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Cadmium activation of
wild-type and constitutively
active estrogen receptor alpha

John B. Psaltis*, Qiaochu Wang?, Gai Yan', Reem Gahtani?,
Nanxi Huang®, Bassem R. Haddad" and Mary Beth Martin**

Department of Oncology, Georgetown University, Washington, DC, United States, 2Depatment of
Biochemistry and Molecular & Cellular Biology, Georgetown University, Washington, DC, United States

The estrogen receptor alpha (ERa) plays a central role in the etiology,
progression, and treatment of breast cancers. Constitutively activating somatic
mutations Y537S and D538G, in the ligand binding domain (LBD) of ESRI1, are
associated with acquired resistance to endocrine therapies. We have previously
shown that the metalloestrogen calcium activates ERa through an interaction
with the LBD of the receptor. This study shows that cadmium activates ERo
through a mechanism similar to calcium and contributes to, and further
increases, the constitutive activity of the ERo mutants Y537S and D538G.
Mutational analysis identified C381, N532A, H516A/N519A/E523A, and E542/
D545A on the solvent accessible surface of the LBD as possible calcium/metal
interaction sites. In contrast to estradiol, which did not increase the activity of the
Y537S and D538G mutants, cadmium increased the activity of the constitutive
mutants. Mutation of the calcium/metal interaction sites in Y537S and D538G
mutants resulted in a significant decrease in constitutive activity and cadmium
induced activity. Mutation of calcium/metal interaction sites in wtERo diminished
binding of the receptor to the enhancer of estrogen responsive genes and the
binding of nuclear receptor coactivator 1 and RNA polymerase Il. In contrast to
wtERa, mutation of the calcium/metal interaction sites in the Y537S and D538G
mutants did not diminish binding to DNA but prevented a stable interaction with
the coactivator and polymerase. Growth assays further revealed that calcium
channel blockers and chelators significantly decreased the growth of MCF7 cells
expressing these constitutively active mutants. Taken together, the results
suggest that exposure to cadmium plays a role in the etiology, progression,
and response to treatment of breast cancer due, in part, to its ability to
activate ERo.
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Introduction

Breast cancer is the most commonly diagnosed and second
leading cause of cancer-associated death in women (1).
Approximately 70% of breast tumors are estrogen receptor (ER)
positive at the time of diagnoses, but approximately 30% fail
endocrine therapy (2). Environmental exposures to endocrine
disruptors that mimic the biological effects of estrogens are linked
to the high incidence of breast cancer but may also contribute to
progression and treatment failure. Because the estrogen receptor
plays a central role in breast cancer, understanding the mechanisms
by which ERa is activated is critical to designing more effective
prevention and treatment strategies.

Metalloestrogens are metals and metalloids that activate ERo
independent of estradiol and include the bivalent cations cadmium
and calcium. Our previous studies show that the second messenger
calcium mediates the activation of ERo by epidermal growth factor
through four sites on the solvent accessible surface of the ligand
binding domain (LBD) (3). Our previous studies also show that
cadmium, which mimics calcium, activates ERot independent of
estradiol (4, 5) and promotes the development of mammary tumors
(6). Cadmium is also linked to an increased risk of developing breast
cancer (7-9). The ability of calcium to activate ERo. provides a
possible explanation for the ability of metals to activate the receptor
(4, 10, 11) suggesting that metals mimic a physiological activator of
ERa to increase the risk for developing the disease (12, 13).

Several mechanisms are thought to be responsible for endocrine
resistant breast cancer including hormone independent activation
of ERa by growth factor signaling pathways (14, 15) and mutation
or loss of the receptor (16). Approximately 25-30% of endocrine
resistance is linked to mutations in the LBD of ERo. (17-20). The
most prevalent mutations are Y537S and D538G that confer
hormone independence and resistance by favoring an agonist like
conformation of the LBD that results in reduced binding of ligands
and efficacy of tamoxifen, a selective estrogen receptor modulator,
and fulvestrant, a selective estrogen receptor degrader (17-22).

Although there is evidence linking cadmium to the risk of
developing breast cancer, the mechanism by which cadmium
activates ERa and contributes to endocrine resistance is not fully
understood. The goal of the present study is to gain insight into the
mechanism by which cadmium activates wild-type ERol (wtERar)
and the constitutively active ERa. mutants Y537S and D538G. This
study asks whether cadmium activates ERol through a mechanism
similar to calcium (3) and whether the calcium/metal interaction
sites contribute to the constitutive activity of Y537S and D538G.
The results presented herein demonstrate that the sites necessary
for calcium activation of ERol are also necessary for cadmium
activation of the receptor. In addition, mutation of calcium/metal
interaction sites in ERo. mutants Y537S and D538G leads to a
significant reduction in constitutive activity and activation by
cadmium. Mutation of calcium/metal interaction sites in wtERo
diminished binding to DNA and binding of SRC1 and Polll
whereas mutation of the calcium/metal binding site in the
constitutively active mutants did not completely diminish binding
to DNA but abrogated the recruitment of coregulators. Together,
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the results suggest that the constitutive activity of ERo. mutants
Y537S and D538G is due, in part, to the interaction of cadmium
with calcium/metal interaction sites on ERo. As the metal
interaction sites in this study were previously shown to be
important for calcium (3), the results also suggest that the
constitutive activity of Y537S and D538G may be mediated, in
part, by calcium.

Materials and methods
Reagents

Cadmium Chloride (cat#C202908) and 17[-estradiol
(cat#E8875) were purchased from Sigma-Aldrich, Burlington,
MA. ICI-182,780 (cat#10-471) was purchased from Tocris
Bioscience, Bristol, UK.

EDTA (cat#V4231) was purchased from Promega.
Methoxyverapamil hydrochloride (MV) (cat#M5644) was purchased
from Sigma. Mibefradil dihydrochloride (MF) (cat#2198), BAPTA
(cat#2786) and BAPTA-AM (cat#2787) was purchased from Tocris.
EDTA-AM (cat# 19010) was purchased from AATBIO.

Cell culture and transient
transfection assay

Fingerprinted and authenticated HEK293T cells (RRID:
CVCL_0063) were acquired from Dr. Anna Riegel’s laboratory
and maintained in lipoic acid-free improved minimal essential
medium (IMEM; Crystalgen, Commack, NY) supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich). For transfection
assays, 5x10° cells were plated in six-well plates in phenol red-
and lipoic acid-free IMEM containing 5% charcoal stripped serum
(CSS; Sigma-Aldrich). Twenty-four hours later, cells were
transfected using Trans-IT LT-1 (MirusBio, Madison, WI) at a
ratio of 3ul to lug of DNA. A total of 5 pg of plasmid DNA was
added. After 24 hours, the medium was diluted to 1% CSS for 48
hours prior to treatment.

Cell culture and MCF7 Y537S and MCF7
D538G growth assays

Fingerprinted and authenticated MCF7 Y537S and MCEF7
D538G were gifts from Dr. Joyce Slingerland’s lab, Georgetown
University (23). The cells were carried in DMEM with 10% FBS. To
start, 1x10* cells were split into 96 wells in 200 ul IMEM with 5%
CSS. 24 hours later, serum was diluted to 1% CSS and cells
were treated.

MCF7 Y537S and MCF7 D538G cells were washed with PBS.
Then 50 ul crystal violet was added to each well and cells were
incubated for 20 minutes at room temperature on a rocker. Plates
were then washed with tap water three times and air dried
overnight. 200 ul methanol was added and cells were incubated
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for 20 minutes at room temperature on a rocker. A plate reader was
used to read the cell confluence.

Real time polymerase chain reaction

RNA was isolated using Trizol (Life Technologies, Carlsbad,
CA). The reverse transcription reaction was performed using
Thermo Scientific Maxima "~ H Minus cDNA Synthesis Master
Mix with dsDNase (Thermo Fisher Scientific, Waltham, MA).
qPCR assays were performed using Taqman probe (Thermo
Fisher Scientific), SsoAdvanced Universal Probes supermix (Bio-
Rad Laboratories, Hercules, CA) or PowerUpTM SYBR™ Green
Master Mix (Thermo Fisher Scientific). qPCR results were
normalized to ribosomal protein PO (RPLP0O) mRNA and
presented as fold change using the 2A-AAct method.

Site-directed mutagenesis

QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent,
Santa Clara, CA) was used. Mutation primers were designed using
Agilent QuikChange Primer Design Tool and synthesized by
Integrated DNA Technologies. Mutants of pCMV-hERalpha
(RRID: Addgene_101141) and previous ERo. mutants were
verified by sequencing. ERo. mutants C381A, H516A, E523A,
N532A, D538A, and E542A/D545A are described elsewhere (3, 24).

Y537S mutation primers:

Forward: 5-ACGTGGTGCCCCTCAGTGACCTGCTG

CTGG-3

Reverse: 5-CCAGCAGCAGGTCACTGAGGGGC

ACCACGT -3

D538G mutation primers:

Forward: 5-GTGCCCCTCTATGGCCTGCTGCTGGCG-3

Reverse: 5-CGCCAGCAGCAGGCCATAGAGGGGCAC-3’

N519A mutation primers:

Forward: 5-CCACATCAGGCACATGAGTGCCAAAGG

CATGGAGCATCTG-3’

Reverse: 5-CAGATGCTCCATGCCTTTGGCACTCATGTG

CCTGATGTGG-3

E523A mutation primers:

Forward: 5-GAGTAACAAAGGCATGGCGCATCTGT

ACAGCATGA-3

Reverse: 5-TCATGCTGTACAGATGCGCCATGCCTT

TGTTACTC-3’

Chromatin immunoprecipitation assays

Cells were treated with 100nM estradiol or 2uM cadmium for 1
hour, crosslinked with 1% formaldehyde for 5 minutes, washed
twice with PBS, collected in PBS containing protease and
phosphatase inhibitors, lysed with nuclei isolation buffer (50mM
TrisCl, 60mM KCL, 0.5%NP40, 10mM DTT) containing protease
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and phosphatase inhibitors, and centrifuged. Nuclei were lysed with
lysis buffer (#20-163 EMD Millipore, Burlington, MA) containing
protease and phosphatase inhibitors. The chromatin was sonicated,
diluted with dilution buffer (#20-153 EMD Millipore; 1:9), and
precleared with protein A/G magnetic beads (Pierce, Waltham, MA
Cat#88802). ERot was immunoprecipitated with anti-ERo antibody
(Santa Cruz Biotechnology, Dallas, TX Cat#sc-8002, RRID:
AB_627558) or IgG (Abcam, Cambridge, UK Cat#ab18413,
RRID: AB_2631983) overnight and incubated with precleared
protein A/G magnetic beads. The beads were washed once with
low salt buffer, twice with high salt buffer, once with LiCl buffer
(#20-154, -155, & -156 EMD Millipore), once with TE buffer, and
eluted with bufter (1%SDS, 100mM NaHCO3). To reverse crosslink,
5M NaCl was added, incubated at 65°C overnight, and treated with
RNaseA (#46-7604 Invitrogen, Waltham, MA). DNA was purified
using the QIAquick PCR purification kit (#28104 Qiagen, Hilden,
Germany) and quantified by real time qPCR using PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific). For re-ChIP, the
second immunoprecipitation was performed with antibodies to
SRCI1 (Abcam Cat#ab2859, RRID: AB_303360) or Polll (Thermo
Fisher Scientific Cat#MA1-26249, RRID: AB_795353).

Promoter primers [Invitrogen (25)]:

hC3-fwd 5-GAGAAAGGTCTGTGTTCACCAGG-3’,

hC3-rev 5>-TGCAGGGTCAGAGGGACAGA-3’,

LTF-fwd 5-AGAGTCAAGACCAGCTTTTCAGA-3’, and

LTF-rev 5-AACACCTTTCTTGGCAGGTGAG-3’.

Western blot

Forty-eight hours post-transfection, HEK293 cells were washed
with PBS and lysed with radioimmunoprecipitation assay buffer
(500mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
50mM Tris, pH 8.0, 2mM leupeptin; Roche, Basel, Switzerland) and
incubated on ice for 15 minutes. Protein concentration was
determined using Bio-Rad Protein Assay Dye Reagent (Bio-Rad
Laboratories). After centrifuge, cell lysates were run on a 10% SDS-
PAGE gel, transferred to nitrocellulose, and incubated with anti-ERo.
antibody or anti-actin antibody (EMD Millipore Cat#MAB1501,
RRID: AB_2223041; 1:2000) followed by anti-mouse IgG (SeraCare
Life Sciences, Milford, MA Cat#5220-0341, RRID: AB_2891080;
1:10000). Proteins were visualized on Amersham Imager 600 (GE
Healthcare) using Western Lightening® Chemiluminescence
Reagent Plus (Perkin-Elmer, Waltham, MA).

Gene set enrichment analysis

Raw microarray data (accession no. GSE136595) was
downloaded from Gene Expression Omnibus (GEO, RRID:
SCR_005012). Analysis of microarray data was performed by
GSEA (RRID: SCR_003199) v4.1.0. Hallmark gene sets were used
to determine the molecular signature.
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Statistical analysis

Statistical analyses were performed in Prism. Data are presented
as the mean + standard error of the mean (SEM). Statistical
differences were evaluated by one-way ANOVA followed by
Fisher’s LSD test. Statistical significance is defined as a P value of
< 0.05. < £ 0.05%, < £ 0.0, <0.001***. <

Results

Effect of cadmium on early and late
estrogen response in MCF-7 cells

To ask whether cadmium influences early and late estrogen
response pathways, data from our published study (6) in MCEF7
cells treated with cadmium were reanalyzed. GSEA analysis indicated
significant increases of Hallmark Estrogen Response Early/Late
pathways (Figure 1) which is consistent with our previously
published studies showing that cadmium activates ERo (4).

Effects of cadmium on estrogen responsive
genes in HEK293T cells transfected with
wild-type and LBD mutants of ERa

Our previous mutational analysis shows that calcium activates
ERa through several amino acids on the aqueous surface of the
LBD. To determine whether cadmium activates ERow through a
similar mechanism, HEK293T cells were transfected with wtERo. or
ERo LBD mutants H377A, E380A, C381A, H516A, N519A, E523A,
N532A, D538A, or E542A/D545A. Following transfection, the cells
were treated with estradiol or cadmium for 24 hours and the
amount of the ERa target genes lactoferrin and complement C3
mRNA was measured (Figure 2). Wild-type ERa. was treated with
cadmium and the antiestrogen ICI-182,780 (fulvestrant; 1uM)
(Supplementary 3). As expected, estradiol treatment of cells
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transfected with wild-type and ERo. LBD mutants resulted in an
approximately 2.15- to 5.45-fold increase in lactoferrin and
complement C3 mRNA. In cells transfected with wtERo,
cadmium treatment resulted in an approximately 2.75- and 3.40-
fold increase in lactoferrin and complement C3 mRNA,
respectively, that was blocked by ICI-182,780. In cells transfected
with H377A, E380A, and D538A, treatment with cadmium also
resulted in an approximately 2.26- to 3.57-fold increase in
lactoferrin and complement C3 mRNA. However, in cells
transfected with the C381A, H516A, N519A, E523A, N532A, and
E542A/D545A mutants, treatment with cadmium failed to increase
the expression of lactoferrin and complement C3 suggesting that
amino acids C381, H516, N519, E523, N532, and E542/D545 are
important for cadmium activation of ERo.

Effects of cadmium on ERa wild-type and
calcium/metal interaction site mutants in
HEK293T cells

Our previous mutational analysis combined with binding assays
and molecular modeling (3) identified four potential calcium
interaction sites on ERol that involve amino acid side chain and
backbone interactions. To determine whether cadmium activates
ERow through calcium interaction sites, mutants E542A/D545A,
H516A/N519A/E523A, N532A, and C381A were constructed.
HEK293T cells were then transfected with wtERo or the calcium
interaction site mutants, treated with estradiol or cadmium, and the
amount of lactoferrin and complement C3 mRNA was measured
(Figures 2C, D). As expected, estradiol treatment of the wild-type
ERa or ERo calcium interaction site mutants resulted in a 2.49- to
4.73-fold increase in lactoferrin and complement C3. Treatment of
wtERo with cadmium also resulted in 2.75- and 3.40-fold increase
in lactoferrin and complement C3, respectively. However, treatment
of the calcium/metal interaction site mutants E542A/D545A,
N532A, H516A/N519A/E523A, and C381A with cadmium failed
to induce lactoferrin and complement C3 suggesting that the
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Effects of cadmium on estrogen responsive genes in HEK293T cells transfected with wild-type and LBD mutants of ERa.. HEK293T cells were
transiently transfected with wtERo, H377A, E380A, C381A, H516A, N519A, E523A, N532A, D538A, E542A/D545, and calcium/metal interaction site
mutants C381A, H516A/N519A/E523A, N532A, and E542A/D545A. Following transfection, the cells were treated with estradiol (100 nM) or cadmium
(2 pM) for 48 hours. The RNA was isolated, the amount of lactoferrin and complement C3 mRNA was measured by real time gPCR and normalized
to the amount of ribosomal protein PO (RPLPO) mRNA. Using the 2A At method, data are presented as fold change compared to control, mean +
SEM; n=3. < < < < Statistical significance is defined as a P value of < 0.05. <0.05%, <0.01**, <0.001***, 0.0001****, (A) Effect of cadmium on wtERq,
H377A, E380A, C381A, H516A, N519A, E523A, N532A, D538A, and E542A/D545 on lactoferrin. (B) Effect of cadmium on wtERa, H377A, E380A,
C381A, H516A, N519A, E523A, N532A, D538A, and E542A/D545 on complement C3. (C) Effect of cadmium on wtERa and calcium/metal interaction
site mutants C381A, H516A/N519A/E523A, N532A, and E542A/D545 on lactoferrin. (D) Effect of cadmium on wtERo and calcium/metal interaction
site mutants C381A, H516A/N519A/E523A, N532A, and E542A/D545 on complement C3

interaction of cadmium at the calcium interaction sites is necessary
for cadmium activation of ERa.

To determine if there were differences in expression of wild-
type ERa and the calcium/metal interaction site mutant ERol in
HEK293T cells, a western blot was performed (Supplementary 1).
There was no significant difference in expression and, as expected,
untransfected cells did not express ERo..

Effects of cadmium on the recruitment of
ERa wild-type and calcium/metal
interaction site mutants to the enhancers
of estrogen responsive genes

To determine whether cadmium treatment alters the recruitment
of wild-type and calcium/metal interaction site mutants of ERa. to
the enhancers of estrogen responsive genes, HEK293T cells were
transfected with wtERa or ERo. mutants E542A/D545A, N532A,
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H516A/N519A/E523A, and C381A and treated for 60 minutes with
estradiol or cadmium. ERo.-DNA complexes were isolated and the
recruitment of ERa to the enhancer regions of lactoferrin and
complement C3 was quantified by real time qPCR (Figures 3A-]).
Treatment of wtERa with estradiol resulted in an approximately
3.44- and 3.79-fold increase in enrichment of ERot on the enhancers
of lactoferrin and complement C3, respectively. Treatment of the
ERa calcium/metal interaction site mutants E542A/D545A, N532A,
H516A/N519A/E523A, and C381A with estradiol also resulted in an
approximately 2.38- to 5.52-fold increase in enrichment of the
mutants on the enhancers of lactoferrin and complement C3.
Similar to treatment with estradiol, treatment of wtERo. with
cadmium resulted in an approximately 4.31- and 4.40-fold increase
in enrichment on the enhancers of lactoferrin and complement C3,
respectively. However, treatment of ERa calcium/metal interaction
site mutants E542A/D545, N532A, H516A/N519A/E523A, and
C381A with cadmium did not result in enrichment. As expected,
in untransfected cells, there was no enrichment of ERo. on the
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FIGURE 3

Effects of cadmium on ERa wild-type and calcium/metal interaction site mutants in HEK293T cells. HEK293T cells were transfected with wild-type
ERo and mutants E542A/D545A, N532A, H516A/N519A/E523A, and C381A. Following transfection, the cells were treated with estradiol (100 nM) or

cadmium (2 uM) for 60 minutes, crosslinked, lysed, and the occupancy of E

Row on the enhancers of target genes was examined by ChIP assay. A Re-

ChlIP assay was performed, and the chromatin was first immunoprecipitated with an antibody to ERo, followed by immunoprecipitation with an

antibody to SRC1, Polll, or IgG. DNA was quantified by real time qPCR and t

he recruitment of ERa, SRC1, and Polll is presented as percent input. The

data are the mean of two independent experiments done in duplicate (mean + SEM). (A, B) ChIP wtERa. (C, D) ChIP E542A/D545A. (E, F) ChIP
N532A. (G, H) ChIP H516A/N519A/E523A. (1, 3) ChIP C381A. (K, L) Re-ChIP wtERa. (M, N) Re-ChIP E542A/D545A. (O, P) Re-ChIP N532A. (Q, R) Re-

ChIP H516A/N519A/E523A. (S, T) Re-ChlIP C381A.

enhancers of lactoferrin or complement C3 in response to estradiol
or cadmium (Supplementary 4).

To determine whether a transcription complex is formed, a
sequential ChIP assay was performed to determine the enrichment
of nuclear receptor coactivator 1 (SRC1) and RNA polymerase II
(Polll) on the enhancers of lactoferrin and complement C3. Cells
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were transfected with ERo. wild-type or calcium/metal interaction
site mutants and treated for 60 minutes with estradiol or cadmium.
Immunoprecipitation was performed with the antibody to ERct and
then with an antibody to either SRCI or PolIl. The enrichment of
SRC1 and Polll was quantified (Figures 3K-T). As expected,
treatment of wtERa with estradiol resulted in an approximately
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3.04- and 2.68-fold increase of SRC1 and PollI on the enhancer of
lactoferrin and an approximately 2.47- and 2.90-fold increase of
SRCI and PollI on the enhancer of complement C3, respectively.
Similarly, treatment of wtERo with cadmium resulted in
approximately 4.12- and 3.78-fold increase of SRC1 and Polll on
the enhancer of lactoferrin and an approximately 3.07- and 3.81-
fold increase of SRC1 and PollI on the enhancer of complement C3,
respectively. However, treatment of ERo. mutants E542A/D545,
N532A, H516A/N519A/E523A, and C381A with estradiol or
cadmium did not result in an increase of SRCI or Polll on the
enhancers of lactoferrin or complement C3. In untransfected cells,
there was no enrichment of SRCI1 or Polll on the enhancers
of lactoferrin or complement C3 in response to estradiol or
cadmium (Supplementary 5).

Effects of cadmium on Y537S and Y537S
calcium/metal interaction site mutants

To determine whether mutation of ERa calcium/metal
interaction sites affects the constitutive activity of Y537S and
cadmium induced expression of estrogen responsive genes, the
calcium/metal interaction sites in Y537S were mutated. HEK293T
cells were transfected with the constitutively active mutant Y537S or
the calcium/metal interaction site mutants Y537S/E542A/D545A,
Y537S/N532A, Y537S/H516A/N519A/E523A, and Y537S/C381A,
treated with estradiol or cadmium, and the amount of lactoferrin
and complement C3 was measured. Y537S ERo was additionally
treated with cadmium and ICI-182,780.

In the case of expression of lactoferrin, cells transfected with
Y5378 exhibited a 9.57-fold increase in lactoferrin compared to cells
transfected with wtERo, confirming the constitutive activity of
Y537S (Figure 4A). Compared to treatment of wtERa with
cadmium, treatment of Y537S with cadmium resulted in a further
6.46-fold increase in lactoferrin that was blocked by ICI-182,780
(Supplementary 7A). Mutation of the calcium/metal interaction
sites decreased the constitutive activity of Y537S. Compared to

Lactoferrin

Lactoferrin mRNA/RPLPO mRNA (Fold Change)

vsi7SI  Ysars/ Y3781
NS32A  HSIGANSIOAIES23A  C381A

vss7s
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- e
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Y537S, there was an approximately 68%, 50%, 54%, and 71%
decrease in the constitutive activity of Y537S/E542A/D545A,
Y537S/N532A, Y537S/H516A/N519A/E523A, and Y537S/C381A,
respectively. Cadmium activation of the calcium/metal interaction
site mutants was also significantly lower. There was an
approximately 70%, 53%, 82%, and 79% decrease in cadmium
activation of Y537S/E542A/D545A, Y537S/N532A, Y537S/
H516A/N519A/E523A, and Y537S/C381A, respectively.

In the case of expression of complement C3, cells transfected with
Y537S also exhibited an approximately 2.70-fold increase in
complement C3 compared to cells transfected with wtERo
(Figure 4B). Compared to treatment of wtERo with cadmium,
treatment of Y537S with cadmium resulted in a further 2.44-fold
increase in complement C3 mRNA and the increase was blocked by
ICI-182,780 (Supplementary 7B). A significant decrease in constitutive
activity was also observed upon mutation of the calcium/metal
interaction sites. Compared to Y537S, there was an approximately
61%, 45%, 48%, and 70% decrease in the constitutive activity of
Y537S/E542A/D545A, Y537S/N532A, Y537S/H516A/N519A/E523A,
and Y537S/C381A, respectively. Cadmium activation of the Y537S
calcium/metal interaction site mutants was also significantly decreased
compared to cadmium activation of Y537S. There was an
approximately 66%, 45%, 61%, and 67% decrease in cadmium
activation of Y537S/E542A/D545A, Y537S/N532A, Y537S/H516A/
N519A/E523A, and Y537S/C381A, respectively.

Effects of cadmium on the recruitment
Y537S and Y537S calcium/metal interaction
site mutants to the enhancers of estrogen
responsive genes

To determine whether treatment with cadmium alters the
recruitment of Y537S and Y537S mutants to the enhancers of
estrogen responsive genes, HEK293T cells were transiently
transfected with the constitutively active mutant Y537S or the
calcium/metal interaction site mutants Y537S/E542A/D545A,

Complement C3

d
:
i

Complement C3 mRNA/RPLPO mRNA (Fold Change)

ysars) e

sa7s!
castA

- g

53751
NS32A  HS1GAINS1ONES23A

Effects of cadmium on Y537S and Y537S calcium/metal interaction site mutants. HEK293T cells were transiently transfected with wild-type, Y537S, Y5375/
E542A/D545A, Y537S/N532A, Y537S/H516A/N519A/E523A, Y537S/C381A. Following transfection, the cells were treated with estradiol (100 nM) or cadmium
(2 uM) for 48 hours. The RNA was isolated, the amount of lactoferrin and complement C3 mRNA was measured by real time gPCR and normalized to the

amount of ribosomal protein PO (RPLPO) mRNA. Using the 244

method, data are presented as fold change compared to control, mean + SEM; n=3.< < <

< Statistical significance is defined as a P value of < 0.05. <0.05%, <0.01**, <0.001***, 0.0001****_ (A) lactoferrin. (B) complement C3.
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Y537S/H516A/N519A/E523A, Y537S/N532A, and Y537S/C381A (Figures 5A-]). Compared to control, treatment of Y537S, Y537S/
and treated for 60 minutes with estradiol or cadmium. ERo.-DNA  E542A/D545, Y537S/N532A, and Y537S/C381A with estradiol did
complexes were isolated and the recruitment of the mutants to the = not increase the enrichment of Y537S or the Y537S calcium/metal
enhancers of lactoferrin and complement C3 was quantified interaction site mutants on the enhancers of lactoferrin and
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FIGURE 5

Effects of cadmium on the recruitment of Y537S and Y537S calcium/metal interaction site mutants to the enhancers of estrogen responsive genes
HEK293T cells were transfected with Y537S ERo. and mutants Y537S/E542A/D545A, Y537S/N532A, Y537S/H516A/N519A/E523A, and Y537S/C381A.
Following transfection, the cells were treated with estradiol (100 nM) or cadmium (2 pM) for 60 minutes, crosslinked, lysed, and the occupancy of ERa.
on the enhancers of target genes was examined by ChlIP assay. A Re-ChlIP assay was performed, and the chromatin was first immunoprecipitated with
an antibody to ERo, followed by immunoprecipitation with an antibody to SRC1, Polll, or IgG. DNA was quantified by real time gPCR and the recruitment
of ERa, SRC1, and Polll is presented as percent input. The data are the mean of two independent experiments done in duplicate (mean + SEM). (A, B)
ChlIP Y537S. (C, D) ChiIP Y537S/E542A/D545A. (E, F) ChIP Y537S/N532A. (G, H) ChIP Y537S/H516A/N519A/E523A. (1, J) ChiIP Y537S/C381A. (K, L) Re-ChIP
Y537S. (M, N) Re-ChliP Y537S/E542A/D545A. (O, P) Re-ChlIP Y537S/N532A. (Q, R) Re-ChlP Y537S/H516A/N519A/E523A. (S, T) Re-ChiP Y537S/C381A
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complement C3. However, treatment of Y537S with cadmium
resulted in an approximately 2.07- and 2.12-fold increase in
enrichment of Y537S on the enhancers of lactoferrin and
complement C3, respectively. Treatment with cadmium also
increased the enrichment of Y537S/E542A/D545, Y537S/N532A,
and Y537S/C381A on the enhancers of lactoferrin and complement
C3 (~1.70- to 2.09-fold and ~1.77- to 1.89-fold, respectively) but
failed to increase the enrichment of Y537S/H516A/N519A/E523A
on the enhancers.

To determine whether a transcription complex is formed, a
sequential ChIP assay was performed to determine the enrichment of
SRC1 and PollI on the enhancers of lactoferrin and complement C3.
Cells were transiently transfected with Y537S or the Y537S mutants
and treated with estradiol or cadmium. Immunoprecipitation was
first performed with the antibody to ERa. and then with an antibody
to either SRC1 or Polll and the enrichment of SRC1 and Polll was
again quantified (Figures 5K-T). Treatment of Y537S with estradiol
did not further increase the enrichment of SRCI and Polll on the
enhancer of lactoferrin (~0.79- and 0.99-fold, respectively) or
complement C3 (~1.37- and 1.13-fold, respectively). In contrast
to estradiol, treatment of Y537S with cadmium resulted in
approximately 2.11- and 2.80-fold increase in enrichment of SRC1
and Polll on the enhancer of lactoferrin, respectively, and an
approximately 2.20- and 2.35-fold increase in enrichment on the
enhancer of complement C3, respectively. However, treatment of
the calcium/metal interaction site mutants Y537S/E542A/D545,
Y537S/N532A, Y537S/H516A/N519A/E523A, and Y537S/C381A
with estradiol or cadmium did not increase the enrichment of
SRCI or PollI on the enhancers.

Effects of cadmium on D538G and D538G
calcium/metal interaction site mutants

To determine whether the mutation of ERol calcium/metal
interaction sites affects constitutive activity of D538G and

Lactoferrin mRNA/RPLPO mRNA (Fold Change)
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E542AID545A
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FIGURE 6
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cadmium induced expression of estrogen responsive genes, the
calcium/metal interaction sites in D538G were mutated.
HEK293T cells were transfected with the constitutively active
mutant D538G or the calcium/metal interaction site mutants
D538G/E542A/D545A, D538G/N532A, D538G/H516A/N519A/
E523A, and D538G/C381A and treated with estradiol or
cadmium and the amount of lactoferrin and complement C3 was
measured. D538G was also treated with ICI-182,780. In the case of
lactoferrin expression, cells transfected with D538G exhibited a
6.23-fold increase in lactoferrin mRNA when compared to wtERo
confirming the constitutive activity of D538G (Figure 6A).
Compared to cadmium treatment of wtERc, cadmium treatment
of D538G resulted in an additional 5.06-fold increase in lactoferrin
mRNA that was blocked by ICI-182,780 (Supplementary 8A).
Mutation of the calcium/metal interaction sites resulted in an
approximately 82%, 34%, 51%, and 67% decrease in constitutive
activity of D538G/E542A/D545A, D538G/N532A, D538G/H516A/
N519A/E523A, and D538G/C381A, respectively. Cadmium
activation of D538G/E542A/D545A, D538G/N532A, D538G/
H516A/N519A/E523A, and D538G/C381A was significantly
lowered by approximately 85%, 40%, 62%, and 72%, respectively,
compared to cadmium activation of D538G. In the case of
compliment C3, cells transfected with D538G also exhibited a
2.33-fold higher expression of complement C3 mRNA compared
to cells transfected with wtERo. demonstrating the constitutive
activity of D538G (Figure 6B). Treatment of D538G with
cadmium resulted in an additional 1.68-fold increase in the
expression of complement C3 mRNA compared to cadmium
treatment of wtERo.. Mutation of the calcium/metal interaction
sites D538G/E542A/D545A, D538G/N532A, D538G/H516A/
N519A/E523A, and D538G/C381A also resulted in a significant
decrease in constitutive activity by approximately 73%, 44%, 49%,
and 67%, respectively. Cadmium activation of D538G/E542A/
D545A, D538G/N532A, D538G/H516A/N519A/E523A, and
D538G/C381A was also significantly lower by approximately 77%,
28%, 56%, and 65%, respectively.

Complement C3

Complement C3 mRNA/RPLPO mRNA (Fold Change)
>

538G/
C381A

- e

Effects of cadmium on D538G and D538G calcium/metal interaction site mutants. HEK293T cells were transiently transfected with wild-type,
D538G, D538G/E542A/D545A, D538G/N532A, D538G/H516A/N519A/E523A, D538G/C381A. Following transfection, the cells were treated with
estradiol (100 nM) or cadmium (2 pM) for 48 hours. The RNA was isolated, the amount of lactoferrin and complement C3 mRNA was measured by
real time gPCR and normalized to the amount of ribosomal protein PO (RPLPO) mRNA. Using the 24 22" method, data are presented as fold change
compared to control, mean + SEM; n=3.< < < < Statistical significance is defined as a P value of < 0.05. <0.05%, <0.01**, <0.001***, 0.0001****,

(A) lactoferrin. (B) complement C3.
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Effects of cadmium on the recruitment of
D538G and D538G calcium/metal
interaction site mutants to the enhancers
of estrogen responsive genes

To determine whether cadmium treatment affects the
recruitment of D538G and D538G calcium/metal interaction site
mutants to the enhancers of estrogen responsive genes, cells were
transfected with D538G, D538G/E542A/D545A, D538G/N532A,
D538G/H516A/N519A/E523A, and D538G/C381A and treated for
60 minutes with estradiol or cadmium. ERo-DNA complexes were
isolated and the recruitment of the mutants to the enhancers of
lactoferrin and complement C3 was quantified. Compared to
control, treatment of D538G, D538G/E542A/D545A, D538G/
N532A, D538G/H516A/N519A/E523A, and D538G/C381A with
estradiol did not increase the enrichment of the mutant receptors
on the enhancers of lactoferrin (~1.34-fold) and complement C3
(~1.36-fold). However, treatment of D538G, D538G/E542A/D545,
D538G/N532A, D538G/H516A/N519A/E523A, and D538G/
C381A with cadmium resulted in an approximately 1.96- to 2.67-
fold increase in the enrichment of receptors on the enhancers of
lactoferrin and complement C3 (Figures 7A-J).

To determine whether a transcription complex is formed, a
sequential ChIP assay was performed to determine the enrichment
of SRC1 and PollI on the enhancers of lactoferrin and complement
C3. Cells were again transiently transfected with D538G or the
D538G calcium/metal interaction site mutants and treated for 60
minutes with estradiol or cadmium. Immunoprecipitation was first
performed with an antibody to ERo and then with an antibody to
either SRC1 or Polll and the enrichment of SRC1 and PollI on the
enhancers of lactoferrin and complement C3 was quantified
(Figures 7K-T). Treatment of D538G with estradiol did not
further increase the enrichment of SRC1 and Polll on the
enhancer of lactoferrin (~1.27- & 1.32-fold, respectively) or
complement C3 (~1.15- & 1.02-fold, respectively). In contrast to
estradiol, treatment with cadmium resulted in approximately 2.79-
and 3.03-fold increase in enrichment of SRCI and Polll on the
enhancer of lactoferrin and an approximately 2.75- and 2.55-fold
increase in enrichment on the enhancer of complement C3,
respectively. However, treatment with estradiol or cadmium did
not increase the enrichment of SRCI or Polll on the enhancers of
lactoferrin and complement C3 of ERo calcium/metal interaction
site mutants D538G/E542A/D545A, D538G/N532A, D538G/
H516A/N519A/E523A, and D538G/C381A.

Effects of calcium, cadmium, calcium
channel blockers, and calcium chelators
on cell growth of MCF7 Y537S and MCF7
D538G cells

To ask whether calcium and/or cadmium contribute to the
constitutive activity of Y537S and D538G, MCEF-7 cells harboring
Y537S and D538G ESR1 mutations (MCF7 Y537S and MCE7
D538G) were treated with calcium channel blockers or metal
chelators. As expected, MCF-7 cells that express the constitutively
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active mutants grow in the absence and presence of estradiol (10
nM or 100 nM), calcium (5 mM), cadmium (2 pM), and the
antiestrogen ICI-182-780 (1 uM) Figure 8). Treatment of MCF7
Y537S and MCF7 D538G cells with the calcium channel blockers
mibefradil (MF; 5 uM) and methoxyverapamil (MV; 75 uM) and
the extracellular calcium chelator EDTA (1 uM) resulted in an
approximately 70-90% decrease in cell growth in MCF7 Y537 cells,
approximately 73-90% decrease in cell growth in MCF7 D538G
cells (Figures 8A, B). Treatment with the intracellular calcium
chelators EDTA-AM (1 uM) and BAPTA-AM (10 uM) alone did
not significantly reduce cell growth, but the combination treatment
of EDTA-AM (1 puM) and BAPTA-AM (10 uM) significantly
reduced cell growth in both MCF7 Y537S and MCF7 D538G cells
by approximately 61-77%. Treatment of MCF7 Y537S and MCF7
D538G with cadmium had no significant effect on cell growth,
but treatment with the channel blockers mibefradil and
methoxyverapamil resulted in an approximately 70-73% decrease
in the growth of MCF7 Y537S and approximately 74-76% decrease
in the growth of MCF7 D538G consistent with the influx of
cadmium through calcium channels. The ability of calcium
channel blockers and chelators to decrease the growth of MCF7
cells expressing constitutively active mutants suggests that calcium
and cadmium contribute to the constitutive activity of D538G and
Y537S ESRI mutants.

Discussion

This study shows that cadmium activates ERo. through a
mechanism similar to calcium and contributes to and further
increases the constitutive activity of ERo. mutants Y537S and
D538G. Mutational analysis identified four calcium/metal
interaction sites: C381A, N532A, H516A/N519A/E523A, and
E542/D545A in the LBD. Mutation of calcium/metal interaction
sites in wtERa blocked the ability of cadmium to activate the
receptor. Mutation of calcium/metal interaction sites in the
mutants Y537S and D538G led to a significant decrease in
constitutive activity and cadmium induced activation. Mutation
of the calcium/metal interaction sites in Y537S and D538G did not
inhibit DNA binding but prevented a stable interaction with SRC1
and Polll. Additionally, growth assays indicated that treatment with
calcium channel blockers and chelators significantly reduced the
growth of MCF7 cells harboring these constitutively active
mutations, highlighting the critical role of calcium in the growth
regulation of these cells.

Cadmium is a metal with no known physiological function that
activates ERo.. Exposure to the metal occurs primarily through
dietary sources, cigarette smoking, and, to a lesser degree, drinking
water (26). Cadmium has a long biological half-life, estimated to be
between 4-38 years (27). The ability to activate ERo. and long
biological half-life suggests that exposure to cadmium not only
increases the risk of developing breast cancer (6, 28, 29) but affects
the response to endocrine therapy.

In the classical genomic pathway, ERo is activated by the
binding of estradiol within the pocket of the LBD. As a result,
ERa dissociates the heat shock complex, localizes in the nucleus,
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FIGURE 7

Effects of cadmium on the recruitment of D538G and D538G calcium/metal interaction site mutants to the enhancers of estrogen responsive genes.
HEK293T cells were transfected with D538G ERo and mutants D538G/E542A/D545A, D538G/N532A, D538G/H516A/N519A/E523A, and D538G/
C381A. Following transfection, the cells were treated with estradiol (100 nM) or cadmium (2 pM) for 60 minutes, crosslinked, lysed, and the
occupancy of ERo. on the enhancers of target genes was examined by ChIP assay. A Re-ChlP assay was performed, and the chromatin was first
immunoprecipitated with an antibody to ERa., followed by immunoprecipitation with an antibody to SRC1, Polll, or IgG. DNA was quantified by real
time gPCR and the recruitment of ERa, SRC1, and Polll is presented as percent input. The data are the mean of two independent experiments done
in duplicate (mean + SEM). (A, B) ChIP D538G. (C, D) ChIP D538G/E542A/D545A. (E, F) ChIP D538G/N532A. (G, H) ChIP D538G/H516A/N519A/
E523A. (I, J) ChIP D538G/C381A. (K, L) Re-ChIP D538G. (M, N) Re-ChIP D538G/E542A/D545A. (O, P) Re-ChIP D538G/N532A. (Q, R) Re-ChIP

D538G/H516A/N519A/E523A. (S, T) Re-ChIP D538G/C381A.
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Effects of calcium, cadmium, ICl, calcium channel blockers and calcium chelators on cell growth. MCF7 Y537S and MCF7 D538G were treated with calcium
(5 mM), cadmium (2 uM), ICI (1 pM), mibefradil (MF; 5 pM), methoxyverapamil (MV; 75 pM), EDTA (1 uM), BAPTA-AM (10 pyM), EDTA-AM (1 pM) and E2 (10 nM
or 100 nM) for 5 days, stained by crystal violet and counted by a plate reader. Using the 2422t method, data are presented as fold change compared to
control, mean + SEM; n=3. Statistical significance is defined as a P value of < 0.05. 0.0001****_(A) MCF7 Y537S. (B) MCF7 D538G.

dimerizes and binds to DNA, and recruits coactivators and the
general transcriptional machinery. ERo consists of the N-terminal
domain that contains activation function-1 (AF-1), the central
DNA binding domain, hinge region, and the C-terminal domain
that contains the LBD and AF-2. The LBD includes 11 o-helices
(H1, H3-H12) (30-32). Based on the crystal structure of the retinoic
acid receptor in the absence and presence of its ligand, it is thought
that several major conformational changes occur in the LBD of
nuclear receptors as a result of ligand binding (33). In the absence of
ligand, a short loop separates helices H10 and H11 while helix H12
flanks the binding pocket. Following the binding of ligand, helix H3
rotates around its axis and bends toward the pocket and helix H4.
This rearrangement rotates helix H11 around its axis to form the
contiguous helix H10/H11 creating an extended loop between
helices H11 and H12 and rotating helix H12 over the pocket.
Helix H10/H11 together with helices H8 and H9 creates the
dimerization domain and helices H3 and H12 together with helix
H4 creates the AF-2 domain (31, 34).

In contrast to estradiol binding in the pocket, calcium activates
ERa: through four interaction sites on the solvent accessible surface
of the LBD (4), (3). Mutational analysis and molecular modeling
suggested that the first site is formed by a direct interaction of
calcium with the side chains of H516 on helix H10, N519 in the loop
between helices H10 and H11, and E523 on helix H11; the second
site is formed by a direct interaction of calcium with the backbone
of K529 on helix H11 and the side chain of N532 and backbone of
V534 in loop 11-12; the third site is formed by a direct interaction of
calcium with the side chains of D538, E542, and D545 on helix H12;
and the fourth site is formed by the direct interaction of calcium
with the side chains of H377, E380, and C381 on helix H4.
Cadmium is a bivalent cation with an ionic radius similar to
calcium. The results of the present study further define the
cadmium interaction sites and shows that the calcium interaction
sites are the cadmium interaction sites, which are important for the
activation of ERo and the constitutive activity of Y537S and D538G.
The identification of calcium/metal interaction sites at the ends of
helices H10, H11, and H12 and on H4 suggests a model whereby
calcium and cadmium alter and/or stabilize the a-helices in the
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LBD to induce conformation changes similar to the conformational
changes proposed for estradiol (35). In the proposed model
(Figure 9), the interaction of cadmium and calcium with the side
chains of amino acids at the C-terminal end of helix H10, in the
loop between helices H10 and H11, and on the N-terminal end of
helix H11 (H516, N519, and E523) causes helix H11 to rotate
around its axis to form a continuous helical structure with helix H10
contributing to the formation of the dimerization domain. The
interaction of the metals with the backbone and side chains of
amino acids on the C-terminal end of helix H11 and in the loop
between helices H11 and H12 (N532) as well as the interaction at
the N-terminal end of helix H12 (E542 and D545) repositions helix
H12 over the binding pocket while the interaction on helix H4
(C381) induces a kink in the helix formed by helices H4 and H5
facilitating the movement of helix H3 towards helix H4 and the
ligand binding pocket to form the coactivator binding site (31, 34).

Other studies suggest that a spring force originating from the
strain in the loop between helix H11-H12 of wtERa opposes the
folding of H12 into the active conformation and keeps the pocket
open for ligand binding (Mayne et al.). The spring force is abrogated
by a latching mechanism in the Y537S mutant and by relaxing the
folded form of the loop in the D538G mutant thereby enabling
formation of the active conformation. In fact, Y537S has been
shown to form a hydrogen bond with D351 (21) facilitating a tighter
packing of the H11-H12 loop against the LBD while D538G relaxes
the helical character of the N-terminal end of helix H12, thus
relaxing the H11-12 loop and improving the packing of its
hydrophobic side chains (22). Clustering of mutations within the
loop connecting helix H11 and H12 suggests that the loop also
provides an energetic barrier that controls the conformational
switch of helix H12 that regulates coactivator binding (Mayne
et al.). Collectively, these studies suggest that the constitutive
activity of Y537S and D538G stems from their ability to adopt a
stable agonist conformation in the absence of hormone (36). We
propose a model where cadmium also contributes to and enhances
the constitutive activity of Y537S and D538G. In support of the role
of cadmium in the constitutive activity of Y537S and D538G, loss of
the calcium/metal interaction sites results in diminished
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Schematic summarizing the proposed mechanism of ERo activation and the activation of constitutively active ERa mutants Y537S and D538G.

constitutive activity. The constitutively active mutants bind to DNA
and recruit SRC1 and Polll, however, in the absence of the calcium/
metal sites, the Y537S and D538G mutants bind to DNA but do not
recruit SRC1 or Polll, which may be due to the lack of an
appropriate conformation of the LBD. Although decreased
affinity and/or stability of the receptor/coregulator complex
cannot be ruled out, the results show that intact calcium/metal
interaction sites are important for the constitutive activity of Y537S
and D538G. In support of the ability of cadmium to increase the
transcriptional activity of Y537S and D538G through sites on the
aqueous surface of the LBD, estradiol which binds in the
hydrophobic pocket did not increase the transcriptional activity
of the constitutively active mutants, whereas cadmium which binds
on the surface increased the transcriptional activity of the mutants.
This is consistent with our mutational analysis, molecular
modeling, and binding assays showing that metals interact with
sites on the surface of the LBD and noncompetitively block estradiol
binding to the receptor (11). The current model also proposes that
the four calcium/metal interaction sites are important for inducing
an active conformation of the LBD and predicts that the site
between helix H10, loop H10-H11, and helix H11 (H516/N519/
E523) is involved in the rotation of helix H11 and the formation of
the dimerization domain. In support of a role of H516/N519/E523
in the formation of the dimerization domain, cadmium failed to
activate Y537S/H516A/N519A/E523A, whereas estradiol activated
the mutant suggesting that the binding of estradiol in the
hydrophobic pocket rotates helix H11 and compensates for the
loss of the metal interaction site on the surface of the LBD.
Additionally, the loss of the calcium/metal interaction sites at the
C-terminal end of helix H11 and loop between helices H11 and H12
(N532A) and at the N-terminal end of helix H12 (E542A/D545A)
prevents the repositioning of helix H12 over the LBD pocket by
abrogating the spring force that originates from the strain of the
H11-HI12 loop similar to what is proposed for the constitutively
active mutants (37). The mutation of C381 on helix H4 prevents the
formation of a kink in the helix formed by helices H4 and H5 and
the formation of the coactivator binding site. Unlike H516A/
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N519A/E523A, estradiol does not compensate for the loss of the
metal interaction sites at N532A, E542A/D545A, and C381A in the
constitutively active mutants.

In summary, our results demonstrate that cadmium activates
ERo. through calcium/metal interaction sites. Mutation of calcium/
metal interaction sites in the ERo. mutants Y537S and D538G
results in a decrease of constitutive activity suggesting that the
intracellular environment, presumably intracellular calcium and
cadmium, contributes to the constitutive activity of these
mutants. As cadmium activates ERo through the solvent
accessible surface of the LBD, it enhances the constitutive activity
of Y537S and D538G whereas estradiol does not. Taken together,
the results suggest that exposure to cadmium plays a role in the
etiology and response to treatment of breast cancer due, in part, to
its ability to activate ERo.. As cadmium mimics calcium, the results
support further investigation into the inclusion of calcium channel
blockers with existing therapies to treat ER positive metastatic
breast cancers.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

JP: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Visualization,
Writing - original draft, Writing - review & editing. QW: Data
curation, Methodology, Validation, Visualization, Writing — review
& editing. GY: Data curation, Methodology, Writing - review &
editing. RG: Methodology, Writing — review & editing. NH: Data
curation, Methodology, Writing - review & editing. BH:
Conceptualization, Funding acquisition, Writing - review &

frontiersin.org


https://doi.org/10.3389/fendo.2024.1380047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Psaltis et al.

editing. MM: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Supervision, Validation, Visualization,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported, in part, by grants from the National Institutes of
Health (T32-CA009686 to JP, P30-CA51008, and U01-ES026132 to
MM & BH); Gewirz Foundation (to MM); King Khalid University
(to RG); P30-CA51008; Georgetown University Medical Center.

Acknowledgments

Georgetown University Genomics & Epigenomics and Tissue
Culture & Biobanking Shared Resources, and Georgetown
University Medical Center.

References

1. SungH, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA: A Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/
caac.21660

2. Piggott L, Silva A, Robinson T, Santiago-Gomez A, Simées BM, Becker M, et al.
Acquired resistance of er-positive breast cancer to endocrine treatment confers an
adaptive sensitivity to trail through posttranslational downregulation of c-FLIP. Clin
Cancer Res. (2018) 24:2452-63. doi: 10.1158/1078-0432.CCR-17-1381/116690/AM/
ACQUIRED-RESISTANCE-OF-ER-POSITIVE-BREAST-CANCER

3. Divekar SD, Storchan GB, Sperle K, Veselik DJ, Johnson E, Dakshanamurthy S,
et al. The role of calcium in the activation of estrogen receptor-alpha. Cancer Res.
(2011) 71:1658-68. doi: 10.1158/0008-5472.CAN-10-1899

4. Stoica A, Katzenellenbogen BS, Martin MB. Activation of estrogen receptor-alpha
by the heavy metal cadmium. Mol Endocrinol (Baltimore Md.). (2000) 14:545-53.
doi: 10.1210/mend.14.4.0441

5. Brama M, Gnessi L, Basciani S, Cerulli N, Politi L, Spera G, et al. Cadmium
induces mitogenic signaling in breast cancer cell by an ERo-dependent mechanism.
Mol Cell Endocrinol. (2007) 264:102-8. doi: 10.1016/j.mce.2006.10.013

6. Divekar SD, Li HH, Parodi DA, Ghafouri TB, Chen R, Cyrus K, et al. Arsenite and
cadmium promote the development of mammary tumors. Carcinogenesis. (2020)
41:1005-14. doi: 10.1093/carcin/bgz176

7. Tonescu JG. Heavy metal accumulation in Malignant tumours as basis for a new
integrative therapy model. Metabolic hallmarks of cancer cells as targets for innovative
therapies. Integr Cancer Ther. (2006) 5:9-19. doi: 10.1177/1534735405283947

8. Larsson SC, Orsini N, Wolk A. Urinary cadmium concentration and risk of breast
cancer: A systematic review and dose-response meta-analysis. Am J Epidemiol. (2015)
182:375-80. doi: 10.1093/aje/kwv085

9. Jablonska E, Socha K, Reszka E, Wieczorek E, Skokowski J, Kalinowski L, et al.
Cadmium, arsenic, selenium and iron-implications for tumor progression in breast
cancer. Environ Toxicol Pharmacol. (2017) 53:151-7. doi: 10.1016/j.etap.2017.05.014

10. Stoica A, Pentecost E, Martin MB. Effects of arsenite on estrogen receptor-o
Expression and activity in MCF-7 breast cancer cells. Endocrinology. (2000) 141:3595-
602. doi: 10.1210/endo.141.10.7704

11. Stoica A, Pentecost E, Martin MB. Effects of selenite on estrogen receptor-
expression and activity in MCF-7 breast cancer cells. J Cell Biochem. (2000) 79:282-92.
doi: 10.1002/1097-4644

12. Henson MC, Chedrese PJ. Endocrine disruption by cadmium, a common
environmental toxicant with paradoxical effects on reproduction. Exp Biol Med.
(2004) 229:383-92. doi: 10.1177/153537020422900506

Frontiers in Endocrinology

14

10.3389/fendo.2024.1380047

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2024.1380047/
full#supplementary-material

13. Byrne C, Divekar SD, Storchan GB, Parodi DA, Martin MB. Cadmium — A
metallohormone? Toxicol Appl Pharmacol. (2009) 238:266-71. doi: 10.1016/
j.taap.2009.03.025

14. Osborne CK, Schiff R. Estrogen-receptor biology: Continuing progress and
therapeutic implications. J Clin Oncol. (2005) 23:1616-22. doi: 10.1200/
JCO.2005.10.036

15. Pietras RJ. Biologic basis of sequential and combination therapies for hormone-
responsive breast cancer. Oncologist. (2006) 11:704-17. doi: 10.1634/theoncologist.11-
7-704

16. Musgrove EA, Sutherland RL. Biological determinants of endocrine resistance in
breast cancer. Nat Rev Cancer. (2009) 9:631-43. doi: 10.1038/nrc2713

17. Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, et al. ESRI ligand-binding
domain mutations in hormone-resistant breast cancer. Nat Genet. (2013) 45:1439-45.
doi: 10.1038/ng.2822

18. Jeselsohn R, Yelensky R, Buchwalter G, Frampton G, Meric-Bernstam F,
Gonzalez-Angulo AM, et al. Emergence of constitutively active estrogen receptor-ou
mutations in pretreated advanced estrogen receptor-positive breast cancer. Clin Cancer
Res. (2014) 20:1757-67. doi: 10.1158/1078-0432.CCR-13-2332

19. Jeselsohn R, Buchwalter G, De Angelis C, Brown M, Schiff R. ESR1 mutations—a
mechanism for acquired endocrine resistance in breast cancer. Nat Rev Clin Oncol.
(2015) 12:573-83. doi: 10.1038/nrclinonc.2015.117

20. Niu J, Andres G, Kramer K, Kundranda MN, Alvarez RH, Klimant E,
et al. Incidence and clinical significance of ESR1 mutations in heavily pretreated
metastatic breast cancer patients. OncoTargets Ther. (2015) 8:3323. doi: 10.2147/
OTT.592443

21. Nettles KW, Bruning JB, Gil G, Nowak J, Sharma SK, Hahm JB, et al. (2008
NFxB selectivity of estrogen receptor ligands revealed by comparative crystallographic
analyses. Nat Chem Biol. (2008) 4:241-7. doi: 10.1038/nchembio.76

22. Fanning SW, Mayne CG, Dharmarajan V, Carlson KE, Martin TA, Novick SJ,
et al. Estrogen receptor alpha somatic mutations Y537S and D538G confer breast
cancer endocrine resistance by stabilizing the activating function-2 binding
conformation. ELife. (2016) 5:e12792. doi: 10.7554/eLife.12792

23. Arnesen S, Blanchard Z, Williams MM, Berrett KC, Li Z, Oesterreich S, et al.
Estrogen receptor alpha mutations in breast cancer cells cause gene expression changes

through constant activity and secondary effects. Cancer Res. (2021) 81:2347-61.
doi: 10.1158/0008-5472.CAN-20-1171

24. Veselik DJ, Divekar S, Dakshanamurthy S, Storchan GB, Turner JMA, Graham
KL, et al. Activation of estrogen receptor- by the anion nitrite. Cancer Res. (2008)
68:3950-8. doi: 10.1158/0008-5472.CAN-07-2783

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1380047/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1380047/full#supplementary-material
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1158/1078-0432.CCR-17-1381/116690/AM/ACQUIRED-RESISTANCE-OF-ER-POSITIVE-BREAST-CANCER
https://doi.org/10.1158/1078-0432.CCR-17-1381/116690/AM/ACQUIRED-RESISTANCE-OF-ER-POSITIVE-BREAST-CANCER
https://doi.org/10.1158/0008-5472.CAN-10-1899
https://doi.org/10.1210/mend.14.4.0441
https://doi.org/10.1016/j.mce.2006.10.013
https://doi.org/10.1093/carcin/bgz176
https://doi.org/10.1177/1534735405283947
https://doi.org/10.1093/aje/kwv085
https://doi.org/10.1016/j.etap.2017.05.014
https://doi.org/10.1210/endo.141.10.7704
https://doi.org/10.1002/1097-4644
https://doi.org/10.1177/153537020422900506
https://doi.org/10.1016/j.taap.2009.03.025
https://doi.org/10.1016/j.taap.2009.03.025
https://doi.org/10.1200/JCO.2005.10.036
https://doi.org/10.1200/JCO.2005.10.036
https://doi.org/10.1634/theoncologist.11-7-704
https://doi.org/10.1634/theoncologist.11-7-704
https://doi.org/10.1038/nrc2713
https://doi.org/10.1038/ng.2822
https://doi.org/10.1158/1078-0432.CCR-13-2332
https://doi.org/10.1038/nrclinonc.2015.117
https://doi.org/10.2147/OTT.S92443
https://doi.org/10.2147/OTT.S92443
https://doi.org/10.1038/nchembio.76
https://doi.org/10.7554/eLife.12792
https://doi.org/10.1158/0008-5472.CAN-20-1171
https://doi.org/10.1158/0008-5472.CAN-07-2783
https://doi.org/10.3389/fendo.2024.1380047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Psaltis et al.

25. Valley CC, Métivier R, Solodin NM, Fowler AM, Mashek MT, Hill L, et al.
Differential regulation of estrogen-inducible proteolysis and transcription by the
estrogen receptor o. N terminus. Mol Cell Biol. (2005) 25:5417-28. doi: 10.1128/
MCB.25.13.5417-5428.2005/ASSET/37E7EB1B-1C80-464D-A5B6-8168360378B1/
ASSETS/GRAPHIC/ZMB0130551390007.JPEG

26. Gartrell MJ, Craun JC, Podrebarac DS, Gunderson EL. Pesticides, selected
elements, and other chemicals in adult total diet samples, October 1978-September
1979. J AOAC Int. (1985) 68:862-75. doi: 10.1093/jaoac/68.5.862

27. Ostrowski SR, Wilbur S, Chou CHSJ, Pohl HR, Stevens YW, Allred PM, et al. Agency
for Toxic Substances and Disease Registry’s 1997 priority list of hazardous substances.
Latent effects—carcinogenesis, neurotoxicology, and developmental deficits in humans and
animals. Toxicol Ind Health. (1999) 15:602-44. doi: 10.1177/074823379901500702

28. Johnson MD, Kenney N, Stoica A, Hilakivi-Clarke L, Singh B, Chepko G, et al.
Cadmium mimics the in vivo effects of estrogen in the uterus and mammary gland. Nat
Med. (2003) 9:1081-4. doi: 10.1038/nm902

29. Hilton HN, Clarke CL, Graham JD. Estrogen and progesterone signalling in the
normal breast and its implications for cancer development. Mol Cell Endocrinol. (2018)
466:2-14. doi: 10.1016/j.mce.2017.08.011

30. Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, et al. The
structural basis of estrogen receptor/coactivator recognition and the antagonism of this
interaction by tamoxifen. Cell. (1998) 95:927-37. doi: 10.1016/S0092-8674(00)81717-1

31. Byrne C, Divekar SD, Storchan GB, Parodi DA, Martin MB. Metals and breast
cancer. ] Mammary Gland Biol Neoplasia. (2013) 18:63-73. doi: 10.1007/s10911-013-
9273-9

Frontiers in Endocrinology

15

10.3389/fendo.2024.1380047

32. Baker JL, Dunn KA, Mingrone J, Wood BA, Karpinski BA, Sherwood CC,
et al. Functional divergence of the nuclear receptor NR2C1 as a modulator of
pluripotentiality during hominid evolution. Genetics. (2016) 203:905-22. doi: 10.1534/
genetics.115.183889

33. Bourguet W, Germain P, Gronemeyer H. Nuclear receptor ligand-binding
domains: three-dimensional structures, molecular interactions and pharmacological
implications. Trends Pharmacol Sci. (2000) 21:381-8. doi: 10.1016/S0165-6147(00)
01548-0

34. Tanenbaum DM, Wang Y, Williams SP, Sigler PB. Crystallographic comparison
of the estrogen and progesterone receptor’s ligand binding domains. Proc Natl Acad Sci
USA. (1998) 95:5998-6003. doi: 10.1073/pnas.95.11.5998

35. Ordoniez E, Thiyagarajan S, Cook JD, Stemmler TL, Gil JA, Mateos LM, et al.
Evolution of metal(loid) binding sites in transcriptional regulators. J Biol Chem. (2008)
283:25706-14. doi: 10.1074/JBC.M803209200/ATTACHMENT/E95E765B-F41D-
499E-BDB9-8C2D36F0593E/MMC1.PDF

36. Katzenellenbogen JA, Mayne CG, Katzenellenbogen BS, Greene GL,
Chandarlapaty S. Structural underpinnings of oestrogen receptor mutations in
endocrine therapy resistance. Nat Rev Cancer. (2018) 18:377-88. doi: 10.1038/
541568-018-0001-z

37. Mayne CG, Toy W, Carlson KE, Bhatt T, Fanning SW, Greene GL, et al. Defining
the energetic basis for a conformational switch mediating ligand-independent
activation of mutant estrogen receptors in breast cancer. Mol Cancer Res. (2021)
19:1559-70. doi: 10.1158/1541-7786.MCR-20-1017/672955/AM/DEFINING-THE-
ENERGETIC-BASIS-FOR-A-CONFORMATIONAL

frontiersin.org


https://doi.org/10.1128/MCB.25.13.5417-5428.2005/ASSET/37E7EB1B-1C80-464D-A5B6-8168360378B1/ASSETS/GRAPHIC/ZMB0130551390007.JPEG
https://doi.org/10.1128/MCB.25.13.5417-5428.2005/ASSET/37E7EB1B-1C80-464D-A5B6-8168360378B1/ASSETS/GRAPHIC/ZMB0130551390007.JPEG
https://doi.org/10.1128/MCB.25.13.5417-5428.2005/ASSET/37E7EB1B-1C80-464D-A5B6-8168360378B1/ASSETS/GRAPHIC/ZMB0130551390007.JPEG
https://doi.org/10.1093/jaoac/68.5.862
https://doi.org/10.1177/074823379901500702
https://doi.org/10.1038/nm902
https://doi.org/10.1016/j.mce.2017.08.011
https://doi.org/10.1016/S0092-8674(00)81717-1
https://doi.org/10.1007/s10911-013-9273-9
https://doi.org/10.1007/s10911-013-9273-9
https://doi.org/10.1534/genetics.115.183889
https://doi.org/10.1534/genetics.115.183889
https://doi.org/10.1016/S0165-6147(00)01548-0
https://doi.org/10.1016/S0165-6147(00)01548-0
https://doi.org/10.1073/pnas.95.11.5998
https://doi.org/10.1074/JBC.M803209200/ATTACHMENT/E95E765B-F41D-499E-BDB9-8C2D36F0593E/MMC1.PDF
https://doi.org/10.1074/JBC.M803209200/ATTACHMENT/E95E765B-F41D-499E-BDB9-8C2D36F0593E/MMC1.PDF
https://doi.org/10.1038/s41568-018-0001-z
https://doi.org/10.1038/s41568-018-0001-z
https://doi.org/10.1158/1541-7786.MCR-20-1017/672955/AM/DEFINING-THE-ENERGETIC-BASIS-FOR-A-CONFORMATIONAL
https://doi.org/10.1158/1541-7786.MCR-20-1017/672955/AM/DEFINING-THE-ENERGETIC-BASIS-FOR-A-CONFORMATIONAL
https://doi.org/10.3389/fendo.2024.1380047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Cadmium activation of wild-type and constitutively active estrogen receptor alpha
	Introduction
	Materials and methods
	Reagents
	Cell culture and transient transfection assay
	Cell culture and MCF7 Y537S and MCF7 D538G growth assays
	Real time polymerase chain reaction
	Site-directed mutagenesis
	Chromatin immunoprecipitation assays
	Western blot
	Gene set enrichment analysis
	Statistical analysis

	Results
	Effect of cadmium on early and late estrogen response in MCF-7 cells
	Effects of cadmium on estrogen responsive genes in HEK293T cells transfected with wild-type and LBD mutants of ERα
	Effects of cadmium on ERα wild-type and calcium/metal interaction site mutants in HEK293T cells
	Effects of cadmium on the recruitment of ERα wild-type and calcium/metal interaction site mutants to the enhancers of estrogen responsive genes
	Effects of cadmium on Y537S and Y537S calcium/metal interaction site mutants
	Effects of cadmium on the recruitment Y537S and Y537S calcium/metal interaction site mutants to the enhancers of estrogen responsive genes
	Effects of cadmium on D538G and D538G calcium/metal interaction site mutants
	Effects of cadmium on the recruitment of D538G and D538G calcium/metal interaction site mutants to the enhancers of estrogen responsive genes
	Effects of calcium, cadmium, calcium channel blockers, and calcium chelators on cell growth of MCF7 Y537S and MCF7 D538G cells

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


