central DNA
binding domain (DBD), a carboxyl terminal domain that includes a ligand-binding
domain (LBD), and an amino terminal domain that varies in its sequence among nuclear
receptors. Like other nuclear receptor, the protein structures of both ER and PR also are
divided into regions A through F in which A/B region includes the transactivationfunction 1 domain (AF1) and E region includes the transactivation-function 2 domain
(AF2) 4,5.

Figure 2. The common structure of the nuclear receptors. 4

As other nuclear receptors, the receptor homodimerizations of ER or PR are
dependent on the binding of their ligands. Upon ligand binding, ER-bound and PRhomodimers are translocated to the nucleus to activate or suppress genes that regulate cell
proliferation and survival

5,6

. In respect to the function of each region in the ER and PR
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proteins in their activations, similar to the other nuclear receptors, AF1 domain has
significant role in ligand dependent and independent ER and PR activation. As well as, it
has important role in protein-protein interactions. Region C (DBD) has a significant role
in binding to the response elements of the ER or PR-targeted genes by their two zincfinger motifs. The most structurally and functionally complex region is region E (LBD)
that has AF2 domain, which plays a significant role in ligand dependent ER and PR
activation. This region along with the DNA binding domain play a significant role in ER
and PR dimerization. Also, LBD is responsible for the co-activators recruitment to
activate the receptor5,7

The classical progesterone receptor genomic signaling
As nuclear receptors, both ER and PR regulate gene expression via the classical
genomic pathway to induce development, proliferation and survival in the breast tissue.
Furthermore, ER and PR exist as heteromers that are associated with chaperon complexes
that contain multiple heat shock proteins 90 and 70 (hsp 90 & 70). The chaperon
complexes with ER and PR prevent their dimerization, binding to DNA and their coactivators. Accordingly, in the classical genomic pathway, the binding of the ligands of
ER and PR leads to heat shock dissociation, receptor dimerization, translocation, DNA
binding and thus activation of the expression of the targeted genes. 5,8.
ERα and ERβ are two ER isoforms that differ in the N-terminus domain in which
that ERα has longer N-terminus domain than ERβ. These ER isoforms are transcribed
from 2 different genes in two different chromosomes. Based on the ER isoform-specific
knockout mice, ERα has a significant role in mammary gland development while ERβ
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has regulatory or repressing action 9. In regard to PR, the primary isoforms of PR are
PRA and PRB, which are transcribed from different promoters on a single gene. PRB is
the longer isoform with an additional 164 amino acids in the N-terminal region. PR
isoform-specific knockout mice exhibit different phenotypes in which mice with PRA
ablation showed normal mammary gland development similar to the wild type, while
those with ablated PRB exhibited abnormal mammary gland development10. Beside the
classical genomic pathway, studies have shown that ER and PR could contribute in
proliferation and survival in the breast tissue via non-genomic pathways. Activated
extranuclear ER and PR could activate key kinases including MAPK, PI3K/AKT and
ERK1/2 pathways via several mechanisms that include cooperating or cross-talking with
other cytokines and growth factors pathways 5,8.

Non-classical progesterone receptor signaling
One way to activate the non-classical pathway is when progesterone activates
extranuclear signaling by binding to the progesterone receptor-SRC complexes. Upon
progesterone binding, cytosolic PR can rapidly (within seconds to minutes) activate the
MAPK pathway via direct interaction between the N-terminal polyproline rich motif
within N-terminal domain of PR and the SH3 domains of the p60-Src kinases. This
polyproline rich motif is located between amino acid 421 and amino acid 428 that is
shared by both PRA and PRB in the N-terminus domain. Activation of PR through SRCMAPK pathway leads to phosphorylation of PR on Ser345 which allows PR to bind to
Sp1 through tethering mechanism 7. Consequently, cell cycle and growth promoting
genes such as cyclin D1/E, CDK2, and other S phase entry factors are expressed, leading
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to increased cell proliferation. In addition, progesterone can also signal through
membrane progesterone receptors (mPRs), which belong to the G-protein coupled
receptor family. They are progesterone specific receptors and normally expressed in the
breast, ovary, and neuroendocrine tissues. Research has shown that mPR activation could
activate protein kinase A (PKA) through inhibition of cAMP adenylate cyclase (AC)
activity. Additionally, MAPK and PI3k/AKT signaling can also be activated through
progesterone-bound mPR. In general, there is a lot of crosstalk between growth factor
signaling pathways and extranuclear PR signaling (Figure 3) 3,7

Figure 3. PR signaling pathways in the mammary gland. Progesterone (PG) induces
proliferation by extranuclear and intranuclear pathways. 7

In normal mammary gland, a small population of hormone receptor positive cells
(<10% of total mammary epithelia) is thought to be the providers of factors that
6

communicate with and promote the proliferation of neighboring cells in a paracrine
fashion, which may include luminal and basal progenitor cells. Accordingly, some of
these cell growth mediator genes are transcriptionally upregulated by PR. Several notable
examples include inhibitor of DNA binding 4 (ID4), amphiregulin, growth hormone
(GH), WNT4, and RANKL 3,10.
ID4 is a helix-loop-helix protein that is normally induced by progesterone in
the microenvironment of the breast epithelium compartment. ID4 ablation causes a lack
of side-branching in mammary epithelium. Amphiregulin is a ligand for EGF receptor
and it is markedly expressed in response to acute progesterone exposure in the mouse
mammary gland. Using the mouse model, amphiregulin is important for driving the
progesterone induced terminal end formation of the bud; however, the role of
amphiregulin as a progesterone-signaling mediator in human breast is still undefined 3,10.
Furthermore, GH induces cell proliferation by activating growth hormone receptors
(GHRs), which have been shown to be expressed on the surface of PR-negative
stem/progenitor cells 10.

Breast cancer
Breast cancer is the most common cancer in women. In the United States, the
American Cancer Society estimates that 1 of 8 women will be diagnosed with the disease
during her lifetime

11

. Although the incidence of breast cancer is high, the underlying

causes of the disease are largely unknown. Family history is a risk factor for developing
the disease

12

, but only 5-10% of breast cancer is associated with the highly penetrant

BRCA1 and BRCA2 genes

13

. Endocrine status, on the other hand is a prominent risk
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factor for developing breast cancer.

Early age at menarche

14,15

, late age at

menopause16,17, and later age at first full-term pregnancy18 increase the risk of developing
the disease. Endogenous and exogenous exposure to estrogens and progestins during
reproductive years and after menopause increase the risk of developing postmenopausal
breast cancer 19-21. A history of benign breast disease also increases the risk of developing
breast cancer 22. However, these well-established risk factors are estimated to account for
only about 40% of the disease

23

. Alcohol consumption24, and obesity25,26 also increase

the risk of developing breast cancer. However, these highly prevalent, but modest, risk
factors are unlikely to account for the remaining cases 26-28.
Disease survival is dependent on cancer subtype, tumor stage, and access to
suitable health care. The most common type of breast cancer is breast adenocarcinoma,
which begins in the mammary ducts or lobules. In contrast, breast sarcomas begin in the
connective tissue surrounding the mammary ducts and these are much more rare.
Molecularly, breast cancer is usually categorized into four subtypes based on the status of
ER and PR, and human epidermal growth factor receptors 2(HER2 or ERBB2): luminal
A (ER and/or PR positive, HER2 negative), luminal B (ER and/or PR positive, HER2
positive), HER2-enriched (ER and PR negative, HER2 positive), and triple-negative (ER,
PR, and HER2 negative) 12.
Therefore, the clinical management of breast cancer is driven by the receptor
status and all breast cancer samples have to be characterized based on the presence or
absence of ER, PR and HER2 prior to deciding on any treatment. Accordingly, patients
who were diagnosed with the hormone receptor positive breast cancer could benefit from
the hormone therapy drugs while the breast cancer patients with the hormone receptor
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negative would not benefit from the hormone therapy drugs and they might need
chemotherapy or radiation instead 6,12,29.

Significance of estrogen receptor and progesterone receptor in breast cancer
The proliferation of the ER/PR positive cells themselves is strictly regulated in the
normal breast, constituting only 7-10% of the proliferating luminal epithelia. However,
about 70% of breast tumors are hormone receptor positive at time of diagnosis and a high
percentage of ER/PR-positive cells is a hallmark of breast cancer 10. In addition, studies
have shown that endocrine-disrupting chemicals (EDC) including natural or synthetic
compounds could mimic the sex-steroids biological actions to induce changes in the
reproductive system

30,31

. It has also been suggested that exposure to environmental

estrogens contributes to the high incidence of breast cancer. Environmental estrogens are
endocrine disrupting chemicals that include natural and synthetic compounds, which
mimic the biological actions of estrogens in the reproductive system.

Synthetic

compounds with estrogen like activity include dichlorodiphenyltrichoroethane, dioxin,
polychlorinated biphenyls, bisphenol A, polybrominated biphenyls, phthalate esters,
endosulfan, atrazine, and zeranol 32,33.
Moreover, the metalloestrogens include two categories: bivalent cations such as
cadmium, cobalt, lead, copper, nickel, and tin and metal/metalloid anions such as nitrite,
arsenite, vanadate and selenite

5

. Several studies have demonstrated that many

metal/metalloid compounds are carcinogenic or co-carcinogenic and the frequent
environmental exposure to these metals could cause cancers

5,32,33

. Previous published

data has shown that metal/metalloid anions including nitrite, selenite, vanadate and

9

arsenite could mimic the biological effect of estradiol and activate ERα independent of
estradiol

30,34-40

. In addition, our in vitro studies showed that nitrite could act as an

estrogen-like compound and activate ERα using environmentally relevant amounts of
nitrite in human breast cancer cells

34

. Our in vivo studies in ovariectomized animals

showed that exposure to environmentally relevant amounts of arsenite resulted in
inducing ERα responsive genes and increasing the incident of mammary tumors 41. These
studies suggest that exposure to estrogen like compounds could promote breast cancer
development.

Estrogen receptor-alpha activation by metal/metalloid anions
In addition to natural and synthetic compounds, some metals and metalloids have
estrogen like activity. Referred to as metalloestrogens, these metals and metalloids
activate estrogen receptor-alpha (ERα) through the ligand binding domain (LBD)
independent of estradiol and enhance the development of the mammary gland and
mammary tumors. In addition, estradiol is known to bind to amino acids inside the
pocket of LBD while our data showed that metal/metalloid anions activate ERα through
interactions with amino acids out side of the pocket of the ERα –LBD 30,34-40 . Looking at
the crystal structure of ERα and similar to other nuclear receptors, LBD includes 11α
helices (H1 and H3-H12) forming a sandwich structure that contains three layers of the
antiparallel helices H1-H4, H7, H8 and H11 that is flanked by H12. The core of the LBD
contains the ligand binding pocket and it consists of H5/6, H9 and H1042. The crystal
structure of retinoid X receptor (RXR) in the presence and absence of its ligand is helpful
to understand the major conformational changes that occur to the nuclear receptors
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including ER and PR as a result of ligand binding. In the absence of the ligand, a shortloop is separating H10 and H11 while H12 is flanking the LBD. Electrostatic interactions
cause the ligand to be initially attracted to the pocket in the central of the LBD.
Following the hormone binding, H3 rearranges to rotate around its axis and bend toward
the pocket of LBD and H4. This rearrangement leads H11 to rotates around its axis ~1800
to form one long helical structure with H10 creating a long loop between H11 and H12.
As well as, H12 is rotating over the LBD pocket and the repositioning of both H3 and
H12 will form a shallow hydrophobic-groove creating the AF2 domain for the binding of
the co-activators of steroid receptors. The dimerization domain consists of H8, H9, H10
and H11, while the co-activators binding domain consists of H3, H4 and H12 (Figure 4)
5,42,43

.
Previous study showed that nitrite interacts with amino acids at three sites on the

outside of the pocket of the LBD of ERα to induce the conformational changes to activate
the receptor. These binding sites are His516 (helix H10), Hsn519 (interface H10/H11),
Lys520 (helix H11), and Glu523 (helix H11) at site 1 that may play important role in the
dimerization of the receptor, Lys529 (helix H11), Asn532 (loop 11-12) and Val534 (loop
between helices H11 and H12) at site 2 that also may important for the dimerization of
the receptor and heatshock protein dissociation, and Cys381 (helix H4), Arg515 (helix
H10), His547 (helix H12) and Asn519 (interface helices H10/H11) at site 3 that may play
important role in binding of co-activators of the receptor34.
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Figure 4. A published proposed model for the conformational changes in retinoid X
receptor in the absence of ligand (a) the presence of ligand (b) and in activation of
the ERα by anions. 5

Progesterone receptor and metal/metalloid anions
Although estrogens play an important role in the etiology of breast cancer, the
Women’s Health Initiative and the Million Women Study emphasized the important role
of progestins in the etiology of the disease. The Women’s Health Initiative and the
Million

Women

medroxyprogesterone

Study

showed

acetate

that

significantly

the

progesterone

contributes

to

the

synthetic

analog

development

of

postmenopausal breast cancer. Compared to hormone replacement therapy with estrogen,
hormone replacement therapy that combined an estrogen and progestin was associated
with an increased the risk of developing the disease

44,45

, suggesting that exposure to

environmental compounds with progesterone like activity contributes to the risk of
developing breast cancer. However, there are few known endocrine disruptors with
progesterone like activity

46-49

, however, there is no mechanistic study in how the

progesterone like compounds activate PR.
12

Estrogen receptor α and progesterone receptor (PR) are members of the nuclear
receptor superfamily that function as transcriptional regulators. Similar to other nuclear
receptors, ERα and PR share a common structure in their ligand binding domains 4.
Given the important independent role of progesterone in breast cancer and the similar
structure of the LBDs of ERα and PR, the role of oxyanions in the activation of
progesterone receptor warrants investigation. The results of this study show that arsenite
and nitrite activate progesterone receptor independent of progesterone.
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Materials and methods
Cell lines and transient transfection
The cells were fingerprinted and tested for mycoplasma in 2019. T47D-co cells
were maintained in Dulbecco’s modification of eagle’s medium (DMEM; Corning
Cellgro) supplemented with 5% fetal bovine serum, 4 µg/ml insulin human recombinant
insulin (Gibco), and 1X non-essential amino acids (Gibco). For experiments, (2.2 × 105)
were plated in six-well plates in 5 ml of medium for 24 hours. Medium was changed to
lipoic-acid free and phenol-red free improved minimal essential medium (IMEM;
Crystalgen) that was supplemented with 5% charcoal stripped calf serum (CSS; Sigma).
The amount of lipolic acid, sulfates and phosphatase that present in the media and
sulfates that present in serum interfere with anions and their progesterone like activity.
Therefore, after 48 hours, medium was diluted to 1% CSS prior the treatment to prevent
any possible sulfate’s interference with the treatments and then the cells were treated for
24 hours.
HEK293T cells were maintained in lipoic-acid free and phenol-red free improved
minimal essential medium (IMEM; Crystalgen) supplemented with 10% FBS.

The

pcDNA3-PRB plasmid expressing wildtype PRB was a gift from the laboratory of Dr.
Donald McDonnell. For gene expression experiments, the cells (0.5 × 106) were plated in
six-well plate in 5 ml of lipoic acid free phenol red free IMEM that was supplemented
with 5% CCS for 24 hours. Cells were transfected for 24 hours with 2.5 µg/µl pcDNA3PRB using Trans-IT LT-1 reagent (MirusBio) based on the manufacture’s protocol. The
medium was diluted to 1% CCS and the cells were treated for either 60 minutes or 24
hours.

14

Real time reverse transcription-PCR
RNA was isolated using Trizol reagent. The real time reverse transcription PCR
assay was carried out as previously described in previous publication 34. DNase I and the
reverse transcription reaction were performed using MaximaTM H Minus cDNA Synthesis
Master Mix with dsDNase (Thermo Fisher Scientific). Following cDNA synthesis, the
amount of mRNA was measured using real time qPCR with TaqMan probes (Thermo
Fisher Scientific) for ribosomal protein P0 (RPLP0), BIRC3, FKBP5, and STAT5A.
qPCR was performed on a QuantStudio 12K Flex Real-Time PCR System (Applied
Biosystems). Using the 2^-ΔΔct method, the results were normalized to the amount of
RPLP0 mRNA and presented as fold change compared to control.

Chromatin Immunoprecipitation (CHIP)
HEK239T cells (3 × 106 cells) were plated in 10 cm dish of lipoic acid free IMEM
that was supplemented with 5% CCS for 24 hours. The cells were transfected with 15 µg
pcDNA3-PRB plasmid using Trans-IT LT-1 regent for 48 hours. Medium was diluted to
1% CSS and the cells were treated for 60 minutes. Protein and DNA were crosslinked by
adding 1% formaldehyde and rocking for 5 minutes at room temperature followed by
adding 125 mM glycine for 5 minutes.

Cells were washed twice with cold PBS

containing protease inhibitors and collected by centrifugation at 430 RCF for 5 minutes.
Cells were lysed in lysis buffer (50 mM Tris HCl, 60 mM KCl, 0.5% NP40, 10 mM
DTT) and the nuclei were isolated by centrifugation at 430 RCF for 5 minutes. The
nuclei were re-suspended in nuclei lysis buffer (# 20-163 EMD Millipore) for 15 minutes
on ice. To achieve chromatin lengths of 250-300 bp, the lysate was sonicated for 8

15

minutes, centrifuged at 430 RCF for 10 minutes, and the supernatant was collected.
CHIP dilution buffer (# 20-153 EMD Millipore) was added to the samples (1:9 ratio).
Samples were precleared with 30 µl of protein A/G magnetic beads (Pierce) for 1 hour.
PRB antibody (Alpha PR6, mouse monoclonal, 10 µg per 107 cells; # MA1-411 Thermo
Fisher Scientific) or mouse IgG (5 µg, # ab190475 Abcam) was added and rotated
overnight at 40C. Protein A/G magnetic beads (50 µl per sample) were added and rotated
for 2 hours at 40C. The magnetic beads were allowed to settle for 1 minute at room
temperature on a magnetic rack and the supernatant was removed. The protein A/G
magnetic beads were washed once with 1 ml low salt buffer (# 20-154 EMD Millipore),
twice with 0.5 ml high salt buffer (# 20-155 EMD Millipore), once with 1ml LiCl buffer
(# 20-156 EMD Millipore), and once with 1 ml TE buffer. Two hundred microliters of
elution buffer (1% SDS, 100 mM NaHCO3) was added. The beads were shaken at 600
rpm and 370C for 15 minutes. The magnetic beads were allowed to settle for 1 minute at
room temperature on a magnetic rack and the eluent was transferred to a new tube. To
reverse the crosslink, 12 µl of 5 M NaCl was added per 100 µl elution buffer. Samples
were incubated in a 650C water bath overnight, and then treated with RNaseA (1 µl) at
370C for 20 minutes. The DNA was purified using the QIAquick PCR purification kit (#
28104 Qiagen) and quantified by real time qPCR using PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific).
The following primers were used to amplify regions encompassing PR response elements
(5’-3’):
BIRC3 F: AAAACAATAGTGCCAGTTCAATGAC
R: ATGTTCTCTTTGATTCCCTGACAC 50
STAT5A F: AACAGAAACAGAAAGCACACATTC

16

R: ACATGGATGAAGAGGAACAAGTC

51

FKBP5 F: CCAGCATTTTGTGTGTGTGTGT
R: CACCCTGTCTCGAGCCCC 52

Sequential chromatin immunoprecipitation
Transfection and treatment were performed as described above. After
crosslinking, nuclei isolation, and chromatin shearing, the first immunoprecipitation was
performed with the PRB antibody (10 µg per 107 cells) or the mouse IgG antibody (5 µg)
overnight at 40C. Protein A/G magnetic beads (40 µl) were added and incubated for 30
minutes at 370C in 40 µl of 10 mM DTT. The beads were allowed to settle for 1 minute
at room temperature on a magnetic rack. The supernatant was collected and diluted 20fold with CHIP dilution buffer. The second immunoprecipitation was then performed
with antibodies to SRC1 (CHIP grade, # ab2859 Abcam), POLII (# ab264350 Abcam), or
mouse IgG at 5 µg per 107 cells, 10 µg per 107 cells, and 5 µg per 107 cells, respectively,
and samples were rotated overnight at 40C. Samples were then incubated with protein
A/G magnetic beads (50 µl per sample) with rotation for 2 hours at 40C. The beads were
collected at room temperature on a magnetic rack and the supernatants were removed.
The beads were washed as previously described in the CHIP assay. Following the
washes, the elution buffer (1% SDS, 100 mM NaHCO3; 200 ul per sample) was added
and shaken at 600 rpm at 370C for 15minutes. The magnetic beads were allowed to settle
for 1 minute at room temperature on a magnetic rack. The eluent was transferred to a
new tube. To reverse the crosslinking, 5 M NaCl (12 µl per 100 µl elution buffer) was
added. The samples were incubated in a 650C water bath overnight, then 1 ul RNaseA
was added and samples were incubated at 370C for 20 minutes. DNA was purified using
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the PCR purification kit and quantified by real time qPCR using PowerUp SYBR Green
Master Mix. The same set of primers was used.

Site-directed mutagenesis
Single amino acid substitution mutants were generated with the QuikChange
Lightning Site-Directed Mutagenesis Kit. The mutagenic primers were designed using
the

web-based

QuikChange

Primer

Design

Program

(http://www.agilent.com/genomic/qcpd). The primers were between 25 to 45 bases in
length. Primer Tm was ≥ 780C based on the following formula;
Tm= 81.5+0.41(%GC)-(675/N)-%mismatch.
N= primer length
%GC=50% , #mismatch =2
Integrated DNA Technologies performed primer synthesis with the addition of
5’phosphate and purification by PAGE. The mutagenesis reaction was performed as
follows: In thin-walled PCR tubes, 5 µl of 10x reaction buffer (provided), 10, 25, 50 or
100 ng of the pcDNA3-PRB plasmid, 125 ng of forward primer, 125 ng of reverse
primer, 1 µl of dNTP mix (provided), and 1.5 µl of QuikSolution reagent (provided) were
combined. Nuclease-free H2O was added to bring the final reaction volume to 50 µl.
Lastly, 1 µl of QuikChange Lightning enzyme (provided) was added to the reaction mix.
The reaction was carried out in a thermal cycler (DNA Engine Tetrad, MJ Research) with
the following parameters:
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Table 1: The parameters for the thermal cycler.
Segment
Cycles
Temperature (0C)

Time

1

1

950C

2 minutes

2

18

950C

20 seconds

600C

10 seconds

680C

4 minutes

680C

4 minutes

3

1

After the reaction is completed, the parental plasmid DNA was removed by DpnI
digestion (2 µl per reaction) at 370C for 5 minutes. Transformation was performed using
XL 10-Gold ultracompetent cells (provided). For each reaction, 45 µl of XL 10-Gold
cells was added to a 14-ml BD Falcon polypropylene round-bottom tube. Two microliters
of β-ME (provided) was added to improve the transformation efficiency. Tubes were
swirled gently and incubated for 2 minutes on ice. The bacterial cells were then
transformed with 2 µl of the DpnI-treated reaction for 30 minutes on ice. Afterwards, the
cells were heat-pulsed in a 420C water bath for 30 seconds, and then incubated on ice for
2 minutes. The cells were then cultured in 0.5 ml of prewarmed LB broth at 370C for onehour with shaking (~225 rpm). For single colony selection, different volumes of the
transformation reaction were plated on agar plates containing 100 µg/ml ampicillin. The
plates were incubated at 370C for 16 to 24 hours. Single colonies were then selected and
expanded overnight in LB broth containing 100 µg/ml ampicillin, and plasmid DNA was
isolated using the PureLink™ HiPure Plasmid Maxiprep Kit (Invitrogen).
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Statistical analysis
All statistical analyses were performed in Prism (Graphpad, San Diego, CA). Data
are presented as mean ± standard error of the mean (SEM). The unpaired, ONE-WAYANOVA determines the statistical significance of differences in means of gene
expression data. Each comparison stands alone based on Fisher’s LSD test. For each
gene, separate one-way-nova tests were conducted for R5020 to control, P4 to control,
EC317 to control, arsenite to control, and nitrite to control.
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Results
Effects of arsenite and nitrite on progesterone responsive genes in T47D-co breast
cancer cells
To determine whether arsenite and nitrite have progesterone like activity, the
ability of the oxyanions to induce the expression of progesterone responsive genes was
tested in T47D-co cells. T47D-co cells are breast cancer cells that constitutively express
PRB and PRA 9. Cells were treated for 24 hours with progesterone (P4; 200 nM), R5020
(50 nM), arsenite (1, 5, and 10 µM), or nitrite (1, 5, and 10 µM) in the absence or
presence of the antiprogestin EC317 (10nM) 53. The amount of BIRC3, FKBP5 and
STAT5A mRNAs was measured and normalized to the amount of ribosomal protein P0
(RPLP0) mRNA (Figure5). As expected, treatment with progesterone or the synthetic
progestin R5020 resulted in an increase in the expression of progesterone responsive
genes (Figure 5B). Treatment with progesterone resulted in an approximately 6.2-, 32.7-,
and 16.1-fold increase, and treatment with R5020 resulted in an approximately 9.1-, 18.6, and 20.9-fold increase in BIRC3, FKBP5 and STAT5A mRNA, respectively (Figure
1B). Treatment with arsenite or nitrite also increased the expression of these progesterone
responsive genes (Figure 5C and 5D). Treatment with arsenite (5 and 10 µM) resulted in
an approximately 4.5- and 6.5-fold increase in BIRC3 mRNA, respectively. Treatment
with arsenite (10 µM) also resulted in an approximately 3.8- and 4.2-fold increase in
FKBP5 and STAT5A mRNA, respectively. Similarly, treatment with nitrite (1 and 5
µM) resulted in an approximately 5.5- and 3.8-fold increase in FKBP5 mRNA,
respectively, and treatment with nitrite (5 µM) resulted in an approximately 3.3-fold
increase in BIRC3 mRNA and 4.1-fold increase in STAT5A mRNA (5 µM).
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To determine whether the action of arsenite or nitrite is mediated through PR, the pure
antiprogesterone (EC317) was used (Figure 5A). EC317 is a progesterone receptor
modulator, which is an analogue to RU486. It was synthesized by substitution at position
17 with 11-imidazolyl phenyl moiety. In addition, EC317 is more useful than RU486
because it doesn’t show partial antagonist activity like RU486. Studies have shown that
EC317 has a significant pure antagonist activity to progesterone receptor (Figure 5A)
54,55

. As expected, EC317 treatment significantly blocked the induction of BIRC3,

FKBP5 and STAT5A mRNAs in response to treatment with progesterone and R5020
(Figure 1B). Similar to treatment with progesterone and R5020, treatment with EC317
blocked the induction of BIRC3, FKBP5 and STAT5A by arsenite (Figure 5E) or nitrite
(Figure 5F).
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Figure 5. Effects of arsenite and nitrite on progesterone responsive genes in the
breast cancer cells line T47D-co cells. T47D-co cells were maintained in lipoic acid free
and phenol red free IMEM that was supplemented with 5% CSS for 48 hours then diluted
to 1%CSS. Cells were treated with P4 (200 nM), R5020 (50 nM), arsenite or nitrite in the
absence and presence of EC317 (EC, 10 nM) for 24 hours. The RNA was isolated and the
amounts of BIRC3, FKBP5 and STAT5A mRNAs were measured by real time qPCR.
The results were normalized to the amount of ribosomal protein P0 (RPLP0) mRNA.
Using the 2^ -ΔΔct method, data are presented as fold change compared to control. A.
The chemical structure of the pure antiprogesterone EC317. B. Effects of P4 and R5020
in the absence and presence of EC317; C. Effects of arsenite (1, 5 and 10 µM); D. Effects
of nitrite (1, 5 and 10 µM); E. Effects of arsenite (10 µM) in the absence and presence of
EC317; F. Effects of Nitrite (5 µM) in the absence and presence of EC317. (Mean ±
SEM; n=12; ** P< 0.01, *** P< 0.001, **** P< 0.0001)
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To determine PRB target gene expression in HEK293T cells transiently expressing
PRB after treating with anions.
To determine whether the effects of arsenite and nitrite are mediated by
progesterone receptor B, HEK293T cells were transiently transfected with progesterone
receptor B for 24 hours and treated with progesterone (200 µM), R5020 (50 nM), arsenite
(5 µM) or nitrite (5 µM). The mRNA was isolated, the amount of BIRC3, FKBP5 and
STAT5A mRNA was measured, and normalized to the amount of ribosomal protein P0
mRNA (Figure 6). As expected, treatment with progesterone or R5020 resulted in an
increase in the expression of progesterone responsive genes in the transfected but not in
the un-transfected cells (Figure 6A). In the transfected cells, treatment with progesterone
resulted in approximately 1.95-, 1.89-, and 1.94-fold increase in BIRC3, FKBP5, and
STAT5A mRNA, respectively. Treatment with R5020 resulted in an approximately 3.1-,
2.8-, and 3.8-fold increase in BIRC3, FKBP5, and STAT5A mRNA, respectively (Figure
3A). Treatment with arsenite resulted in 12.5-, 3.2-, and 2.7-fold increase in BIRC3,
FKBP5, and STAT5A mRNA, respectively (Figure 6B). Treatment with nitrite resulted
in 2.6-, 2-, and 2.2-fold increase in BIRC3, FKBP5, and STAT5A mRNA, respectively
(Figure 6C).
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Figure 6. Effects of arsenite and nitrite on progesterone responsive genes in PRBtransfected HEK293T cells. HEK293T cells were plated in lipoic acid free and phenol
red free IMEM containing 5% CSS for 24 hours and then cells were transiently
transfected with progesterone receptor B (2.5 µg/µl pcDNA3-PRB plasmid) for 24 hours.
The media was diluted to 1% CCS and cells were treated with progesterone (P4, 200
nM), R5020 (50 nM), arsenite (5 µM) or nitrite (5 µM) for 24 hours. The RNA was
isolated, the amounts of BIRC3, FKBP5 and STAT5A mRNAs were measured by real
time qPCR and normalized to the amount of ribosomal protein P0 (RPLP0) mRNA.
Using the 2^-ΔΔct method, data are presented as fold change compared to control. A.
Effects of progesterone (P4) and R5020; B. Effects of arsenite; C. Effects of nitrite.
PRB+, transfected cells; PRB-, un-transfected cells. (Mean ± SEM; n=5; * p< 0.05, ** P<
0.01, *** P< 0.001, **** P< 0.0001)
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Effects of arsenite and nitrite on the recruitment of PRB to the promoters of
progesterone responsive genes.
To determine whether the effects of arsenite and nitrite are due to PRB mediated
gene transcription, the recruitment of PRB to the promoters of BRIC3, FKBP5, and
STAT5A was measured with CHIP-qPCR assay. In this assay, HEK239T cells were
transiently transfected with progesterone receptor B and treated for 60 minutes with
R5020 (50 nM), arsenite (5 µM), or nitrite (5 µM). PRB-DNA complexes were isolated
and the recruitment of PRB to the promoter regions of BIRC3, FKBP5 and STAT5A was
quantified by real time qPCR (Figure 7). As expected, treatment with R5020 resulted in
an approximately 20-, 6-, and 19-fold increase in enrichment of PRB on the promoters of
BIRC3, FKBP5 and STAT5A, respectively. Similarly, treatment with arsenite resulted in
an approximately 20-, 5.5-, and 19-fold increase in enrichment of PRB on the promoters
of BIRC3, FKBP5 and STAT5A, respectively (Figure 7A). Treatment with nitrite also
resulted in an approximately 2.5-, 7.3-, and 1.7-fold increase in the enrichment of PRB on
the promoters of BIRC3, FKBP5 and STAT5A, respectively (Figure 7C). Treatment
with arsenite or nitrite did not result in an increase in the enrichment of PRB on the
promoters of BIRC3, FKBP5, or STAT5A in the un-transfected cells (Figure 7B, D,
respectively).
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Figure 7. Recruitment of PRB to the promoters of BIRC3, FKBP5 and STAT5A by
arsenite and nitrite. HEK293T cells were plated in lipoic acid free and phenol red free
IMEM containing 5% CSS for 24 hours and then cells were transiently transfected with
progesterone receptor B (15 µg/µl pcDNA3-PRB plasmid). The media was diluted to 1%
CCS. The cells were treated with progesterone (P4, 200 nM), R5020 (50 nM), arsenite (5
µM) or nitrite (5 µM) for 60 min, cross-linked, and lysed. The chromatin was sheared and
immunopreciptated with an antibody to PRB or mouse IGG. DNA was quantified by real
time qPCR, and the recruitment of PRB is presented as percent input. PRB
immuneprecipitation (IP:PRB), and IGG immunepreciptation (IP:IGG) represent x-axis.
A. Recruitment of PRB in the PRB transfected cells in response to arsenite. B.
Recruitment of PRB in the un-transfected cells in response to arsenite. C. Recruitment of
PRB in the PRB transfected cells in response to nitrite. D. Recruitment of PRB in the untransfected cells in response to nitrite. The data are the mean of duplicate experiments.
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Effects of the arsenite and nitrite on recruitment of SRC1 and RNA polymerase II
(POLII) to the promoters of progesterone responsive genes
To determine whether an active transcription complex is recruited to the gene
promoters after arsenite and nitrite treatment, a sequential CHIP assay was performed to
determine the enrichment of nuclear receptor co-activator 1 (SRC1) and RNA
polymerase II (POLII) at the promoters of progesterone responsive genes following PRB
pull-down. HEK239T cells were transiently transfected with progesterone receptor B and
treated for 60 minutes with R5020 (50 nM), arsenite (5 µM) and nitrite (5 µM).
Immunoprecipitation was first performed with antibody to PRB and then with an
antibody to either SRC1 or POLII. To measure the recruitment of SRC1 and POLII to
the promoters of progesterone responsive genes, the enrichment of SRC1 and POLII on
the promoters of BIRC3, FKBP5 and STAT5A was quantified by real time qPCR (Figure
8). As expected, treatment with R5020 resulted in an approximately 4- and 3.6-fold
increase in enrichment of SRC1 and POLII on the promoter of BIRC3, an approximately
2.6- and 3.4-fold increase in enrichment on the promoter of FKBP5, and an
approximately 4.5- and 3.8-fold increase in enrichment on the promoter of STAT5A,
respectively (Figure 8A). Similarly, treatment with arsenite resulted in approximately
2.4- and 3.2-fold increase in enrichment of SRC1 and POLII on the promoter of BIRC3,
an approximately 2.3- and 2.8-fold increase in enrichment on the promoter of FKSP5A,
and an approximately 2.5- and 3.1-fold increase in enrichment on the promoter of
STAT5A, respectively (Figure 8A).

Treatment with nitrite also resulted in an

approximately 3.6- and 1.8-fold increase in enrichment of SRC1 and POLII on the
promoter of BIRC3, an approximately 7.5- and 1.2-fold increase in enrichment on the
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promoter of FKBP5, and an approximately 1.8- and 1.5-fold increase in enrichment on
the promoter of STAT5A, respectively (Figure 8C). In the un-transfected cells, there was
no enrichment of SRC1 or POLII on the promoters of BIRC3, FKBP5, or STAT5A in
response to arsenite or nitrite (Figure 8B & D, respectively).
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Figure 8. Recruitment of SRC1 and POLII the promoters of BIRC3, FKBP5 and
STAT5A by arsenite and nitrite. HEK293T cells were maintained in lipoic acid free
and phenol red free IMEM that was supplemented with 5% CSS for 24 hours and cells
were un-transfected or transiently transfected with progesterone receptor B (15 µg/µl
pcDNA3-PRB plasmid). The media was diluted to 1% CCS. The cells were treated with
progesterone (P4, 200 nM), R5020 (50 nM), arsenite (5 µM) or nitrite (5 µM) for 60 min,
cross-linked, and lysed. The chromatin was sheared and first immunopreciptated with an
antibody to PRB, followed by a second immunopreciptation with an antibody to SRC1,
POLII or IgG. DNA was quantified by real time qPCR, and the recruitment of PRB is
presented as percent input. PRB immuneprecipitation then sequential SRC1
immuneprecipitation (IP:PRB:SRC1), PRB immuneprecipitation then sequential POLII
immuneprecipitation (IP:PRB:POLII), and PRB immuneprecipitation then sequential
IGG immuneprecipitation (IP:PRB:IGG) represent x axis A. Recruitment of SRC1 and
POLII in the PRB transfected cells in response to arsenite. B. Recruitment of SRC1 and
POLII in the un-transfected cells in response to arsenite. C. Recruitment of SRC1 and
POLII in the PRB transfected cells in response to nitrite. D. Recruitment of SRC1 and
POLII in the un-transfected cells in response to nitrite. The data are the mean of duplicate
experiments.
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Effects of arsenite and nitrite on the activation of the ligand-binding domain of PR
We have previously shown that arsenite and nitrite activate the estrogen receptoralpha through sites in the ligand binding domain of the receptor34,36. Based on the
structural similarities and amino acid homologies between the ligand binding domains of
ERa and PR, potential interaction sites for oxyanions, such as arsenite and nitrite, in the
LBD of PR were identified. One site was formed by His881, Lys885, and Lis888 on
helix H10/H11; a second site was formed by Arg899 and Ser902on helix H11; and a third
site was formed by Ser754, Lys885, His888, and Lys919 on helices H10, H12, and H4
(Table 2). To determine whether these sites are important for arsenite or nitrite to activate
the PR-LBD and induce PR regulated genes, transient transfection of the wild type PRB
and the mutants in these sites were tested for their ability to increase the expression of
BIRC3, FKBP5, and STAT5A in HEK293T cells (Figure 9). In the case of BIRC3,
treatment with the synthetic progestin R5020 resulted in an approximately 3.1-, 2.6-, 2.7-,
3.7- 4.3-, and 2.8-fold increase in expression in cells transfected with wild type PRB,
S754A, H881A, H888A, S902A, or K919A, respectively (Figure 9A).

However,

treatment with R5020 did not induce the expression of BIRC3 in the cells transfected
with K885A or R899A (Figure 9A).

As expected, treatment with arsenite resulted an

approximately 3.1-fold increase in the expression of BIRC3 in cells transfected with wild
type PR. Treatment with arsenite also resulted in an approximately 3.7- and 4.3-fold
increase in the expression of BIRC3 in cells transfected with H888A or S902,
respectively, however, treatment with arsenite did not induce the expression of BIRC3 in
cells transfected with S754A, H881A, or K919A (approximately 0.7-, 0.8-, and 0.8- fold
change, respectively). Similar to R5020, arsenite also did not induce the expression of
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BIRC3 in cells transfected with K885A or R899A (0.8- and 0.004- fold change,
respectively) (Figure 9A). Treatment with nitrite gave similar results to treatment with
arsenite. Treatment with nitrite resulted in an approximately 2.9-, 3.9- and 3.9-fold
increase in the expression of BIRC3 in cells transfected with wild type PR, H888A, or
S902A, respectively, but did not induce the BIRC3 in cells transfected with S754A,
H881A, K919A, K885A, or R899A (approximately 0.3-, 0.7-, 1.6-, 0.9- and 0.0003- fold
change, respectively) (Figure 9A).
The BIRC3 gene is regulated by three progesterone response elements (PRE) 50,
the FKBP5 gene is regulated by a half site PRE 51, and the STAT5A gene is regulated by
an undefined element52. To determine whether similar effects are observed on different
response elements, cells were transfected with wild type and mutants of PRB and treated
with R5020, arsenite, or nitrite and the expression of FKBP5 and STA5A was measured
(Figure 9B & C). In the case of the FKBP5 gene, treatment with R5020 resulted in an
approximately 3.9-, 2.8- 2.3-, 3.3-, 3-, 3.4 -, and 9.9-fold increase in cells transfected with
wild type PRB, S754A, H881A, 888A, R899A, S902A, and K919A, respectively, but did
not induce the expression in the cells transfected with K885A (Figure 9B). Treatment
with arsenite resulted in an approximately 3.5- and 2.9-fold increase in the expression of
FKBP5 in cells transfected with wild type PRB or S902A, respectively, but did not
induce the expression of FKBP5A in cells transfected with S754A, H881A, H888A,
R899A, or K919A (1.4-, 0.8-, 1.8-, 1.9-, and 1.1- fold change, respectively) (Figure 9B).
Similar to treatment with arsenite, treatment with nitrite also induced the expression of
FKBP5 in cells transfected with wild type PRB or S902A (2.1- and 2.7-fold increase,
respectively) but did not induce the expression of FKBP5 in cells transfected with
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S754A, H881A, H888A, R899A, or K919A (0.7-, 0.6-, 1.2-, 1.3-, and 1.3- fold change,
respectively) (Figure 9B). In the case of STAT5A gene, the results were similar to the
results of the FKBP5 gene. Treatment with R5020 resulted in an approximately 5-, 2.9-,
4.6-, 5.8-, 2.9-, 5.5-, and 1.9-fold increase in the expression of STAT5A in cells
transfected with wild type PRB, S754A, H881A, H888A, R899A, S902A, and K919A,
respectively, but did not induce the expression of STAT5A in cells transfected with
K885A (Figure 9C). Similar to the FKBP5 gene, treatment with arsenite resulted in an
approximately 3.4- and 3.8-fold increase in the expression of STAT5A in cells
transfected with wild type PRB and S902A, but did not induce the expression of
STAT5A in cells transfected with S754, K885A, H881A, H888A, R899A, or K919A
cells (1.9-, 1.1-, 1.4-, 1.4-, 1.7- and 0.9-fold change, respectively) (Figure 9C). Similar to
arsenite, treatment with nitrite resulted in approximately 2.9- and 2.7- fold increase in the
expression of STAT5A in cells transfected with wild type PRB and S902A and did not
induce the expression of STAT5A transfected with S754A, H881A, K885A, H888A,
R899A, or K919A (1.1-, 0.8-, 1-, 1.1-, 1.3- and 1- fold change, respectively) (Figure 9C).
Taken together, the results show that amino acids S754, H881, and K919, which are
located on helices H4, H10, and H12, respectively, are important for the induction of
BICR3 and that S754, H881, and K919 as well as H888 and R899, which are located on
helix H11, are important for the induction of FKBP5 and STAT5A.
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Table 2. Identified potential sites of metalloid/metal anions in PR-LBD based on the
alignment of ERα-LBD with PR-LBD. The predicted amino acid sites that might bind
to arsenite or nitrite on the PR-LBD (green colored).
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Figure 9. Effects of arsenite and nitrite on progesterone responsive genes in PRB
wild type and mutant -transfected HEK293T cells. HEK293T cells were plated in
lipoic acid free and phenol red free IMEM containing 5% CSS for 24 hours and then cells
were transiently transfected with PRB wild type, and PRB mutants (S754A, H881A,
K885A, H888A, R899A, S902A, and K919A) (2.5 µg/µl pcDNA3-PRB plasmid) for 24
hours. The media was diluted to 1% CCS and cells were treated with R5020 (50 nM),
arsenite (5 µM) or nitrite (5 µM) for 24 hours. The RNA was isolated, the amounts of
BIRC3, FKBP5 and STAT5A mRNAs were measured by real time qPCR and normalized
to the amount of ribosomal protein P0 (RPLP0) mRNA. Using the 2^-ΔΔct method, data
are presented as fold change compared to control. A. Effects of R5020, arsenite or nitrite
on mRNA expression of BIRC3; B. Effects of R5020, arsenite or nitrite on mRNA
expression of FKBP5A; C. Effects of R5020, arsenite or nitrite on mRNA expression of
STAT5A. P value was calculated for each mutant to its own control (mean ± SEM; n=5;
* p< 0.05, ** P< 0.01, *** P< 0.001, **** P< 0.0001)
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Discussion
There is increasing evidence that estrogen increases proliferation and that
progesterone enhances the proliferative effects of estrogens in the breast and breast
cancer

10,56,57

suggesting that exposure that mimics progesterone increases the risk of

developing breast cancer. In fact, in the Women’s Health Initiative and Million Women
Study, compared to hormone replacement therapy with estrogen, hormone replacement
therapy with estrogen plus progestin increased the risk of developing breast cancer 44,45,58.
Previous studies showed that the oxyanions arsenite and nitrite activate estrogen receptoralpha 34,36. This study showed that arsenite and nitrite also activate progesterone receptor.
In T47D-co cells that constitutively express the progesterone receptor, arsenite or nitrite
induced the expression of the progesterone-regulated genes BIRC3, FKBP5 and
STAT5A. This induction was significantly blocked by the pure antiprogesterone EC317
indicating that the action of arsenite or nitrite to induce BIRC3, FKBP5 and STAT5A
genes was through PR.
In HEK293T cells transiently transfected with PRB, arsenite and nitrite also
increased the expression of BIRC3, FKBP5 and STAT5A and enriched the recruitment of
PRB, SRC1 and POLII to the promoters of these genes demonstrating that arsenite and
nitrite activate PR. In addition, this study suggests that amino acids S754, H881 and
K919 at the ligand-binding domain of the PR are important for both arsenite or nitrite to
induce mRNAs of the progesterone regulated genes BIRC3, FKBP5 and STAT5A. Also,
it suggests that H888 and R899 are important amino acids for arsenite or nitrite to induce
mRNAs of the progesterone-regulated genes FKBP5 and STAT5A.
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Our data showed that arsenite and nitrite could mimic progesterone and activate
PR. Looking deeply to know where arsenite or nitrite will interact in PR to induce the
conformational changes and activate the receptor, three sites of interactions where
identified. Site 1 is at the interface between helices H10 and H11, and it is important for
receptor dimerization 5,7. Site 2 encompasses the C-terminus of H11 and the loop between
H11 and H12. This site potentially is important for dimerization of the receptor and it
may affect the dissociation of heat-shock proteins

5,7

. Site 3 is located at the intersection

between H4 and the C-terminus of H12, and it is important for cofactor binding 5,7. Here,
individually mutated residues in each of these sites to identify the ones that are essential
for receptor activation by anions were constructed. This study found that H888 at site 1
and R889 at site 2 might be involved but not essential in receptor activation because only
the expression of one target gene (BIRC3) out of three was not affected by the
substitution of either residue with alanine. A possible explanation of the observed
discrepancy between the three genes is the status of progesterone response elements
(PREs) on these genes. BIRC3 has been reported to contain a full PRE in its promoter 50,
which could imply a more stable dimerization regardless the point mutation (H888A or
R899A) that may important for dimerization. In contrast, only a half PRE site has been
identified in FKBP5 so far 51, while no PREs have been found in STAT5A 52. Therefore,
binding of PR to the promoters of these two genes might require a more coordinated
effort to stabilized the dimerization of the receptor, which could explain why the
transcription of these genes were affected after mutating H888 or R889 (Figure 10).
S754, H881, and K919 are all located in site 3, which is involved in co-activator binding.
Hence, mutating any of these residues could potentially impact the transcription of all
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PRB target genes, which explains why all three genes were altered in the data of this
study. The actual mechanism of action of arsenite or nitrite at these sites needs to be
further studied.
There are two primary isoforms of PR, including PRA and PRB, which are
transcribed from different promoters on a single gene. Progesterone receptor B is the
longest isoform and contains an additional 164 amino acids on the N-terminal end.
Primarily PRB mediates the proliferative effects of progesterone9. In mice, knockout and
overexpression of PRA and PRB demonstrate different phenotypes. Similar to wild type
mice, knockout of PRA results in normal mammary gland development, while knockout
of PRB results in abnormal mammary gland development.

In transgenic animals,

overexpression of PRA results in massive growth of the ductal epithelia and loss of
basement membrane integrity whereas overexpression of PRB results in premature arrest
in development of the mammary ducts but no alteration in the potential of alveolar
growth 9.
The ability of arsenite and nitrite to activate both estrogen receptor-alpha and
PRB suggests that exposure to the oxyanions may contribute to the development of breast
cancer.

Human exposure to arsenite occurs through many sources including diet,

drinking water, air, and cigarette smoking. The Joint Food and Agriculture Organization
of the United Nations and the World Health Organization (WHO) Expert Committee on
Food Additives set a threshold of dietary arsenic intake at 2.0 to 7.0 µg/kg bw/day

59

.

Populations near smelters and arsenic-containing coal power plants are exposed to
particularly high levels of arsenic. Research has shown that arsenic levels in urine could
reach 450 µg/l and 50 µg/l in smelter workers and children who live nearby, respectively

59

60

. Furthermore, arsenic levels of pregnant women who live near smelters range from 0.2
61,62

to 37.5 ng/ml in blood and 0.2 to 24 ng/ml in placenta

. A small number of

epidemiological studies show that breast cancer patients have high concentrations of
arsenic in their hair

63-65

and tumor tissue

66

but not in plasma

66,67

, which may be due to

the rapid clearance of arsenite from blood. An ecological study also suggests a link
between residential exposure to arsenic and breast cancer

68

. In addition to population

studies, our previous studies show that in utero exposure to an environmentally relevant
amount of arsenite advances the onset of puberty and alters the development of the
mammary gland

69

, and more importantly, that an environmentally relevant amount of

arsenite increases the incidence and decreases the latency of mammary tumors in animals
challenged with a chemical carcinogen 41. In a spontaneous mouse mammary tumor model,
a low concentration of arsenite in drinking water stimulates the growth of mammary tumors
70

. The ability of an environmentally relevant amount of arsenite to activate the estrogen

receptor-alpha and progesterone receptor-B and promote mammary tumorigenesis in a
spontaneous mouse model and in animals challenged with a chemical carcinogen
suggests a causative role for arsenite in the etiology of breast cancer.
Human exposure to nitrite also occurs through several sources including an
endogenous source in the human body due to the metabolism of nitric oxide and
exogenous sources including diet, drinking water, and medicinal drugs. Exogenously, in
surface and drinking water, nitrate is generally low but has increased over the last few
decades 71 due to the use of nitrogen based fertilizers, contamination from refuse dumps,
oxidation of ammonia from human and animal waste, and treatment of drinking water
with chloramines

72

. High amounts of nitrate are also present in some fruits and
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vegetables as a result of cultivation in greenhouses

72,73

. Addition of preservatives and

color enhancer to processed meat leads to high nitrite level as well, which has been
associated with high risk of localized breast cancer in postmenopausal women73,74.
Medical exposure to nitrite/nitrate has been observed with the use of antimalarial,
antidiarrheal, diuretic, and vasodilator drugs. Our total estimated daily exposure to
exogenous nitrites and nitrates ranges from 1.2 to 3 mg and from 39 to 268 mg,
respectively 74. In serum, the normal concentration of nitrite is approximately 18.0 to 43.5
uM 75-78 while, in breast cancer patients, serum concentrations range from 246 to 363 uM
79

. The amount of nitrite is also elevated in breast tissue from breast cancer patients (745

nmol/gm wet weight) compared to the amount in benign breast disease (442 nmol/gm wet
weight)

80

. An increase in serum nitrite/nitrate level may also serve as a biomarker of

breast cancer metastasis. Endogenously, nitric oxide is synthesized by a family of nitric
oxide synthases (NOS) that play a role in oxidation of nitric oxide to nitrites and nitrates.
In breast tumors, the expression of NOS is associated with increased proliferation, tumor
grade, and the expression of progesterone receptor and nitric oxide is associated with
invasive disease

80-82

. Similarly, in animal models, nitric oxide promotes the progression

of mammary tumors 82-84
Taken together, these results demonstrate the ability of low doses of arsenite and
nitrite to mimic progesterone suggesting that arsenite and nitrite may contribute to the
risk of developing breast cancer. Exposure to these anions may play a role in the etiology
and progression of breast cancer due, in part, to their ability to activate PRB.
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Figure 10. A proposed model to describe a possible explanation of the discrepancy
between BIRC3 and FKBP5 or STAT5A in tolerating the point mutation (H888A or
A899A) in terms of their status of progesterone response element.
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Future direction
Mechanism of metalloid/metal anions binding sites in PR activation
Based on previous published proposal model for ERα activation by metals 34, my
thesis proposed that metalloid/metal anions activate PR-LBD via similar mechanisms. At
site 1, the interaction of metalloid/metal anions with amino acids in PR-LBD may be
important for receptor dimerization and DNA binding. To test the PR activation by
metalloid/metal anions at site 1, co-immunopreciptation (Co-IP) will be applied for both
the PR wild type and mutants in the present and absent of progesterone, R5020 or
metalloid/metal anions in the transfected PR-HEK239T cells. In addition, the chromatin
immunopreciptation (CHIP) assay will be performed to detect the binding of the PR wild
type and mutants to the DNA. At this site, my thesis expects that the mutants will
dimerize and bind to the DNA in response to the progesterone/R5020 treatments but not
to metalloid/metal anions (Table 2: site 1).
At site 2, my thesis proposes that the interactions of metalloid/metal anions with
amino acids at this site in PR-LBD are responsible for receptor dimerization and the
dissociation of the heat-shock proteins (hsp 90 & 70). Therefore, test the dimerization at
this site will be performed as mentioned previously for site1. To test the heat shock
dissociation, the co-immunopreciptation (Co-IP) of the PR mutants and hsp 90 &70 will
be applied to detect the heat shock dissociation in response to the treatment of the
progesterone, R5020 or metalloid/metal anions transfected PR-HEK239T cells. As well
as, immunehistochemical localization will be performed to test the nuclear localization of
both PRB wild type and mutants. At this site, my thesis expects that the mutants will
dimerize and bind to the DNA in response to the progesterone/R5020 treatments but not
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to metalloid/metal anions. Also, my thesis expects that the heat shock dissociation and
nuclear localization of both PR wild type and mutants will occur in response to the
progesterone/R5020 treatments but not to metalloid/metal anions (Table 2: site2).
At site 3, my thesis proposal suggests that interactions of metalloid/metal anions
with amino acids at this site in PR-LBD are responsible for DNA binding and recruitment
of the co-activators. Therefore, CHIP assay will be performed to detect the binding of the
PRB wild type and mutants to the DNA in the present and absent of progesterone, R5020
or metalloid/metal anions in the transfected PR-HEK239T cells. In addition, we will test
the binding of the co-activators by re-CHIP of PR mutants and the co-activators such as
SRC1, 2, 3 and polymerase II. At this site, my thesis expects that the dimerization,
translocation, binding to DNA and recruitment of the co-activators will occur in both PR
wild type and mutants in response to progesterone/R5020 treatments. However, the
dimerization and translocation of PR wild type and mutants are expected in response to
the treatment of metalloid/metal anions but not binding to DNA and co-activators (Table
2: site3).
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Table 3. The potential roles of anion’s in activating PR based on the site of
interaction.
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