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ABSTRACT:

The estrogen receptor o (ERa) splicing variant with an in-frame deletion of exon 3 (ERA3) is
frequently expressed in the normal breast, but its influence on tumorigenesis has not been
explored. In vitro, ERA3 has dominant negative activity, suggesting it may suppress estrogen
stimulation in the breast. ERA3 may inhibit classical signaling on estrogen response element
(ERE)-regulated genes as well as activate non-classical pathways at Sp1 and AP-1 sites.
Transgenic mice were developed that express mouse ERA3 in all tissues examined, including the
mammary gland. To investigate if ERA3 expression affects tumorigenesis, ERA3 mice were
crossbred with MMTV-Neu mice. Mammary tumor onset was significantly delayed in
ERA3/Neu versus MMTV-Neu females and metastatic incidence and burden was significantly
reduced. Consequently, ERA3 expression suppressed tumor development and metastasis in this
aggressive model of HER2/Neu-positive breast cancer. To determine if estrogens with
anticancer activity may augment ERA3 protection, the bitransgenic mice were treated with
tamoxifen and soy isoflavones starting at age 2 months. Soy protein with isoflavones (181
mg/1800 kcal) did not affect tumor development in MMTV-Neu or ERA3/Neu mice; however,
metastatic progression was not inhibited in soy-treated ERA3/Neu mice, as it was in untreated
ERA3/Neu mice. In contrast, tamoxifen (20 mg/1800 kcal) significantly enhanced tumor
prevention in ERA3/Neu versus MMTV-Neu mice (98% vs. 81% tumor-free). The results in
ERA3/Neu mice demonstrate that ERA3 influences estrogen-dependent mammary carcinogenesis
and, thus, may be protective in women expressing ERA3 in the breast. However, exposure to

different estrogens may augment or block its beneficial effects.



INTRODUCTION

Alternative splicing variants for estrogen receptor o (ERa), with one or more exons deleted, are
common in normal and neoplastic breast tissue (1). Their presence has led to speculation that
they may influence estrogen activity and carcinogenesis. ldentification of ERa variants with
modified functions, such as dominant negative or positive activity, supports the possibility that
these altered receptors influence estrogen responsiveness of breast tissue. One splicing variant
with dominant negative activity occurs from the in-frame deletion of exon 3 from ERa (ERA3)
(2), which codes for the second zinc finger of the DNA binding domain (DBD). The ERA3
variant binds 17p-estradiol with high affinity, localizes to the nucleus, and dimerizes with

ERa (3); however, it is unable to bind to an estrogen response element (ERE) or to transactivate
an ERE-reporter construct (2). Its dominant negative activity was demonstrated in HelLa cells;
co-transfecting a 10:1 ratio of ERA3:ERa vectors had 80% inhibition and a 1:1 ratio had 30%
inhibition of wild-type (WT) ERa activity on an ERE-reporter (2). Furthermore, the lower
ERA3 expression in tumors compared to normal breast suggests that loss of ERA3 expression

may influence breast tumorigenesis (4, 5).

With limited information on how ERa variants act in vivo in normal and malignant estrogen
target tissues, the ERA3 transgenic mouse model was developed to test the ability of this variant
to inhibit estrogen responses. To maintain normal species interactions with DNA elements, other
cellular proteins, and wild-type receptors, the mice express mouse ERA3 variant (exon 4 or third
coding exon in mouse Esrl is equivalent to exon 3 in human ESR1). The amino acid sequence
for this exon is 100% conserved in the human and mouse ERa. genes. Due to the in-frame

deletion, other ERa functional domains remain intact, such as nuclear localization, AF-1 and



AF-2, ligand-dependent dimerization, and ligand binding. Both mouse and human ERa variants
lacking the second zinc finger do not bind to an ERE or stimulate transcription of an ERE-
reporter (6). Two lines of ERA3 mice (lines D and F) express the ERA3 transgene in all tissues
thus far examined, including the mammary gland (7). ERA3 mice develop normally, both

genders are fertile, and the dams lactate without problems.

To determine if ERA3 expression in normal mammary tissue influences tumor development,
ERA3 mice were crossbred with MMTV-Neu transgenic mice. The MMTV-Neu model
expresses the unactivated rat Neu (c-ErbB2) transgene and mimics many features of HER2-
positive breast cancer, including stochastic, multistep carcinogenesis; tumor pathology; and
frequent metastatic progression (8, 9). Estrogen is required for Neu-induced tumor development
since tamoxifen and ovariectomy effectively prevent tumor formation (10-14); therefore,
MMTV-Neu mice provide a good model to test the inhibitory potential of ERA3 on estrogen-

dependent events in mammary carcinogenesis.

A primary mechanism of dominant negative inhibition is to form inactive heterodimers with the
wild-type (WT) receptors (1), such as ERA3:ERa and ERA3:ERp heterodimers. The weak
dimerization domain in exon 3 is deleted, but the strong, ligand-dependent dimerization domain
remains in ERA3 (15). Therefore, for ERA3 to dimerize with ERa. or ERp to block their activity,
estrogen must be present. In intact mice, endogenous estrogens would initiate dimerization to
inhibit the estrogen responses normally induced by ERa and ER and ERA3 heterodimers may
correspondingly repress estrogen-dependent mammary carcinogenesis. Additionally, other

estrogens with reported anticancer effects may enhance the potential preventative actions of



ERA3 in mammary tissue. Tamoxifen prevents breast cancer in women (16) and in the MMTV-
Neu mouse model tested herein (10-13). Soy isoflavones, mainly genistein and daidzein, are
weak phytoestrogens, which also act as antiestrogens in breast cancer cells (17, 18), and inhibit
mammary cancer in MMTV-Neu mice (12, 13, 19). Therefore, both tamoxifen and soy protein
isolate containing isoflavones, were tested in intact female mice expressing ERA3 to determine if
either could enhance the potential inhibitory action of this variant on Neu-induced mammary

tumor development and metastatic progression.



MATERIALS AND METHODS

Animal care

All animal work was approved by the Institutional Animal Care and Use Committee at Wake
Forest University Medical Center, Cedars-Sinai Medical Center, and Duquesne University in
accordance with NIH guidelines. Dizygous ERA3 mice were bred with dizygous MMTV-Neu
mice (8) expressing the Neu protooncogene (FVB/N-Tg(MMTVneu)202Mul/J) to generate the
bitransgenic ERA3/Neu mice (hemizygous for both transgenes). The MMTV-Neu mice (Jackson
Laboratory, Bar Harbor, ME) were crossbred with wild-type (WT) mice (FVB/N strain) to
generate the hemizygous MMTV-Neu control mice. The breeders and progeny were maintained
on a semi-purified isoflavone-free diet to prevent exposure to these phytoestrogens during all
developmental stages of the study mice. The control diet is a modification of AIN-93G using
corn oil with 20% protein, 16% fat, 64% carbohydrates, and 3,713 kcal/kg (Harlan-Teklad,

Madison, W1).

For the tumor study, 242 MMTV-Neu and 208 ERA3/Neu female mice were randomized at
weaning into the 3 treatment groups (control, soy, and tamoxifen) and maintained on the control
diet. At 2 months of age, the soy and tamoxifen groups were transferred to treatment diets
(Harlan Teklad, Madison, WI). The tamoxifen diet contained tamoxifen citrate (Sigma-Aldrich,
St. Louis, MO) equivalent to 20 mg/1800 kcal tamoxifen in the control diet. The tamoxifen dose
is based on 20 mg/day for breast cancer prevention (20) and an average woman’s diet of 1800
kcal (Calories). Approximately 0.17 mg/day tamoxifen would be consumed for a mouse eating 4

g of diet/day.



The soy diet contained 21.7% soy protein isolate (Supro 670, BXP-H-0206, Protein
Technologies International, St. Louis, MO) with the same lot used throughout the study. The
isoflavone concentrations per kg diet are as follows: 619 mg/kg total conjugated and
unconjugated isoflavones, 374 mg/kg isoflavones (aglycones), 191 mg/kg genistein, 143 mg/kg
daidzein, and 39 mg/kg glycitein. Soy protein isolate provided the protein and other nutrients
were equalized to the control diet (20% protein, 16% fat, 64% carbohydrates, and 3,714 kcal/kg)
to mimic women consuming soy as their only source of protein (181 mg aglycone
isoflavones/1800 kcal; 1.5 mg/day isoflavones or 0.76 mg/day genistein and 0.57 mg/day
daidzein for mice eating 4 g of diet/day). The dose tested in this study is higher than typical
consumption in Japanese women, which ranges between 18-70 mg/day (21). Additionally, mice

may have higher circulating isoflavone concentrations due to less efficient conjugation (22).

The estrous cycle stage at necropsy was assessed using vaginal smears stained with Dif-stain Kit
(IMEB Inc., San Marcos, CA). Blood from 3-month-old Neu and ERA3 mice in estrus were
analyzed for serum 17p-estradiol and progesterone concentrations with the Double Antibody

Estradiol and Coat-a-Count Progesterone kits (Siemens, Los Angeles, CA).

Tumor doubling time, volume, and histopathology

Tumor onset was determined by weekly palpations starting at 4 months of age. For tumor
growth, weekly caliper measurements were performed on 2-dimensions. Tumor doubling time
for mice with only 1 mammary tumor was determined using the formula T;-T X log(2)/V1-Vo,
with T for time in days and V for mm? of volume, after tumors were at least 18 mm? in size

(volume by length x width® x 0.523). Lungs were fixed in cold 4% paraformaldehyde and 6 um



paraffin sections were stained with hematoxylin and eosin; sectioning and staining were
performed by Mass Histology Service (Worcester, MA). Sections were examined by a board-
certified veterinary pathologist (JMC) to assess the incidence of micrometastases and confirm

grossly detected metastatic lesions as previously described (23).

PR immunohistochemistry

Mammary glands sections of from ERA3 and WT mice in estrus were heat-treated for antigen
retrieval; pretreated with 3% hydrogen peroxide; blocked with unconjugated secondary antibody
(anti-mouse 1gG); incubated with the primary progesterone receptor antibody, PR10A9 at 1:50
(Beckman Coulter Inc., Brea, CA), overnight at 4° C; exposed to biotin-streptavidin link and
labeling antibodies, Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA); incubated
with DAB chromogen (Biogenex, Fremont, CA); counterstained with Mayer’s hematoxylin;
dehydrated; and coverslipped. Immunostained cells were quantified by counting labeled cells,
using a stereologic grid filter (Lindholm et al, 1992) in random regions of the mammary gland in
blinded samples at 400X magnification. At the grid intersections, nuclei were counted as
unlabeled (0), weakly labeled (+), moderately labeled (2+), or intensely labeled (3+). 100
epithelial cells/animal were counted (2 animals had 96 or 98 cells). Sections stained with normal

mouse serum (no primary antibody) did not result in positive stained cells (data not shown).

RNA levels
Mammary gland RNA was prepared using the Absolutely RNA RT-PCR miniprep kit
(Stratagene, La Jolla, CA) and cDNAs generated with reverse transcriptase (RT) using the

gScript cDNA Synthesis Kit (Quanta Bioscience, Gaithersburg, MD). cDNAs were analyzed by



real-time RT-PCR in the iCycler (Bio-Rad, Hercules, CA) using BR SYBR Green SuperMix for
iIQ Systems (Quanta Bioscience, Gaithersburg, MD) with the primer sequences below for 50
cycles at 95°C for 30 seconds, 60°C for 60 seconds. Primers for progesterone receptor (Pgr)
forward: TGGGAGCTGCAAGGTCTTCT and reverse: TGCCAGCCTGACAACACTTT;
estrogen receptor alpha (Esrl) forward: GTCCAGCTACAAACCAATGC and reverse:
ATCTCTCTGACGCTTGTGCT; ERAS transgene forward: ATTCAAGGGATCCGCATAC and
reverse: ACAAGGCAGGGCTATTCTTC; cytokeratin 18 (Krt18) forward:
TTGCGAATTCTGTGGACAAT and reverse: TTCCACAGTCAATCCAGAGC; and
cyclophilin A (Ppia) forward: TATCTGCACTGCCAAGACTG and reverse:
ACAGTCGGAAATGGTGATCT. Primer sequences, which discriminate between Neu
transgene and endogenous Neu gene, were previously reported (23). Gene expression was
normalized to Ppia expression from the same RT reaction. Amplified products were confirmed
with no RT controls and melt curve analysis. The proper size amplified product for each primer

set was confirmed in a subset of samples by agarose gel electrophoresis.

Statistical analyses

Chi-squared and Fisher’s exact test were used for categorical variables. Mann-Whitney test was
used to compare 2 groups, one-way ANOVA for 3 groups, and two-way ANOVA for comparing
two variables, i.e., genotype and treatment. Survival curves were analyzed with log-rank test and
Gehan-Breslow-Wilcoxon test, which places more weight on early events, such as would occur
with changes in latency. Analyses were performed using GraphPad Prism 5.0 software (San

Diego, CA). p<0.05 designated significance.



RESULTS

Progesterone receptor immunostaining in mammary epithelium and circulating hormone
levels in ERA3 mice

In ERA3 mice, lines D and F express the transgene in the mammary gland (7). Due to the
reported dominant negative activity of ERA3 (2), its ability to suppress the estrogen-responsive
progesterone receptor (PR) in the mammary epithelium was examined in line D and F females.
In both lines, strong PR immunostaining was significantly reduced compared to the WT mice
(Fig. 1A). Although not significantly different than WT mice, the number of epithelial cells with
no and weak staining was increased in both lines, also suggesting reduced expression of PR.
These results suggest ERA3 may repress estrogen action in the mammary gland and, therefore,
may inhibit cancer development. Due to the stunted growth of dizygous line D mice which
affects breeding, line F females were selected for studying ERA3 effects on mammary cancer
development. 17B-estradiol (E,) and progesterone (P,) serum levels in line F females in estrus
(Fig. 1B-C) confirmed that E,, but not P4, serum levels were significantly elevated compared to
WT mice (p=0.009, Mann Whitney), as previously observed in ERA3 mice with lines D and F
combined (7). These data indicate that reduced PR immunostaining in the ERA3 mammary

epithelium occurred even in the presence of higher E; levels.

Mammary cancer development and progression in ERA3/Neu bitransgenic mice

Line F ERA3 mice were crossbred with MMTV-Neu (Neu) mice to induce mammary cancer.
Compared to Neu mice, the survival curve for the percentage of bitransgenic ERA3/Neu mice
without mammary tumors was significantly and consistently shifted to later ages until age 16
months (Fig. 2A). Tumor incidence was not significantly different between the genotypes, but
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tumor onset was significantly delayed in ERA3/Neu mice (p<0.002, Mann Whitney). The
significant decrease in micrometastases incidence detected in the lung by histopathology in
ERA3/Neu versus Neu mice (p=0.0002, Fisher’s exact) indicates that ERA3 expression also
inhibited tumor progression. Although the incidence of grossly detected metastatic lung lesions
was also lower in ERA3/Neu mice, the difference was not significant (Fig. 2B). The similar time
for tumor growth in each genotype (time between detection and death; Fig. 2C) indicates that the
reduced metastatic incidence was due to ERA3 expression and not to Neu mice having more time
for tumor progression. Tumor growth was also not affected since the mammary tumor doubling
time was similar in ERA3/Neu and Neu mice (Fig. 2D). Thus, the delay in tumor onset and
lower metastatic incidence likely account for the later age of death in ERA3/Neu versus Neu

mice (Fig. 2E).

Expression of the Neu transgene and endogenous Neu gene in mammary tissue was similar in
Neu and ERA3/Neu mice (Fig. 3A). ERAS3 transcripts were expressed at significantly higher
levels than ERa (8:1 ratio) in the ERA3/Neu mammary gland (Fig. 3B). However, ERa. RNA
levels were lower in ERA3/Neu than Neu mice, though not significantly (Fig. 3C). Additionally,
PR transcript levels were significantly increased in ERA3/Neu mammary tissue (Fig. 3C). Since
PR immunostaining intensity in epithelial cells was decreased, an epithelial marker, cytokeratin
18 (Krt18), was examined to compare ERA3/Neu and Neu mammary tissue. Krt1l8 mRNA levels
were comparable in both genotypes and PR transcripts normalized to Krt18 were also
significantly elevated in ERA3/Neu mice (Fig. 3C). Therefore, ERA3 reduced epithelial

expression of PR protein (Fig. 1A), but increased its RNA levels in mammary tissue.
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Mammary cancer prevention with tamoxifen and soy isoflavones

To determine if therapies with antiestrogen activity can augment ERA3 protection, Neu and
ERA3/Neu mice were treated with tamoxifen (20 mg/1800 kcal) and soy isoflavones (181
mg/1800 kcal). Tumor incidence was not affected by soy, but was significantly reduced with
tamoxifen compared to Neu mice on the control diet (p<0.0001, Fisher’s exact; Fig. 4A). Similar
effects were observed in ERA3/Neu mice with tamoxifen suppressing tumor incidence compared
to the control group (p<0.0001, Fisher’s exact). For comparisons between the genotypes, soy
had no effect; however, tamoxifen prevention was significantly augmented in ERA3/Neu mice
since only 1 mouse developed a mammary tumor (1.7%) compared to 18.6% of Neu females
(p=0.0016, Fisher’s exact; Fig. 4A). With only 1 tumor-bearing ERA3/Neu mouse, latency for
tamoxifen-treated mice could not be analyzed. For soy, tumor onset was significantly delayed in
ERA3/Neu versus Neu mice, but the control and soy groups were not different in ERA3/Neu

females (Fig. 4B).

The tamoxifen survival curves were significantly different from the control group within each
genotype (p<0.0001, Gehan-Breslow-Wilcoxon for both genotypes; Fig. 4C). The ERA3/Neu
curve illustrates the near complete prevention with tamoxifen (p=0.0019 versus Neu mice,
Gehan-Breslow-Wilcoxon). With soy treatment, the ERA3/Neu curve was significantly shifted to
later ages than Neu mice (p=0.0004, Gehan-Breslow-Wilcoxon). However, both the soy-treated
Neu and ERA3/Neu curves shifted toward earlier ages in the middle of the curves compared to
their control groups, but no significant difference was detected (Fig. 4C). Tamoxifen also
reduced tumor multiplicity in Neu mice (cannot be analyzed in ERA3/Neu mice); whereas, soy

had no effect (Fig. 4D). These data indicate that soy did not influence tumor development in
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Neu and ERA3/Neu mice, but the strong tamoxifen protection was enhanced in mice expressing

ERAS.

In Neu mice, tamoxifen significantly reduced the incidence of micrometastases compared to the
control group (p<0.005, Fisher’s exact, Fig. 4E). For Neu mice, metastatic incidence in the soy-
treated group was similar to the Neu control group and to soy-treated ERA3/Neu mice. In
contrast, the reduced incidence of metastatic lung lesions in ERA3/Neu versus Neu mice was lost
with soy treatment (Fig. 4E) since the ERA3/Neu control group was significantly lower than the
soy group (p=0.0025, Fisher’s exact). No significant differences were detected in the time with
tumor between the groups (data not shown). Therefore, at the tested dose, soy treatment reversed

ERAS3 protection on metastatic progression.

The number of metastatic lesions per tumor-bearing mouse detected by histopathology was lower
in Neu animals treated with tamoxifen (p<0.012, Mann Whitney) and soy, compared to the
control group, but the difference with soy was not significant (Fig. 4F). In ERA3/Neu mice, soy-
treated mice had significantly more lung micrometastases than the control group (p<0.003, Mann
Whitney). Comparisons between Neu and ERA3/Neu mice detected that the soy groups were not
significantly different, unlike the control groups (p<0.0015, Mann Whitney). These results
correlate with the metastatic incidence in these groups (Fig. 4E), except for the non-significant

reduction in soy-treated Neu mice.

Effects of soy isoflavones in ovariectomized Neu mice
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Since soy isoflavones may stimulate versus inhibit mammary tumorigenesis, especially at the
dose tested, tumor development was examined in ovariectomized (OVX) Neu mice with and
without soy treatment to test for estrogenic actions in an estrogen-deficient environment.
Although tumor incidence was significantly reduced compare to intact animals, no difference
was detected between OV X control and soy-treated Neu mice (Fig. 5A). Tumor latency was also
not affected (Fig. 5B) and uterine weight was not stimulated by the estrogenic isoflavones (Fig.
5C). Incidence of metastatic lesions detected by histopathology was also non-significant for the

control (29%, n=7) and soy-treated (13%, n=8) OV X Neu mice.

Uterine and body weights in ERA3/Neu and Neu mice

Uterine wet weight in intact tumor study mice in diestrus was analyzed to determine genotype
and treatment effects (Fig. 6A). Tamoxifen significantly reduced uterine weight normalized to
body weight (BW) in both genoytpes. Uterine weight/BW in tamoxifen-treated ERA3/Neu
approached significance compared to Neu mice (p=0.07, Mann Whitney). In tamoxifen-treated
mice, body weight was also significantly lower compared to control mice for each genotype (Fig.
6B) and ERA3/Neu mice were significantly smaller than Neu females (p<0.0001, Mann
Whitney). Soy treatment did not influence uterine weight or body weight. Therefore, as with the

cancer outcomes, tamoxifen effects were modified by ERA3 expression.
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DISCUSSION

As predicted, ERA3 expression proved protective against Neu-induced cancer. The similar
expression of the Neu transgene in Neu and ERA3/Neu mice verifies that ERA3 expression does
not affect the MMTYV promoter. Therefore, the delayed tumor formation is related to ERA3
actions and not to model-specific effects on Neu transgene expression. Based on the known roles
of estrogen in breast cancer (24), the later tumor onset suggests that ERA3 suppressed estrogen
action in the mammary gland, which correlates with its reported, in vitro dominant negative
activity (2, 3). Although the MMTV-Neu mice develop estrogen-independent tumors that mimic
HER2/Neu breast cancer, tumor development requires estrogen, as was observed in tamoxifen-
treated and estrogen-deficient Neu mice (Fig. 4A and 5A) in this and previous studies (10-14).
Therefore, ERA3 would likely be protective in women and in other preclinical models of breast

cancer with estrogen-dependent tumorigenesis.

The ability of ERA3 to delay tumor onset suggests that its expression in normal mammary tissue
influences determining events involved in cancer development. Generally, ERa repressors must
be in excess of the WT receptor for dominant negative activity (1) and ERA3 was expressed at
higher levels than ERa in the ERA3/Neu mammary gland. In women, ERA3 transcripts are
common in normal breast tissue (4, 5, 25-27). One study compared ERA3 and ERa transcript
levels from reduction mammoplasties; ERA3 was expressed at higher levels in mammary
epithelial cells, including in samples in which stem/basal cells were prevalent, and in stromal
breast fibroblasts (4). The ratio of ERa:ERA3 mMRNAs also reflected their protein levels in
transfected MCF-7 cells (4). These levels suggest ERA3’s potential to inhibit ERa action and,

possibly, provide similar anticancer protection in the human breast. Accordingly, the delayed
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tumor onset in Neu mice means women with ERA3 expression may develop breast cancer later
and/or be less likely to develop early-onset breast cancer. Based on the prolonged latency
without changes in tumor incidence in ERA3/Neu mice, future studies will need to correlate
ERAS3 expression in the normal breast with tumor onset; but effects on breast cancer incidence

would not be expected.

In ERA3 mice, the higher serum E; levels would increase the amount of local estrogen available
to stimulate the mammary tissue, but ERA3 should suppress its actions. The modified E; levels
are likely related to ERA3 expression in non-mammary tissues and may not occur in women
from ERA3 expression in other tissues. ERA3 has been detected in pituitary adenomas (28), but
its expression is not common or at the levels observed in normal human breast tissue (4, 5, 25-
27). However, elevated circulating or local estrogen levels could occur in women due to other
causes or therapies. Thus, tumor suppression in the mice suggests that even with elevated E;
concentrations and, possibly with other natural or synthetic estrogens, estrogen activity may be
mitigated in mammary tissue expressing ERA3, unlike in glands without ERA3. Therefore,
expression of ERA3 in normal breast tissue may be cancer-protective even in women taking

estrogen therapies or producing more estrogen, locally or systemically.

Delayed mammary cancer onset suggests effects on tumor promotion, a stage of carcinogenesis
influenced by hormones; thus, ERA3 may suppress estrogen-induced promotion. Since estrogen
is required for ERA3 to dimerize with WT ERa or ERp in order to inhibit their actions, the
elevated E; levels may inhibit versus stimulate tumor promotion through ERA3 heterodimers.

The delayed tumor onset correlates with the predicted inhibitory effects of ERA3 and the reduced
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PR immunostaining intensity in the mammary epithelium. As mammary epithelial proliferation
is highest in the secretory (luteal) phase of the estrous cycle when P, levels peak (29, 30),
perhaps reducing PR levels may lower P4 sensitivity and diminish P4-induced proliferation to

delay tumor onset.

Although immunostaining intensity was reduced in ERA3 mice, PR transcripts were increased in
ERA3/Neu versus Neu mice. Since PR immunostaining was only examined in the mammary
epithelium, the increased PR RNA expression could be due to its levels in non-epithelial cells or
post-transcriptional effects reduce receptor levels in the epithelium. Pgr RNA levels are likely
increased in ERA3/Neu mammary tissue through non-classical mechanisms. The PGR gene does
not contain an ERE; instead estrogen regulation occurs through non-classical signaling on AP-1,
Spl, and Spl1/half-ERE sites in its promoter (31-33). Human and mouse ERa missing the second
zinc finger stimulate expression of an Sp1-reporter (6) and human ERA3 activates transcription
of an AP-1/half-ERE-reporter (3). However, in transfected MCF-7 cells, ERA3 suppressed
expression of pS2, a gene with several imperfect EREs (4). Therefore, the loss of the second
zinc finger appears to result in dominant negative inhibition of endogenous genes containing
EREs, as shown previously with an ERE-reporter (2); but, ERA3 likely stimulates with genes

regulated by non-classical mechanisms, such as Pgr.

Cancer protection in ERA3/Neu mice and ERA3’s ability to activate non-classical pathways (3,
6), suggest that non-classical signaling may not stimulate mammary tissue. This concept is in
accord with the diminished mammary gland differentiation in untreated and P4-treated NERKI

females (34). NERKI mice express another nonclassical-specific ERa receptor with a mutation

17



in the first zinc finger of the DBD that prevents classic ERE stimulation, but retains non-classical
signaling activity (34). Despite differences to the ERA3 model, including that heterozygous
females in the knock-in NERKI model are infertile, anovulatory, and have decreased serum P4
levels and the mutant does not have dominant negative activity, both models express WT ERa
and a nonclassical-specific ERa receptor and have inhibitory actions in mammary tissue. In
contrast, non-classical ER signaling appears to stimulate the uterus since NERKI uteri are
hypersensitive to estrogen and exhibit cystic endometrial hyperplasia (34) and ERA3 expression
accelerates neonatal DES-induced uterine cancer (7). These data also correlate with tamoxifen,
which has similar opposing actions in the uterus and mammary glands and stimulates non-

classical ER pathways (35, 36).

Tumor growth was not affected by ERA3 expression, as might be expected for a model with
estrogen-independent mammary tumors. In vitro, expression of ERA3 inhibits proliferation of
estrogen-responsive MCF-7 cells (4), but the in vivo effects of ERA3 on estrogen-dependent
breast tumor growth remain untested. In contrast, metastatic cancer was substantially reduced,
both incidence and metastatic burden, in ERA3/Neu mice. Possibly, ERA3 suppressed tumor
aggressiveness prior to estrogen-independence or it had actions in the absence of WT ERa. In
estrogen-responsive, stably-transfected MCF-7 cells, ERA3 diminished their ability to grow in
soft agar and invade chick embryo chorioallantoic membranes compared to the parental cells (4).
These attenuated transformed phenotypes correlate with the lower metastatic incidence observed
in ERA3/Neu mice. These findings suggest that women expressing ERA3 in the breast or
estrogen-dependent and -independent breast tumors may be at reduced risk for metastatic breast
cancer.
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Although ERAS3 expression delayed mammary tumor formation, it does not affect normal
reproductive functions, such as fertility and lactation. Although no studies have explored a
correlation between ERA3 and problems with lactation or reproductive functions in women,
based on the lack of effects in the mice, breast function would be expected to be unaffected.
Therefore, expression of this variant may provide breast cancer protection without adverse

effects, such as those associated with preventative therapies, like tamoxifen.

Tamoxifen chemoprevention was similar in Neu mice to previous reports for this model (12, 13).
Its ability to inhibit tumorigenesis is probably related to starting treatment prior to the initiated
tumors becoming estrogen-independent. In mice expressing ERA3, the superior
chemoprevention may be due to enhanced estrogen inhibition with tamoxifen bound to ERA3
and/or the delay in tumor onset in ERA3/Neu mice, which would allow fewer estrogen-resistant
neoplastic lesions to form prior to starting tamoxifen treatment. With either mechanism, these
findings suggest that tamoxifen may be more efficacious for preventing breast cancer in women
expressing ERA3 in the pre-neoplastic breast. If the delayed onset contributes to the enhanced
protection, women with ERA3 may be able to start tamoxifen at later ages without reducing its

preventative capability.

Tamoxifen acts via non-classical signaling (35, 36) and inhibits mammary cancer in Neu mice
and women (10-13, 16), ERA3 cannot induce classical ERE signaling (2), and tamoxifen or E;
bound to the mouse and human ERa variant lacking the second zinc finger stimulates non-

classical signaling (6); therefore, tamoxifen bound to ERA3 likely acts via non-classical ER
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pathways to enhance cancer prevention. If tamoxifen binding to ERA3-ERa heterodimers
enhances it anticancer efficacy, perhaps lower tamoxifen doses could provide sufficient
protection with reduced adverse events, which may encourage more at-risk women to use this
therapy. Since identifying subpopulations with improved outcomes is a desirable goal, the
mouse results suggest further studies may optimize tamoxifen prevention for women expressing

ERAS3 in normal breast tissue.

Expression of variants in breast cancer has been suggested to contribute to tamoxifen resistance,
but an MCF-7 variant transfected with ERA3 retained tamoxifen sensitivity (37). Due to
formation of only 1 tumor in ERA3/Neu mice, ERA3 effects on tamoxifen responsiveness cannot
be determined. However, its inhibitory actions on primary and metastatic tumor development in
control and tamoxifen-treated ERA3/Neu mice suggests ERA3 would augment versus circumvent

tamoxifen’s repression of estrogen-dependent breast tumors in animals and women.

Unlike tamoxifen, isoflavones did not contribute to or diminish ERA3’s anticancer effects in
intact females or exhibit estrogenic effects on mammary tumorigenesis or uterine weight in OVX
Neu mice. In other studies treating Neu mice with isoflavone-rich soy protein after puberty,
mammary tumor onset was delayed (12, 13, 19), which could be related to dose effects (our dose
was approximately 70% lower than their doses). However, a critical difference is that ERA3/Neu
and Neu mice were not exposed to isoflavones from conception until 2 months of age, unlike the
other studies using mice raised on soy-based chow (12, 13, 19). Since developmental through
adult exposure to isoflavones is protective for mammary carcinogenesis (38, 39), starting

exposure in adult Neu and ERA3/Neu females may be related to the unmodified latencies versus
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control mice. These data also fit with studies showing breast cancer protection in Asian women
that consume soy throughout their life in contrast to supplementing Western diets late in life

(21).

Metastatic burden was reduced in orthotopic breast cancer models with genistein (40), soy
protein with isoflavones (41), and isoflavone-depleted soy protein (42). In Neu mice, tumors
developed in the presence of isoflavone-rich soy protein and metastatic incidence was not
affected. However, a non-significant reduction in metastatic burden was evident compared to the

control group.

In ERA3/Neu mice, the loss of metastatic cancer protection suggests soy isoflavones counteract
the beneficial actions of ERA3, which may be related to heterodimerization, inhibition of ERE-
regulated genes, and/or non-classical signaling. For example, since genistein and daidzein bind
weakly to ERa (43), soy isoflavones may be less effective at activating ERA3 dominant negative
activity on ERE-containing genes. Genistein also binds preferentially to ERp (43), which may
result in better inhibition of ER[ versus ERa responses in the mammary gland and tumors.
However, ER[ overexpression in breast cancer xenografts stimulates metastasis (44) and ERj3-
positive breast tumors are associated with a poor prognosis (45, 46). Genistein and daidzein also
upregulate an Spl1-reporter construct via ERa; however, high doses are required to activate the
reporter in contrast to stronger stimulation with lower doses of E, and tamoxifen (47).
Additionally, genistein and daidzein inhibit AP-1 activity (48, 49), unlike E, and tamoxifen (35).
Therefore, isoflavones may have dissimilar effects on ERA3 non-classical signaling than

tamoxifen or E;, which suppressed metastatic incidence and burden.
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Many different types of estrogens, such as environmental, dietary, synthetic as well as
endogenous estrogens, influence the breast and may have varying effects on ERA3 actions. In
addition to the ligand, cell and promoter context and ER subtype influence the type of response
at non-classical DNA sites (50) and, accordingly, ERA3 effects. Plus, as other ERa variants are
common in the breast, it is unknown how ERA3 may act in their presence. However, ERA3
should not dimerize with ERA2, ERA5, or ERA7 variants, which do not have the ligand-
dependent dimerization domain, or ERA4, which would not localized to the nucleus (1).

Similarly, ERA3 may not interact with ERp variants missing these essential domains.

The delayed tumor onset in ERA3/Neu mice suggests that ERA3 expression in the normal breast
may provide women with similar protection. The inhibition of estrogen action in the breast is a
central issue to the prevention and treatment of breast cancer; however, estrogen provides
beneficial effects in other systems, such as cardiovascular, skeletal, and reproductive tissues.
Therefore, the ability of ERA3 to inhibit estrogen-regulated mechanisms in the mammary gland
without suppressing circulating estrogen levels or its actions in other estrogen-responsive tissues
would be advantageous for the prevention of breast cancer as well as to a woman’s quality of

life.
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FIGURE LEGENDS

Figure 1. Intensity of progesterone receptor immunostaining in mammary epithelium is
decreased despite higher 17p3-estradiol serum levels in ERA3 mice. A) Progesterone receptor
immunostaining intensity in mammary epithelial cells are shown for wild-type (WT) FVB/N
(n=6) and lines D (n=6) and F (n=8) ERA3 female mice. Two-way ANOVA showed no
significance for genotype, but significance was observed for the level of staining and the
interaction of staining and genotype (p<0.01). Bonferroni tests identified significance between
the groups as shown in the graph: a, relative to cells without staining (none); b, relative to
weakly staining cells (weak); c, relative to moderately staining cells (mid); and * designates
significance compared to the strongly staining cells (strong) in WT mice, p<0.05. p<0.001 for
WT and line F for none vs. strong as well as weak vs. strong and mid vs. strong for WT; p<0.01
for weak vs. strong for line F; and p<0.05 for none vs. mid for WT and mid vs. strong for line D.
B) Serum 17p-estradiol (Ey) levels for WT (n=13) and line F (ERA3, n=16) 3-month-old female
mice in estrus were significantly different (p=0.009, Mann Whitney test). C) Progesterone (P)
serum levels were not significantly different for WT (n=13) and line F ERA3 mice (n=16) in

estrus at age 3 months.

Figure 2. Delay in mammary tumor development and reduced metastatic incidence in
ERA3/Neu versus Neu mice. A) Percent of tumor-free mice with age show a significant shift to
older ages for tumor detection in ERA3/Neu female mice (n=77) compared to MMTV-Neu (Neu,
n=88), p=0.0006 Gehan-Breslow-Wilcoxon test, p=0.0016 Log-rank test. B) The percentage of
tumor-bearing mice with lung micrometastases detected by histopathology (pathology) and

visible lung lesions detected at necropsy (gross) which were confirmed by histopathology to be
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metastatic tumors are shown for Neu (n=66) and ERA3/Neu mice (n=55). *** p=0.0002,
Fisher’s exact test versus Neu mice by pathology; p>0.05, Fisher’s exact test for gross lesions.
C) The mean length of time between mammary tumor detection and death (days with tumor) was
similar for Neu (n=66) and ERA3/Neu mice (n=55), p>0.05, Mann Whitney test. D) Mammary
tumor doubling time for mice with a single mammary tumor that was 3 mm x 4 mm or smaller at
detection was calculated as described in the Materials and Methods. p>0.05, Mann Whitney test
for Neu (n=17) and ERA3/Neu mice (n=14). E) The age of death for Neu (n=81) and ERA3/Neu
mice (n=72) with and without mammary tumors was significant, p=0.0006, Mann Whitney test.

Mice that died young without mammary tumors were excluded.

Figure 3. RNA levels of Neu transgene, endogenous Neu gene, ERa, ERA3, PR, and keratin 18
in mammary tissue. Total RNA from mammary glands of 3-month-old mice in estrus was
analyzed by real-time RT-PCR. The threshold cycle (Cr) for the gene of interest was normalized
to the housekeeping gene, cyclophilin A (Ppia) to calculate the AC+ values. The fold change of

22 method is shown within each bar.

the black bar relative to the white bar calculated by the
(Lower AC+ values reflect higher levels of expression.) A) No significant differences were found
by Mann Whitney test (p>0.05) between Neu and ERA3/Neu female mice for the rat Neu
transgene (transgene) or mouse Neu gene (endogenous); n=8 for both genotypes for the
transgene; and n=4 Neu and n=3 ERA3/Neu for the endogenous gene. B) In ERA3/Neu female
mice expression levels of the ERA3 transgene were higher than the Esrl gene (ERa), n=8. ***,
p=0.0006, Mann Whitney test. C) Levels of progesterone receptor gene (Pgr) were significantly
higher in ERA3/Neu mice (n=8) compared to Neu mice (n=8) whether it was normalized to

cyclophilin (PRcpn; p=0.003, Mann Whitney) or cytokeratin 18 (PRun1s; p=0.01, Mann Whitney).
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Cytokeratin 18 (krt18) is similar for the two genotypes (p>0.05, Mann Whitney). Levels of ERa
were lower in ERA3/Neu mice, but the difference was not significant compared to Neu mice

(p>0.05, Mann Whitney).

Figure 4. Tamoxifen preventative efficacy is enhanced in ERA3/Neu mice, in contrast to the
higher metastatic incidence in the soy-treated group. A) Maximal mammary tumor incidence for
control (n=81), soy-treated (374 mg/kg diet or 181 mg/1800 kcal; n=78), and tamoxifen-treated
(20 mg/1800 kcal; n=70) groups in Neu mice up to maximal age of 16 months was significant by
the chi-squared test, p<0.0001 as was these groups in ERA3/Neu mice (n=72, 60, and 60,
respectively), p<0.0001, chi-squared test. For comparisons between the genotypes, the
tamoxifen-treated ERA3/Neu mice had a significantly lower incidence (1 tumor) compared to
Neu mice, p=0.0016, Fisher’s exact test; but the control and soy groups were not significantly
different, p>0.05, Fisher’s exact test. B) Tumor latency occurred at significantly older ages in
ERA3/Neu mice compared to Neu females in the control groups (p=0.0018, MannWhitney; n=77
Neu, n=62 ERA3/Neu) and with soy treatment (p=0.0012, Mann Whitney; n=72 Neu, n=51
ERA3/Neu). One-way ANOVA analysis on the Neu mice found no significant differences
(p>0.05; n=13 tamoxifen). No difference was detected between the control and soy groups in the
ERA3/Neu mice (p>0.05, Mann Whitney); the tamoxifen group could not be analyzed with an
n=1. C) Survival curves depicting the percentage of mice without tumors with age for all 6
groups are shown. For comparisons within each genotype, control (CON) versus tamoxifen
(TAM) groups were significant for Neu and for ERA3/Neu mice (p<0.0001, Gehan-Breslow-
Wilcoxon and Log-rank), but not for control versus soy treatment for either genotype (p>0.05).

For comparisons between the genotypes, both soy (p=0.0004, Gehan-Breslow-Wilcoxon;
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p=0.0061, Log-rank) and tamoxifen treatments (p=0.0019, Gehan-Breslow-Wilcoxon; p=0.0017
Log-rank) were significant for Neu (n=81, SOY; n=73, TAM) versus ERA3/Neu (n=62, SOY;
n=66, TAM) female mice. Differences between the control groups are listed in Fig 2A. D)
Tumor multiplicity was significant only for the tamoxifen group compared to the control and soy
groups in Neu mice (p=0.0029, one-way ANOVA,; p<0.05 control vs. tamoxifen and p<0.01 soy
vs. tamoxifen, Tukey’s test; n=77 control, n=72 soy, n=13 tamoxifen). No significant
differences were detected between the control (n=63) and soy (n=51) in the ERA3/Neu mice
(p>0.05, t-test; tamoxifen could not be analyzed, n=1). E) Incidence of metastatic cancer in the
lungs of tumor-bearing mice detected by histopathology in the tamoxifen-treated Neu females
(n=13) versus the control group (n=66; p<0.005, Fisher’s exact test) and the soy-treated mice
(n=61; p<0.013, Fisher’s exact test), but was similar for the control and soy-treated Neu mice.
The incidence was significantly higher in the soy-treated ERA3/Neu mice (n=47) compared to
the control group (n=55; p=0.0025, Fisher’s exact test); tamoxifen could not be analyzed, n=1.
The soy groups in ERA3/Neu versus Neu mice were not significant. Differences in the control
groups are described in Fig. 2B. F) The mean number of metastatic lesions/mouse detected in
the lungs of tumor-bearing mice analyzed by histopathology is shown for the 6 treatment groups.
Comparisons between the Neu groups was not significant by one-way ANOVA, but control and
tamoxifen groups were significant by Mann Whitney test, p=0.011. In the ERA3/Neu mice,
control mice had significantly fewer micrometastases/mouse compared to soy-treated animals
(p<0.003, Mann-Whitney); tamoxifen group could not be analyzed (8 micrometastases detected
in the only tumor-bearing mouse). The ERA3/Neu control group had significantly fewer
micrometastases/mouse compared to the Neu mice (p=0.0013, Mann Whitney), but the soy

groups were similar. (n per group are listed in panel E.)
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a= significant versus control; b= significant versus soy; * p<0.05 and ** p<0.01 for ERA3/Neu

versus Neu mice (same treatment)

Figure 5. Treatment with soy protein isolate with isoflavones did not affect mammary tumor
incidence or latency or uterine weight in ovariectomized Neu mice. A) The incidence in
mammary tumors in intact (n=81 control, n=78 soy) and ovariectomized (OVX; n=33 control,
n=41 soy) mice at maximum age of 13.5 months is shown. In OV X mice, the incidence is similar
for the control and soy groups. A significantly lower incidence was detected in OV X versus
intact Neu mice. *** p<0.0001, Fisher’s exact test for intact vs. OV X mice (same treatment) B)
Mammary tumor latency was not different between the intact and OV X groups for either
treatment group up to the maximum age of 13.5 months (p>0.05, two-way ANOVA,; n=73
intact/control, n=66 intact/soy, n=7 OV X/control, n=9 OVX/soy). C) Uterine wet weight
normalized to body weight was similar for OV X Neu mice in the control and soy groups

(p>0.05, Mann Whitney). Body weight was also not significant (data not shown).

Figure 6. Tamoxifen treatment reduces uterine wet weight and body weight in ERA3/Neu and
Neu female mice. A) For mice in diestrus at necropsy, tamoxifen reduced uterine weight (Ut wt)
normalized to body weight (BW) in Neu and ERA3/Neu mice compared to the control and soy
groups within each genotype (two-way ANOVA, p<0.0001 for the treatments, not significant for
genotype or interaction). (n=49 control, n=55 soy, n=55 tamoxifen for Neu mice; n=40 control,
n=41 soy, n=49 tamoxifen for ERA3/Neu mice) a, significant by Bonferroni versus control,
p<0.001; b, significant by Bonferroni test versus soy, p<0.001 B) Body weights (BW) at death

were lower in tamoxifen-treated mice compared to control and soy-treated mice for each
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genotype (two-way ANOVA, p=0.0005 for genotype, p<0.0001 for treatment and the
interaction). With tamoxifen treatment, ERA3/Neu mice were significantly smaller than Neu
mice (p<0.001, Bonferroni test); but, control and soy groups were similar between the genotypes.
(n=80 control, n=75 soy, n=71 tamoxifen for Neu mice; n=69 control, n=60 soy, n=58 tamoxifen

for ERA3/Neu mice)
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Figure 4.
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Figure 5.
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