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The main circulating estrogen hormone 17-estradiol (E2) conftributes to the initiation and progression of breast cancer. Estro-
gen receptors (ERs), as franscription factors, mediate the effects of E2. Ablation of the circulating E2 and/or prevention of ER
functions constitute approaches for ER-positive breast cancer treatments. These modalities are, however, ineffective in de novo
endocrine-resistant breast neoplasms that do not express ERs. The interaction of E2-ERs with specific DNA sequences, estrogen
responsive elements (EREs), of genes constitutes one genomic pathway necessary for cellular alterations. We herein tested the
prediction that specific regulation of ERE-driven genes by an engineered monomeric and constitutively active transcription fac-
tor, monotransregulator, provides a basis for the tfreatment of ER-negative breast cancer. Using adenovirus infected ER-negative
MDA-MB-231 cells derived from a breast adenocarcinoma, we found that the monotransregulator, but not the ERE-binding de-
fective counterpart, repressed cellular proliferation and motility, and induced apoptosis through expression of genes that re-
quired ERE interactions. Similarly, the monotfransregulator suppressed the growth of ER-negative BT-549 cells derived from a
breast-ductal carcinoma. Moreover, the ERE-binding monotransregulator repressed xenograft tumor growth in a nude mice
model. Thus, specific regulation of genes bearing EREs could offer a therapeutic approach for de novo endocrine-resistant
breast cancers.
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INTRODUCTION

The dysregulation of integrated sys-
tems that orchestrate the growth and
death of breast-ductal epithelial cells
leads to breast cancer. 17B-estradiol (E2),
the main circulating estrogen hormone,
is one agent involved in the initiation
and progression of breast cancer (1,2).
The effects of E2 are mediated primarily
by the estrogen receptors (ERs) a and f
(1,2). ERs, as with other transcription
factors, are modular proteins in which
distinct structural regions display
unique functional features of the recep-
tors (1,2). The amino-termini of ERs con-

tain a ligand-independent transactiva-
tion function. The central regions are
the DNA binding domains followed by
flexible hinge domains that contain a
nuclear localization signal. The multi-
functional carboxyl-termini mediate lig-
and binding, dimerization and ligand-
dependent transactivation functions of
the receptors.

Following synthesis, ERs dimerize
and mainly translocate to the nucleus
independently of E2 (3). The binding of
E2 induces major conformational
changes in ERs, which expose surfaces
that support coregulatory protein inter-
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actions critical for transcription activity
(1,2). One pathway for E2-ERs to regu-
late gene expression involves the inter-
action of E2-ERs with estrogen respon-
sive elements (EREs), which are
permutations of a palindromic,
GGTCAnnnTGACC, DNA sequence
(1,2). This signaling is called the ERE-
dependent signaling pathway (1,2).
E2-ERs also regulate gene expression
through interactions with transcription
factors bound to their cognate regula-
tory elements on DNA, hence the ERE-
independent signaling pathway (1,2).
Current treatments for ER-positive
breast cancer include inhibitors of en-
zymes involved in estrogen biosynthesis
to reduce/ablate the circulating hormone
and on antiestrogenic compounds to
alter/prevent ER functions (4-6). These
approaches are initially successful in pro-
ducing remission of established tumors
(4,5). However, tumors eventually de-



velop resistance to such therapies result-
ing in the acquired endocrine-resistance
phenotype (4-6).

Endocrine modalities also are ineffec-
tive in the treatment of de novo endocrine-
resistant breast cancer because of the ab-
sence, or loss, of ER expression (4-6). An
autonomous regulation of aberrant cell
growth signifies de novo resistance ma-
lignancies (4,5). Several growth factors
and their receptors, which are trans-
membrane tyrosine kinases, are overex-
pressed and act as autocrine growth
stimulators (7). While treatment options
for de novo endocrine-resistant neo-
plasms are limited, inhibition of growth
factor signaling, including antibody
therapy to block ligand binding to recep-
tors and kinase inhibitors to inhibit re-
ceptor activity, are being explored as
therapeutic approaches (7). In addition,
reexpression of ERs by epigenetic ap-
proaches or introduction of ERs by gene
delivery could provide therapeutic bene-
fits by restoring ligand signaling for ER-
negative breast neoplasms (8,9).

Our recent studies aimed at dissect-
ing nuclear estrogen signaling path-
ways suggest that genomic responses
from the ERE-dependent signaling
pathway to E2-ER are required to in-
duce phenotypic changes (10,11). These
findings raise the possibility that tar-
geted regulation of ERE-driven genes
could be a basis for the development of
a therapy for ER-negative breast can-
cers. We herein examined this predic-
tion by using engineered transcription
factors specifically designed to regulate
the expression of ERE-driven genes in-
dependently of ligands, ER status and
cell type (12). We previously showed
that the intrinsic specificity of the DNA
binding domain of ERa to interact with
ERE sequences can be exploited to engi-
neer a monomeric ERE-binding module
by cojoining two DNA binding domains
with the hinge domain (12). Integration
of strong transcription activation do-
mains from other transcription factors
into the ERE binding module generated
monomeric transcription factors, or
monotransregulators, with constitutive

activity at ERE-driven gene promoters
(12). Our present findings from aden-
ovirus infected cells emulating de novo
endocrine-resistant tumors indicate that
a monotransregulator, but not the ERE-
binding defective counterpart, altered
cellular proliferation, death and motil-
ity by mimicking the effects of E2-ERa
on gene transcriptions that required
ERE interactions. Furthermore, the
monotransregulator effectively re-
pressed xenograft tumor growth in
nude mice. Emphasizing the critical im-
portance of the ERE-dependent signal-
ing pathway in the induction cellular
responses, these findings provide a
basis for the development of transcrip-
tional approaches that target EREs of
estrogen-responsive genes for the treat-
ment of de novo endocrine-resistant
breast cancer.

MATERIALS AND METHODS

Engineering of ERE Binding Proteins

Expression vectors were described
previously (12,13). ERoygp, contains
amino-acid substitutions (Glu203Ala,
Gly204Ala and Arg211Glu) in the DNA
recognition helix of the DNA binding
domain (11). The construction of PV and
PV also was described previously
(12). Because of an earlier engineering
strategy (12), PV, contains a CDC with
amino acid substitutions replacing
Cys202 and Cys205 with His residues.
These mutations completely prevent
ERE interactions (12,14).

Restriction and DNA modifying en-
zymes were obtained from New England
Bio-Labs (Beverly, MA, USA) or Invitro-
gen (Carlsbad, CA, USA). 17p-estradiol
(E2) was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Cell Culture and Biochemical Assays
MDA-MB-231 cells were cultured as de-
scribed (10,11). BT-549 cells obtained from
ATCC (Manassas, VA, USA) were main-
tained in RPMI-164 supplemented with
10 pug/mL insulin (Sigma-Aldrich) and
with 10% fetal bovine serum (FBS, Invit-
rogen). Recombinant adenoviruses were
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generated and tittered as described
(10,11).

To assess the functional protein synthe-
sis, we used immunocytochemistry (ICC),
Western blot (WB) and electrophoretic
mobility shift assay (EMSA) (13).

Endogenous Gene Expression
MDA-MB-231 cells (100,000 cells) were
plated in 6-well culture plates in phenol
red-free medium containing 10% CD-FBS
without E2 for 24 h. Cells were then in-
fected with Ad-ERa or Ad5-ERo,, and
maintained with or without 10 M E2 for
48 h, while Ad5-PV or Ad5-PV,,, infected
cells were maintained for 48 h in the pres-
ence of vehicle. The total RNA was sub-
jected to quantitative PCR (qPCR) using
custom TagMan Low Density Arrays
(Foster City, CA, USA) (10,11). Relative
quantification analysis was performed
using the comparative <, method (15).

Cellular Proliferation

MDA-MB-231 (5,000 cells) or BT-549
(10,000 cells) cells were plated in 24-well
culture plates in phenol red-free medium
containing 10% CD-FBS for 24 h. Cells
were infected with or without 10 M E2
for 6 d. At termination, cells were sub-
jected to counting using a hemocytome-
ter and a 3-(4,5-Dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT)
assay (Invitrogen) (10,11).

Cell Cycle Analysis

Cells (50,000 cells) in 6-well culture
plates were infected with or without E2 for
48 h. Cells were subjected to fluorescence-
activated cell sorting (FACS) using the
EPICS Elite (Coulter Corp, Miami, FL,
USA) (10,11).

Annexin V and TUNEL Assays

Cells (100,000 cells) in 6-well culture
plates infected with or without E2 for
96 h were subjected to an Annexin V
assay (Invitrogen) as described (10,11).
Infected cells (25,000 cells) in poly-D-
lysine coated 48-well plates with or with-
out E2 for 96 h were also subjected to a
TUNEL assay (Promega, Madison, WI,
USA) as described (10,11).
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Motility Assays

Infected cells (200,000 cells) in 12-well
plates were maintained for 48 h with or
without E2 to allow cells to reach near
confluence. A wound was then generated
and the gap closure was imaged at 24-h
intervals (10, 11).

For the invasion assay, equal numbers
of infected cells (25,000) for 48 h from
each treatment group were seeded into
BD Matrigel Invasion Chambers (San
Diego, CA, USA) for 24 h. Cells on the
bottom of the chamber membrane were
stained with Diff-Quik (Dade Behring,
Newark, DE, USA). Images were cap-
tured, and stained cells were counted
from images as described (10,11).

Tumor Studies

All animal experiments were carried
out under an Institutional Animal Care
and Use Committee—approved protocol.
MDA-MB-231 cells infected with an ade-
novirus for 48 h were collected. Live cells
(4 x 10° cells/ mouse) were resuspended
in 100 L base medium and Matrigel (BD
Biosciences, Bedford, MA, USA) at a 1:1
ratio to support initial tumor growth. Cell
suspensions were inoculated subcuta-
neously using a 27-gauge needle into the
left mammary fat pad of 6-wk-old female
athymic NCr-nu/nu nude mice (NCI,
Frederick, MD, USA) housed in micro-
isolator cages and given food and water
ad libitum. Mice were divided into 5
groups of 10 mice, with the exception of
the Ad5-PV-100 group that had 9 mice
because of the death of a mouse at an
early stage of the study. Groups of mice
were inoculated with cells infected with
either the parent Ad5 at 900 MOI, Ad5-
PV at 900 MOI, Ad5-PV at 100 MOI to-
gether with Ad5 at 800 MOI, Ad5-PV at
200 MOI together with Ad5 at 700 MOI
or Ad5-PV at 400 MOI together with Ad5
at 500 MOL. The initial tumor growth was
monitored by palpation, and tumor size
was subsequently measured weekly with
calipers. The tumor volume was esti-
mated by using an ellipsoid approxima-
tion and the formula of V = (n/6)abc,
wherein 4, b and ¢ denote length, width
and height, respectively. At termination,
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Figure 1. Engineering of monotransregulators. (A) The activation domains (ADs) of p65
and VP16 proteins were genetically joined through multiple cloning sites (MCS) to the &'
and 3’ ends, respectively, of the CDC-cDNA to generate the monotransregulator PV. The
constfruct also contains sequences encoding the Flag and 6xHis epitopes at the amino-
and carboxyl-termini, respectively. (B) MDA-MB-231 cells were infected with the parent re-
combinant adenovirus (Ad5) at MOI 900, a recombinant adenovirus bearing cDNA for
ERa at 80, ERaggp, af 180, PV atf 200 and PV, at 900 MOI. For all infections, the total MOI
was adjusted to 900 by supplementing with the parent AdS. Extracts (10 ug) of infected
MDA-MB-231 cells at 48 h were subjected to Western blotting (WB) using a horseradish
peroxidase-conjugated monoclonal Flag antibody. Molecular mass in kDa is indicated. NS
denotes nonspecific protein detection. (C) Infracellular localization of receptor proteins
was examined by immunocytochemistry (ICC). A fluorescein isothiocyanate-conjugated
Flag antibody (FITC) localizes constructs to the nucleus stained with 4’,6-diamidino-2-
phenylindole (DAPI) at 48 h after infection. (D) Cell extracts (10 ug) at 48 h after infection
also were subjected to electrophoretic mobility shift assay (EMSA) with (+) or without (<) a
Flag antfibody (Ab). ERE specifies unbound and R-ERE denotes receptor-bound radiolo-
beled ERE. F in panel B indicates the radiolabeled ERE only. In all experiments a represen-
tative result from three independent experiments is shown.

tumors were excised, weighed, fixed in
4% paraformaldehyde and embedded in
paraffin. Sections of 4 um thickness were
stained with hematoxylin/eosin, and im-
ages were captured by light microscopy.

Statistical Analysis

Results were presented as the mean +
standard error of the mean (SEM). Signif-
icance was determined using a two-
tailed unpaired ¢ test with a confidence
interval of 95%.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Synthesis of Monotransregulators
Our previous studies have demon-
strated that genomic responses from the

ERE-dependent pathway induced by
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E2-ERs are required to elicit cellular alter-
ations (10,11). We therefore anticipated
that the regulation of ERE-bearing genes
by monotransregulators would emulate
the effects of E2-ERa on cellular pheno-
types. To examine this prediction, we used
the montransregulator p65-CDC-VP16, or
PV (12). PV bears single copies of the acti-
vation domains of the p65 subunit of nu-
clear factor kB (16) and the herpes simplex
virion protein-16 (17) genetically fused to
the amino- and carboxyl-termini of the
ERE binding module CDC (Figure 1A).
CDC is composed of two DNA binding
(C) domains cojoined with the hinge (D)
domain to simulate the interaction of each
ERa monomer in the ERa dimer with one
ERE half-site (18,19) (see Figure 1A). We
also used the ERE binding defective PV
(PVgyp), which contains amino-acid re-
placements in the ERE binding module to
prevent ERE interactions (12).



We utilized ER-negative MDA-MB-231
cells derived from human breast adeno-
carcinoma as a model (8,10,11). The re-
combinant adenovirus bearing ERo-
cDNA (Ad5-ERa) was used at 50
multiplicity of infection (MOI), with
which infected cells synthesize ERo. at a
level that requires E2 to function (11).
The concentration of Ad5-PV was based
on preliminary studies (Supplemental
Figure 1A-E). Ad5-PV at 200 MOI syn-
thesized an amount of functional PV that
altered the growth and cell cycle phases
similar to those observed with E2-ERa
(see Supplemental Figure 1A-E). The
adenovirus expressing ERE binding de-
fective ERa (ERaoyggp) or PV (PVip)
cDNA was used at 150 or 900 MO, re-
spectively. At these MOIs, infected cells
produced mutants at levels comparable
to those of parent proteins that reached
maximal amounts at 48 h after infection
(see Supplemental Figure 1). For all ex-
periments, the total MOI was adjusted to
900 by supplementing with the parent
adenovirus (Ad5).

Western blot (WB) analysis using an an-
tibody specific to the Flag epitope at the
amino-terminus of each construct indi-
cated that cells synthesize monotransreg-
ulators with a molecular mass of ~63 kDa
(Figure 1B). As ERs, PV and PV, locate
to the nucleus as assessed by immunocy-
tochemistry (ICC) (Figure 1C). An elec-
trophoretic mobility shift assay (EMSA)
further verified that PV, like ERa, but
not PV, or ERoygp, interacts with ERE
(Figure 1D).

Effects of Monotransregulators on
Gene Expression

E2-ERs activate or repress the expres-
sion of responsive genes through the
ERE-dependent and ERE-independent
signaling pathways. To assess the effects
of monotransregulators on gene expres-
sion, total RNA from MDA-MB-231 cells
at 48 h after infection was subjected to
quantitative PCR. E2-ERa induced the
expression of the C3 (complement compo-
nent 3) CDKN1A (cyclin dependent kinase
inhibitor, p21), LOXL4 (lysyl oxidase-like 4)
and TFF1 (trefoil factor 1; pS2) genes, as
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Figure 2. Regulation of endogenous gene expression by monotransregulators. MDA-MB-
231 cells infected with the adenovirus bearing none (Ad5), ERa or ERag, CDNA were
treated without (data not shown) or with 10° M E2 for 48 h, while cells infected with the
adenovirus bearing AdS-PV or AdS-PV, were treated with vehicle. Total RNA was sub-
jected to gPCR for the analysis of estrogen responsive gene expressions. Results, which
are the mean + SEM of three independent determinations, depict relative change in
mMRNA levels compared with those observed in cells infected with Ad5 in the absence of
E2, which is set to 1. Asterisk (*) indicates significant change.

we previously reported (11). On the
other hand, E2-ERa. repressed the tran-
scription of the CD44 (CD44 antigen),
HBEGEF (heparin-binding EGF-like growth
factor), PLAUR (plasminogen activator,
urokinase receptor) and WT'1 (Wilms tumor 1)
genes (Figure 2). We found that PV mir-
rored the effects of E2-ERa on these gene
expressions, while E2-ERoup or PV
did not affect the transcription of these
genes. Thus, the regulation of this subset
of genes by PV, like E2-ERa, requires
ERE interactions.

We also observed that the expression
of ANKRD1 (ankyrin repeat domain 1 [car-
diac muscle]), CRISPLD?2 (cystein-rich se-
cretory protein LCCL domain containing 2),
HAS2 (hyaluronan synthase 2) and MMP1
(matrix metallopeptidase 1 [interstitial colla-
genase]) genes is independent of ER-ERE
interactions as E2-ERo, and E2-ERa
modulated the transcription of these
genes, as we showed previously (11). In
contrast, PV or PV, had no effect on

the ANKRD1 or CRISPLD?2 gene expres-
sion. This suggests that the expression of
these genes is ERa-specific. All con-
structs, however, repressed the transcrip-
tion of the HAS2 or MMP1 gene, imply-
ing the generality of action.

Mediation of Cellular Growth

Our previous studies indicated that
the ERE-dependent genomic responses to
E2-ERa are necessary for the induction
of phenotypic alterations (10,11). Since
PV mirrored the effects of E2-ERa on
gene expressions that require ERE inter-
actions, we asked whether PV alters cel-
lular growth similar to E2-ERo.. Analysis
of histograms generated by cell sorting
of MDA-MB-231 cells at 48 h after infec-
tion revealed that ERa only in the pres-
ence of 10° M E2, but not ERoggp, al-
tered cell cycle kinetics compared with
the parent Ad5 (Figure 3A, Supplemental
Figure 2A). PV also increased the num-
ber of cells accumulated in G1 phase and
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Figure 3. Effects of monofransregulators on cellular growth. (A) MDA-MB-231 cells infected
with recombinant adenoviruses in the presence (+) or absence (-) of 107 M E2 for 48 h
were subjected to fluorescence-activated cell sorting for the cell cycle analysis. Results
depicted as the percentage of cells in G1, G2 and S phases are the mean + SEM of three
independent experiments. (B, C) Infected cells maintained in the presence (+) or ab-
sence (-) of 107 M E2 (E2) for 6 d were subjected to (B) cell counting or (C) MTT assay. The
mean + SEM, which depicts three independent experiments performed in duplicate, indi-
cates percentage (%) change in cell number compared with those observed in cells in-

fected with Ad5 in the absence of E2, which is set to 100. (D, E) MDA-MB-231 cells also
were subjected to (D) Annexin V and (E) TUNEL assays at 96 h affer infection for the ef-
fects of proteins on cellular death. Results, which are the mean + SEM of three indepen-
dent experiments, are summarized as percentage (%) change in the number of cells
bound to Annexin V or as the number of cells that incorporated fluorescein isothio-
cyanate-conjugated dUTP into the fragmented DNA (TUNEL) obtained in comparison
with the cells infected with AdS in the absence of E2, which is set to 100. Asterisk (*) indi-

cates significant change.

decreased cell numbers in S and G2
phases, whereas PV, had no effect on
the distribution of cycle phases com-
pared with Ad5.

These results suggest that alterations
in cell cycles require ERE interactions,
which was also reflected in the cellular
proliferation. ERs without E2 did not af-
fect cell growth assessed by cell count-
ing (Figure 3B) or MTT assay (Figure
3C), shown at d 6 after infection. How-
ever, in response to 10 M E2, ERa, but
not ERoyyp, effectively suppressed pro-

liferation. Similarly, PV, but not PV,
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repressed cellular growth in comparison
with Ad5.

Regulation of Cell Death

The effect of PV on proliferation was the
inverse of its effect on apoptosis. PV, like
E2-ERo, augmented apoptosis, as revealed
by an increase in cell number stained with
Annexin V. As a marker for the midstages
of apoptosis (20), Annexin V assesses the
integrity of the cellular membrane, with
significant changes occurring at 96 h after
infection (Figure 3D and Supplemental
Figure 2B). A TUNEL assay, which cat-

| MOL MED 16(1-2)10-18, JANUARY-FEBRUARY 2010

alytically incorporates fluorescein-conju-
gated nucleotides into the fragmented
DNA as one late-stage characteristic of
apoptosis (20), further corroborated the
results. PV and E2-ERa, but not ERE
binding defective counterparts, induced
DNA fragmentation at 96 h after infection
(see Figure 3D, Supplemental Figure 2C)
compared with Ad5.

Effects of Monotransregulators on Cell
Type

To ensure that the effect of PV on cel-
lular growth is not cell type specific, we
also infected ER-negative BT-549 cells de-
rived from a breast-ductal carcinoma.
While mutants were synthesized at levels
comparable to those of the parent pro-
teins (Figure 4A), ERa and PV, but not
ERogyp, or PV, interacted with ERE
(Figure 4B). As with MDA-MB-231 cells,
ERa in the presence of 10 M E2 and PV
repressed the growth of BT-549 cells
(shown at d 6 after infection). On the
other hand, ERa,, with or without E2
or PV had no effect on cell growth
(Figure 4C). Repression of cellular prolif-
eration by E2-ERa or PV involves apo-
ptosis since both increased the cell popu-
lation stained with Annexin V compared
with Ad5 (Figure 4D).

Modulation of Cellular Motility

Breast cancer cells that synthesize ERs
endogenously are less motile and invasive
than ER-negative cells (8). Introduction of
ERs into ER-negative cells hinders cellular
motogenesis in an ERE-dependent man-
ner as the ERE binding defective ERs in-
duce no effect (8,10,11). We therefore an-
ticipated that PV, like E2-ERa, would
inhibit the motility and invasiveness of
MDA-MB-231 or BT-549 cells. Infected
cells with or without 10 M E2 were
grown for 48 h to near confluence. A
wound was then created and the rate of
wound closure was assessed as a function
of time. The unliganded ERa delayed the
wound closure of MDA-MB-231 cells,
which was further delayed with E2,
shown at 96 h, in comparison with Ad5
(Figure 5A, Supplemental Figure 2D).
Similarly, PV hindered the wound heal-
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Figure 4. PV mimics the effects of E2-ERa on responses from BT-549 cells. (A & B) Synthesis
of functional receptor proteins. BT-549 cells were infected with an adenovirus bearing
none (Ad5) or a cDNA for ERa, ERagp, PV, ERaggy at 80, 20, 20, 60 and 80 MOls, respectively.
The total MOI was adjusted to 80 MOI by supplementing with Ad5. (A) Extracts of infected
BT-549 (25 ug) cells at 48 h after infection were subjected to WB using the horseradish
peroxidase-conjugated monoclonal Flag antibody. Molecular mass in kDa is indicated.
(B) Cell extracts were also subjected to EMSA in the presence (+) or absence (-) of a Flag
antibody. ERE indicates the unbound and R-ERE depicts the receptor-bound radiolabeled
ERE. F denotes the radiolabeled ERE only. (C, D) Infected cells in the presence (E2) or ab-
sence (-) of 1077 M E2 for 6 d were subjected to (C) cell counting for cellular proliferation
or (D) Annexin V assay at 96 h after infection for cellular death. The mean + SEM, which
represents three independent experiments, indicate percentage (%) change in cell num-
ber compared with those observed in cells infected with Ad5 in the absence of E2, which
is set o 100. Asterisk (*) indicates significant change.

ing, whereas PV, or ERoy, had no ef-
fect. PV and E2-ERa also repressed the
motility of BT-549 cells as compared with
Ad5 at 48 h after infection (see Figure 5A).

We also examined the effects of recep-
tor proteins on cellular invasiveness
using an invasion assay that assesses the
capacity of cells to migrate through a re-
constituted basement membrane. Equal
numbers of infected cells were seeded for
48 h on the top of membranes of inva-
sion chambers (Figure 5B, Supplemental
Figure 2E). After 24 h, cells on the bot-
tom of the membrane were stained and
imaged. PV, like E2-ERa, suppressed the
invasiveness of both cell lines, which re-
quired ERE interactions, as ERaig, or
PV, did not affect migration of infected
cells compared with Ad5.

Effects of Monotransregulators on
Tumor Formation

Our collective results in situ indicated
that PV effectively represses the growth

of ER-negative cells. We therefore antici-
pated that the introduction of PV to
MDA-MB-231 cells would impair tumor
formation in vivo. Since the extent by
which PV affects cellular growth corre-
lated with the amount of protein synthe-
sized as a result of the Ad5-PV concen-
tration used (see Supplemental Figure 1),
we also wanted to address whether
graded doses of Ad5-PV would influence
the number and growth of tumors. To ac-
complish this, we infected cells with Ad5
or Ad5-PV,, at 900 MOI. We also in-
fected cells with Ad5-PV at 100, 200 or
400 MOI supplemented with Ad5 to
bring the total MOI to 900. At 48 h after
infection, 4 x 10° cells/ mouse were im-
planted subcutaneously into the left
mammary pads of athymic NCr-nu/nu
mice (10 mice/group). The implantation
site was monitored weekly for 10 wks.
Solid tumors in mice implanted with
cells infected with Ad5 or PV, were
palpable by wk 3, and the experiments
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were terminated at wk 10. Tumor vol-
umes (Figure 6A) and weights (Figure 6B)
were determined at this time, and tumors
were removed for sectioning and histo-
logical preparations using hematoxylin/
eosin staining (Supplemental Figure 3).
The incidences of primary tumors (indi-
cated in parentheses, Figure 6A) in the
Ad5 or Ad5-PV g, group were 80% and
90%, respectively. On the other hand,
mice implanted with cells infected with
Ad-PV at various MOlIs resulted in
slower onset and progression of tumor
growth and showed a substantially re-
duced tumor incidence. The Ad5-PV-100
group had a 44% tumor incidence, ver-
sus 10% for the Ad5-PV at 200 MOIL. No
tumor growth was detected at any time
in the Ad5-PV-400 group, nor were post
mortem tumors observed at the implanta-
tion site. These results indicate that PV
also represses the development of tu-
mors in xenograft models through a
signaling pathway that requires ERE
interactions.

DISCUSSION

Current endocrine approaches for ER-
positive breast cancer that target E2 syn-
thesis and /or ER functions are successful
in the management of the disease in an
adjuvant setting or at advanced stages.
However, these modalities are ineffective
in the treatment of ER-negative endocrine-
resistant cancer that accounts for about
one-third of all breast neoplasms. An in-
sufficient understanding of the underly-
ing mechanisms responsible for the dis-
ease limits treatment options.

Studies have shown that prevention of
ER binding to ERE sequences of respon-
sive genes by exogenously introduced
ERE decoys (21) or electrophilic agents
that disrupt zinc-fingers of ERa (22-24)
represses E2-mediated growth of ER-
positive breast cancer cells. Complement-
ing this, we recently reported that ge-
nomic responses from the ERE-dependent
pathway mediated by E2-ER are required
to suppress the growth of ER-negative
cells as well (10,11). Collectively, these
findings indicate the importance of ER-
ERE interactions in the proliferation of
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Figure 5. Effects of receptor proteins on cellular motility. (A) Wound-healing assay. Infected
MDA-MB-231 or BT-549 cells were incubated in the presence (+) or absence (-) of 10° M
E2 as indicated for 48 h o allow cells to reach near confluence. A wound was then cre-
ated and images were captured at 0 h and at 24 h intervals. Results, representing the
mean + SEM of three independent experiments performed in duplicate, summarize the
wound closure at 96 h for MDA-MB-231 cells and 48 h for BT-549 cells relative to O h, which
is set o 1. (B) Invasion assay. Cells were infected with recombinant adenoviruses with (+)
or without (=) 107 M E2 for 48 h as depicted. Cells were collected and counted. The same
number of cells from each group was then seeded on the upper section of the invasion
chamber membrane with the corresponding treatment. After 24 h incubation, cells on
the bottom of chamber membrane as an indication of invasiveness were stained and
counted. Results, which represent the mean + SEM of three independent experiments
performed in duplicate, are relative changes compared with cells infected with Ad5 in
the absence of E2, which is set to 1. Asterisk (*) indicates significant change.

cells synthesizing ERs. We therefore an-
ticipated that targeted regulation of ERE-
driven genes independent of ligand-ER
signaling and cellular context could pro-
vide a basis for developing a therapeutic
approach for endocrine-resistant breast
cancers. Consistent with this prediction,
we demonstrate here that monotransreg-
ulator PV suppressed in situ and in vivo
growth of cells derived from ER-negative
breast neoplasms by regulating gene ex-
pression that rely on ERE interactions.
Studies using global gene expression
profiling have revealed that E2-ER regu-
lates the expression of genes involved in
various cellular functions, including sig-
nal transduction, cellular proliferation,
apoptosis and motility (10,11,25). ER, as
with other transcription factors, regulates
gene transcription through events that in-
volve covalent modifications of chro-
matin within which responsive gene pro-
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moter resides (26). The binding of E2-ER
to an ERE sequence of a responsive gene
generates a platform for an ordered and
combinatorial recruitment of coregulator
complexes, including protein and chro-
matin modifiers (26). The integrated ef-
fects of these complexes induce local
chromatin alterations that restructure the
promoter for the recruitment of basal
transcription machinery to activate gene
expression (26). E2-ER, as with other
transcription factors, also represses the
expression of genes. Although the mecha-
nisms are unclear, recruitment of core-
pressor complexes or squelching of coac-
tivators by the ERE-bound E2-ER is
suggested to induce chromatin modifica-
tions that counteract the effects of acti-
vating signals, thereby repressing the
gene expression (27,28). Our results dem-
onstrate that PV mirrored the ability of
E2-ERo to regulate the transcription of

MOL MED 16(1-2)10-18, JANUARY-FEBRUARY 2010

responsive genes that rely on ERE-
interactions. While PV and E2-ERa en-
hance the expression of the C3, CDKN1A4,
LOXL4 and TFF1 genes, both suppress
the CD44, HBEGF, PLAUR or WT1 gene
expression. These findings suggest that
PV and ERa utilize common mechanisms
to activate as well as repress the expres-
sion of ERE-driven genes. Studies
showed that the activation domains of
p65 or VP16 induce transcription by or-
chestrating the recruitment of coactivator
proteins, the majority of which also part-
ner with E2-ER (29,30). Since PV and E2-
ERa activate or repress the expression of
the same genes by interacting with ERE
sequences, it appears that the nature of
the promoter of the estrogen responsive
gene within which an ERE is located de-
termines the direction of gene expression.
PV also regulated the expression of a set
of estrogen responsive genes that do not
require ERE interactions. In the ERE-
independent signaling pathway, E2-ER in-
teracts with transcription factors bound to
their cognate regulatory elements on DNA
to modulate gene expression in a ligand-,
promoter- and cell-context-dependent
manner (31,32). Although mechanisms are
unclear, direct interactions between sur-
faces in the amino- and/or carboxyl-
termini of ERa and the DNA-bound tran-
scription factor or indirect interactions
with coregulators recruited with either
transcription factor could be responsible
for gene regulation (31,32). We observed
that PV or PV, had no effect on the tran-
scription of the ANKRD1 or CRISPLD2
gene, whereas both ERa and ERaygp in-
duced the expression of these genes in re-
sponse to E2. This suggests that the regu-
lation of these genes is dependent upon
ER-specific structural features. On the
other hand, PV and PV, as ERa and
ERags, modulated the expression of the
HAS2 and MMP1 genes. This implies a
generality of action, which could involve
structural / mechanistic features shared by
other transcription factors or hormone re-
ceptors. Indeed, HAS2 gene expression
also is regulated by retinoic acid signaling
(33,34). Similarly, glucocorticoid, proges-
terone, retinoic acid and thyroid hormone
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Figure 6. Effects of monotransregulators on fumor growth in xenografts. MDA-MB-231 cells
were infected with AdS or Ad5-PV,, at 900 MOI for 48 h. A group of cells was also in-

fected with Ad5-PV at 100 or 200 MOI supplemented with 800 or 700 MOI of Ad5, respec-
fively. Infected cell suspensions (4 x 10° cells/mouse) were subcutaneously inoculated into
the left mammary fat pads of female athymic NCr-nu/nu mice (fen mice/group, with the

exception of the Ad5-PV-100 group that contai

ned nine mice). (A) The tumor size was

measured with calipers weekly and the tumor volume was calculated. Tumor incidence
for each group is shown in parenthesis. Points denote the mean + SEM of fumor volume of
each group. *@ denotes significant change (P < 0.041) compared with Ad5. *° indicates

significant change (P < 0.0161) compared with
were removed and weighed. Bars are the mea

Adb. (B) At wk 10, mice were killed. Tumors
n + SEM of tfumor weight from each group.

*a denotes significant change (P < 0.008) compared with Ad5. *° indicates significant

change (P < 0.001) compared with Adb.

signaling pathways modulate MMP1 gene
expression (35-38).

Despite the ability of PV, to modu-
late the expression of a subset of estrogen
responsive genes, the ERE binding defec-
tive monotransregulator had no effect on
the proliferation, apoptosis or motility of
model cells. Cell proliferation, for exam-
ple, is dependent upon transcriptional as
well as non-transcriptional events to acti-
vate the cascade of cyclin-dependent ki-
nases critical for progression through cell
cycle phases (39). The activities of cyclin-
dependent kinases are modulated by ki-
nase inhibitors that include p21 protein
encoded by the CDKN1A gene. p21 sup-
presses proliferation by promoting cell
cycle arrest in the G1/S phase transition
(39). Increased expression of CDKN1A
mediated by PV and E2-ERa but not the
ERE-binding defective counterparts may
be one key event that contributes to the
arrest in cell cycle progression, and con-
sequently, the repression of cellular pro-
liferation. Hyaluronan (HA), a major gly-
cosaminoglycan present in the extra
cellular matrix, is critical for structural in-
tegrity of cells (40). HA is synthesized by

the hyaluronan synthase family of trans-
membrane glycosyltransferases that in-
clude hyaluronan synthase 2, a product
of the HAS2 gene (40). The interaction of
HA with its surface receptor CD44 en-
coded by the CD44 gene initiates a signal-
ing cascade that is critical for cellular pro-
liferation, adhesion and migration (40).
PV as E2-ERa regulated the expression of
both the CD44 and HAS2 genes. On the
other hand, the transcription of only the
HAS2 gene was modulated by PV, and
E2-ERoyp, both of which had no effect
on phenotypic features of cell models.
These results further highlight the canon-
ical importance of the ERE-driven gene
network in the induction of cellular re-
sponses. Thus, the ability of the DNA
binding domain of ERa to decode ERE
sequences allowed PV to induce cellular
responses by mimicking E2-ERa to mod-
ulate the transcription of genes whose
regulations require ERE interactions inde-
pendent of ligands. The monotransregu-
lator approach therefore provides proof
of principle for the development of a tran-
scription therapy for de novo endocrine-
resistant breast neoplasms.
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Counteraction of the beneficial effects
of endocrine approaches by the tumor
cells that synthesize ERs leads to ac-
quired endocrine-resistant phenotypes, in
which antiestrogenic compounds are no
longer capable of inhibiting cellular
growth (41,42). Although mechanisms are
unclear, changes in the relative levels of
ER subtypes, ER-isoforms or coregulatory
proteins, alterations in the pharmacoki-
netics of antiestrogenic compounds or
aberrations in signaling pathways that
cross-talk with E2-ER could contribute to
the development of acquired endocrine re-
sistance (4-6). Since ER plays a pivotal
role in both the initial response and sub-
sequent resistance to antiestrogenic com-
pounds, additional therapeutic benefits
could be achieved by preventing ER syn-
thesis or function. Repression of ER syn-
thesis by inhibitory RNA technologies
(43) or interference with endogenous
ER functions by future generations of
antiestrogenic compounds (44) or ER-
specific electrophilic agents (22-24) could
constitute strategies for the treatment of
acquired endocrine-resistant breast can-
cers. Since these approaches target ER,
however, circumvention of ER-dependent
events by growth signaling pathways
could lead to tumor progression. Mono-
transregulators with repressor functions
that effectively suppress the expression of
ERE-driven genes, independent of ligand,
receptor status or other signaling path-
ways could provide an approach for the
treatment of acquired endocrine-resistant
neoplasms as well. The monotransregula-
tor design could also be extended to
steroid / thyroid hormone receptors that
show modular structure. Targeted regula-
tion of endogenous genes by specific re-
sponsive element binders with activator
or repressor functions may provide novel
approaches to biology and medicine.
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