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Abstract

Purpose The transcription factors ZEB1 and ZEB2 mediate epithelial-to-mesenchymal transition (EMT) and metastatic pro-
gression in numerous malignancies including breast cancer. ZEB1 and ZEB?2 drive EMT through transcriptional repression
of cell—cell junction proteins and members of the tumor suppressive miR200 family. However, in estrogen receptor positive
(ER +) breast cancer, the role of ZEB?2 as an independent driver of metastasis has not been fully investigated.

Methods In the current study, we induced exogenous expression of ZEB2 in ER + MCF-7 and ZR-75-1 breast cancer
cell lines and examined EMT gene expression and metastasis using dose-response qRT-PCR, transwell migration assays,
proliferation assays with immunofluorescence of Ki-67 staining. We used RNA sequencing to identify pathways and genes
affected by ZEB2 overexpression. Finally, we treated ZEB2-overexpressing cells with 17p-estradiol (E2) or ICI 182,780 to
evaluate how ZEB?2 affects estrogen response.

Results Contrary to expectation, we found that ZEB2 did not increase canonical epithelial nor decrease mesenchymal
gene expressions. Furthermore, ZEB2 overexpression did not promote a mesenchymal cell morphology. However, ZEB1
and ZEB?2 protein expression induced significant migration of MCF-7 and ZR-75-1 breast cancer cells in vitro and MCF-7
xenograft metastasis in vivo. Transcriptomic (RNA sequencing) pathway analysis revealed alterations in estrogen signaling
regulators and pathways, suggesting a role for ZEB2 in endocrine sensitivity in luminal A breast cancer. Expression of ZEB2
was negatively correlated with estrogen receptor complex genes in luminal A patient tumors. Furthermore, treatment with
17p-estradiol (E2) or the estrogen receptor antagonist ICI 182,780 had no effect on growth of ZEB2-overexpressing cells.
Conclusion ZEB?2 is a multi-functional regulator of drug sensitivity, cell migration, and metastasis in ER + breast cancer
and functions through non-canonical mechanisms.
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Introduction

Breast cancer remains the malignancy with the second
highest rate of mortality in women [1], accounting for
over 40,000 deaths a year [2]. While overall five-year
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survival rates for women diagnosed with localized breast
cancer is 94.3%, overall survival rates for patients with
metastatic disease was reported to be 54.2% [3]. Tumors
with luminal A subtypes make up the largest proportion of
diagnosed breast cancer cases [4]. This subtype is charac-
terized primarily by low rates of proliferation and motility
accompanied by a high dependence on estrogen signaling
[5]. These tumors generally show a favorable response
to endocrine-targeting therapies, including tamoxifen,
fulvestrant, and aromatase inhibitors [6]. However, a sig-
nificant number of women with luminal A breast cancer
develop resistance to endocrine-targeting therapy [7, 8],
and the acquisition of resistance to hormone targeting
therapies is associated with increased invasive capacity
in breast cancer cells and metastasis [9, 10].

Mechanisms associated with breast cancer metasta-
sis include epithelial-mesenchymal transition [11-13],
a complex program in which tumor cells of epithelial
origin and phenotype undergo changes allowing them to
progress to a mesenchymal, motile phenotype [14]. Hall-
marks of EMT include loss of cellular adhesions, changes
in cytoskeletal proteins, and increased cell migration
[15]. This change in cellular molecular and morphologic
phenotype facilitates cancer cells; ability to escape the
primary tumor site and seed distant metastatic sites [11,
15]. EMT transcription factors ZEB1 and ZEB2 have
been linked to poor outcome and metastatic progression
in multiple malignancies [16]. ZEB1 and ZEB2 have
been shown to promote this transition through direct
transcriptional downregulation of epithelial cadherin 1
(CDHI1) and miR200 family members [17-20]. Other
studies have shown that ZEB2 represses expression of
other cell junction proteins, including those encoded by
claudins, desmosome, and plakophilin genes [21]. While
this phenomenon has been well characterized in an array
of cancer types, the ability of ZEB family member pro-
teins to initiate cell motility and metastasis in a luminal A
breast cancer cell is incompletely understood and the link
between ZEB-induced metastasis and endocrine sensitiv-
ity remains unexplored.

In the present study, we demonstrate ZEB2 expression
induces cell migration and metastasis, independent of
their roles as EMT-inducing transcription factors. Fur-
thermore, no changes in cell morphology and expression
of CDH1 and miR200 family members were observed,
indicating an EMT-independent effect. We further show
that overexpression of ZEB2 downregulated ER, GATA3
and FOXAL1, essential components of the ER binding
complex. Collectively, the results strongly support a novel
role for ZEB2 as a multifunctional driver of metastasis
and endocrine resistance in luminal A breast cancer.
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Methods
Cell lines and reagents

Human breast cancer MCF-7 and ZR-75-1 cell lines were
obtained from the American Type Culture Collection
(ATCC, Manassas, VA). Liquid nitrogen stocks were made
upon receipt and maintained until the start of each study.
Cells were used for no more than six months after being
thawed with periodic recording of morphology and dou-
bling times to ensure maintenance of phenotype. Cells were
maintained at 37 °C, 5% CO, in 10% DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (Hyclone, Salt Lake City, UT, USA) and 1% peni-
cillin/streptomycin (Invitrogen). 17f-estradiol (E2, Sigma,
St. Louis, MO) and ICI182,780 were dissolved in dimethyl
sulfoxide (DMSO) (Invitrogen) as a 1 mM stock solution and
kept at -20 °C. Each drug was diluted in culture media and
used at various concentrations as indicated.

Transfection of cell lines

MCF-7 and ZR-75-1 cells were plated at approximately
50% confluency in 10cm?2 culture dishes in 10% DMEM and
allowed to adhere overnight in a 37 °C incubator. The fol-
lowing day cells were transfected with 5 pg of CMV-eGFP
vector, CMV-eGFP-ZEB1, or CMV-eGFP-ZEB2 (GeneCo-
poeia, Rockville, MD) plasmids using Lipofectamine 2000
(Invitrogen, Grand Isles, NY) per manufacturer’s instruc-
tions. After 24 h, the transfection media was replaced with
fresh cultured media and cells were treated with neomycin
to select for transfected cells. Cells were also monitored for
GFP expression. Upon stable selection, pooled populations
were confirmed by qPCR and GFP visualization (Supple-
mentary Figure 1a, b).

Transwell migration and invasion assays

Migration assays were performed following the manufac-
turer’s instructions (BD Biosciences) and as previously
published [22]. Cells were treated at time of plating. After
48 h migrated cells were fixed to the membranes and stained
with crystal violet (0.1% in 20% methanol), and migrated
cells were visualized and quantified by microscopy. Data
represented as number of migrated or invaded cells per field
of view + SEM for triplicate experiments.

RNA isolation

Cells were harvested by trypsinization and total RNA
was isolated using the RNeasy kit, according to the
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manufacturer’s instructions (Qiagen, Valencia, CA, USA).
The quantity and quality of the RNA were determined
by absorbance at 260 and 280 nm using the NanoDrop
ND-1000 (NanoDrop, Wilmington, DE, USA).

Quantitative reverse transcription real-time PCR

Total RNA was reverse-transcribed using the BioRad First
Strand cDNA synthesis kit, following the manufacturer’s
protocol (BioRad, Hercules, CA) and then assayed via
quantitative real-time PCR (qPCR) to assess gene expres-
sion changes as previously published [23]. To obtain cDNA
and run PCR studies for miRNA experiments, the miScript
IT RT kit and the miScript SYBR Green PCR kit were uti-
lized (Qiagen, Valencia, CA, USA). Data is represented as
normalized AACt (fold expression) compared to B-actin
and vector control samples of biological triplicate sam-
ples + S.E.M. Primer sequences for genes examined are
included below. Primers for miR200 family and miR141
genes were obtained from a kit provided by Qiagen with
the following catalog numbers: miR200a #MS00003738,
miR200b, Cat. No. MS00009016; miR200c, Cat. No.
MS00003752; miR141, Cat. No. MS00003507.

Gene Sequence

B-Actin F: GGCACCCAGCACAATGAA
GA

R: ACTCCTGCTTGCTGATCC
AC

BCL2 F: CCGCAAGACAGGCTTTTC
AG

R: TAATAGTCGCCCCCTCTC
GG

CDH1 F: CCTGCCATTCTGGGGATT
CT

R: CCGAAGAAACAGCAAGAG
CAG

CDH2 F: GCCCCTCAAGTGTTACCT
CAA

R: AGCCGAGTGATGGTCCAA
TTT

ESR1 F: GGCATGGTGGAGATCTTC
GA

R: CCTCTCCCTGCAGATTCA
TCA

FOXAI F: ACTCCAAGCCTCCTCAAC
TGCG

R: GTGCCAAGCCGTGTGCCG

GATA3 F: CGAAGGCCTTGTGAACAG
AT

R: CTGCAGCCCAGATTTCTCA
PLAUR F: GGTGACGCCTTCAGCATGA

R: CCCACTGCGGTACTGGAC
AT

Gene

Sequence

ZEB2

SNAII

TWIST

NME1

CLDNI1

CLDN3

CLDN4

CLDN7

DSP

PKP2

PKP3

GIB2

GJB3

703

CDH3

F: CGCTTGACATCACTGAAG
GA

R: CTTGCCACACTCTGTGCA
TT

F: AGCCGTGCCTTCGCTGACC

R: GGACTCTTGGTGCTTGTG
GAGC

F: TGTCCGCGTCCCACTAGC

R: TGTCCATTTTCTCCTTCT
CTGGA

F: CTGCAGCCGGAGTTCAAA
C

R: GCAATGAAGGTACGCTCA
CAGT

F: CACCTGCCACCCCTGAGCC

R: GCGGTCACGATGTTGTCG
CC

F: GCTGCTCTGCTGCTCGTGT

R: TTGCGGTCGTAGCCTGTG
CcC

F: CGGGCAGAAGCGGGAGAT
GG

R: CAGCAGAGCGGGCAGCAG
AA

F: TCCCGCAGTGGCAGATGA
GC

R: GGACAGGGCGAGCACCGA
GT

F: GCTTTCCTCCCGCTCCTG
CcC

R: GTCGCTGCTCGCTACCTG
GG

F: AGGGCTCACTACACGCAC
AGC

R: CCCGCCTGCTTTCTTGGT
GGT

F: GACCGCCGACCACCACCA
G

R: CTTCTCACCCACGCTGCC
CG

F: CCACGGCGGGAGACAGGT
G

R: TCTGGGCGGTTTGCTCTG
CG

F: CTGTGCCCCTTCCCGCTG
TG

R: GGACCTTGACCGTGCGTG
GG

F: CCACCTGCCCGCCACCAA
AG

R: TCCACCTCCTCCACCCGC
TG

F: CTCACCTCCTCCGCCTCC
GA

R: TAGTCGTCCTCCCCGCCA
CcC
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Gene Sequence
PGR F: TACCCGCCCTATCTCAAC
TACC
R: TGCTTCATCCCCACAGAT
TAAACA
TFF1 F: GAGGCCCAGACAGAGACG
TG
R: CCCTGCAGAAGTGTCTAA
AATTCA
Colony assays

MCEF-7 VECTOR- or ZEB2-expressing cells were plated
in 6-well plates at a density of 100 cells/well in 2 in phe-
nol red-free DMEM with 5% FBS. Twenty-four hours later
DMSO or E2 (10 nM) were added and cells were monitored
for colony growth. Ten days later the cells were fixed with
3% glutaraldehyde for 20 min. Following fixation, the plates
were washed and stained with a solution of 0.1% crystal vio-
let in 20% methanol for 20 min. Colonies of > 5 cells, visual-
ized using brightfield microscopy, were counted as positive.

Crystal violet staining to examine cell morphology

Cells were plated at a density of 5000—10,000 cells, depend-
ing on average cell size, per well in a 96-well plate in 5%
charcoal—dextran stripped media and allowed to adhere over-
night at 37 °C in humidified 5% CO,. The following day
(day 0), cells were treated with drug or vehicle. Plates were
harvested on days 0, 3, and 5, fixed with glutaraldehyde, and
stained with 1% crystal violet in 10% methanol solution.
Morphological changes were observed under an inverted
microscope with brightfield microscopy.

Fluorescence imaging for cell morphology
and proliferation

MCF-7 and ZR75 VECTOR, or ZEB2 cells (5,000 cells per
well) were seeded in wells of a 96-well plate for 24 h. Cells
were fixed in formalin (Fischer Scientific, Hampton, NH)
and permeabilized with Triton-X100 (MP Biomedicals,
St. Ana CA). Confirmation of expression was performed
through visualization of GFP tag in expression constructs.
Cytoskeletal components were stained with AlexaFluor
555-conjugated phalloidin (Cell Signaling, Danvers MA).
Ki-67 staining was performed using AlexaFluor 555-conju-
gated mouse anti Ki-67 (BD Biosciences, Rockville, MD).
Cells were counterstained with DAPI (NucBlue Fixed
Cell Stain ReadyProbe, Life Technologies, Carlsbad CA).
Fluorescent images were acquired using a Carl Zeiss Cell
Observer inverted microscope (Carl Zeiss, Thornwood, NY)
20 x or 40 X objectives.

@ Springer

Animal xenograft studies

Xenograft tumor studies were conducted as previously
described [24]. All procedures using animal data was per-
formed per guidelines outlined by the Tulane Institutional
Animal Care & Use Committee. Immune-compromised
SCID/beige female mice (4-6 weeks old) were obtained
from Charles River Laboratories (Wilmington, MA). The
animals were allowed a period of adaptation in a sterile and
pathogen-free environment with food and water ad libitum.
Breast cancer cells were collected and viable cells (5 mil-
lion cells per injection) in suspension with 50 pL of sterile
PBS mixed with 100 pL Matrige]™ (BD Biosciences, San
Jose, CA). Injections were made bilaterally into the inguinal
mammary fat pads on day O (n =5 animals/group) using 27
1/2 gauge sterile syringes. All the procedures in animals
were carried out under anesthesia using a mix of isoflurane
and oxygen delivered by mask. Tumor size was measured
biweekly for 30 days using a digital caliper. Tumor volume
was calculated using the following formula: 4/37L.S2, where
L is the larger radius and S is the smaller radius. All pro-
cedures involving these animals were conducted in com-
pliance with State and Federal laws, standards of the U.S.
Department of Health and Human Services, and guidelines
established by the Tulane University Animal Care and
Use Committee. The Tulane University Animal Care and
Use Committee approved the use of animals in this spe-
cific study. The facilities and laboratory animal program of
Tulane University are accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care.
At necropsy, animals were euthanized by cervical disloca-
tion following CO, exposure. Lungs were removed and fixed
in 10% formalin. Tumors were dissected; half of the tumor
was preserved in — 20 °C freezer for genomic analyses and
the other half was fixed in 10% formalin for immunohisto-
chemical analyses.

Immunohistochemical staining

Lungs were fixed in 10% neutral buffered formalin for
24 to 36 h. Paraffin-embedded sections were prepared at
4 pm thickness followed by standard H&E staining. Sec-
tion images were captured using the Aperio ScanScope and
metastatic burden was calculated with Spectrum software
(Aperio Technologies, Vista, CA, USA). One section was
analyzed to quantify metastasis for each mouse.

RNA sequencing

Read preparation, repeat masking, and read mapping were
conducted as we have previously published [25]. Gene
expression changes are represented as fold change ZEB2
compared to vector. Fold change greater than 2.0 and p
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value of less than 0.05 were considered statistically signifi-
cant. Pathway analysis and prediction of upstream regula-
tors were performed using Gene Set Enrichment Analysis
(GSEA). GSEA was run using the JAVA program (http://
www.broadinstitute.org/gsea) using MSigDB C2 curated
gene set collection. Gene sets with a false discovery rate
(FDR) value < 0.05 after performing 1,000 permutations
were considered to be significantly enriched. Pathways and
upstream regulators with a z-score of > 1.5 or < — 1.5 with
a p value of < 0.05 were considered significantly changed.

Breast cancer data mining

Targeted gene expression correlation analysis for ZEB2,
ESR1, PGR, FOXA1, GATA3, TFF1, and BCL2 was
derived from DNA microarrays of pooled breast cancer
samples obtained from bc-GenExMiner-v3.0 [26]. Data-
sets represented gene correlation [26] and expression [27]
analyses from DNA microarrays (n= 10,001 patients) and
RNA sequencing (n=4712 patients). Correlation maps
were then generated based on estrogen receptor status.
More detailed information regarding how analyses were
performed are described by Jézéquel et al., 2012 [26] and
Jézéquel et al. [27].

ERE-luciferase assay

Cells were seeded in 24-well plates at a density of 5x 10°
cells/well in media containing phenol red-free DMEM
with 5% FBS and allowed to attach overnight. The cells
were then transfected for 5 h with 300 pg pGL2-ERE2X-
TK-luciferase plasmid (Panomics) using Effectene accord-
ing to the manufacturer’s protocol (Qiagen). After 5 h
DMSO or 10 nM E2 were added to the cells and cells were
incubated at 37 °C overnight. The following morning, the
media was removed, and 100 pl of lysis buffer was added
per well and then incubated for 5 min at room temperature.
Cell debris was pelleted by centrifugation at 15000xg for
5 min. Luciferase activity of 100 pL of cell extracts was
determined from an equal volume of Bright Glo luciferase
assay reagent (Promega Corp.) in an Autolumat Plus lumi-
nometer (Berthhold Technologies).

Statistical analyses

Statistical analyses were carried out with GraphPad Prism
software (Graph-Pad Software, Inc., San Diego, CA,
USA). Statistics were subjected to unpaired Student’s ¢
test, with p < 0.05 considered statistically significant.

Results

ZEB2 does not act through their canonical role
as EMT-inducing transcription factors

We sought to determine the ability of ZEB2 to induce a
metastatic phenotype in our system. To accomplish this,
we exogenously expressed ZEB2 in ER + MCF-7 and
ZR-75-1 cell lines which are non-invasive and exhibit
an epithelial phenotype. Expression was confirmed using
gPCR analysis and nuclear localization of the GFP tagged
protein (Supplementary Figure S1). As ZEB2 has been
characterized as EMT-inducing transcription factors and
are thought to function as transcriptional repressors [28,
29], we anticipated that exogenous ZEB2 expression
would induce a transcriptional downregulation of CDH1
expression and of adhesion-related genes. We then evalu-
ated how ZEB2 overexpression in the luminal cell lines
affected genes that are associated with maintenance of
an epithelial phenotype, tight junction, and cell adhe-
sion genes including claudins and desmosomes (CLDN1,
CLDN3, CLDN4, CLDN7, DSP, PKP2, PKP3, GJB2,
GJB3, Z0O-3, CDH3) (Fig. la, b). The non-significant
p-values for CLDN1, CLDN3, CLDN4, CLDN7, DSP,
PKP3, GIB2, GJB3, ZO-3, CDH3 in MCF-7-ZEB2 and
CLDN3, CLDN4, CLDN7, DSP, PKP3, GJB2, GJB3,
Z0-3, CDH3 in ZR-75-1-ZEB2 cells compared to vec-
tor controls were 0.7154, 0.2433, 0.2102, 0.8714, 0.9248,
0.9141, 0.7784, 0.4884, 0.8317, 0.8737 and 0.0634,
0.2539, 0.9460, 0.1903, 0.2608, 0.8286, 0.3919, 0.7946,
0.4855, respectively. While cells overexpressing ZEB2
significantly increased PKP2 in MCF-7 and ZR-75-1 cells
(»p=0.0211 and p=0.0145, respectively) and CLDNI in
ZR-75-1 cells (p =0.0041), these findings did not appear
to be meaningful especially since the other cell adhesion
and tight junction genes were not significantly altered
in response to ZEB2 overexpression. Next, we sought
to assess ZEB2 overexpression effects on EMT-related
genes; ZEB2 overexpression did not alter expression of
EMT genes, and neither suppressed CDH1 expression nor
increased mesenchymal gene expression (CDH2, VIM,
SNAI1, TWIST, PLAUR, NME) (Fig. 1c, d). Due to prom-
inent roles of the miR200 family in regulating EMT plas-
ticity, we then sought to determine how ZEB?2 transcrip-
tionally regulates this family. We found transcription of
miR200 family members, miR200a, miR200b, miR200c,
and miR141 remained unchanged in ZEB2-overexpress-
ing cells compared to vector controls. The non-significant
p-values for miR200a, miR200b, miR200c and miR141
in MCF-7-ZEB2, and ZR-75-1-ZEB2 cells compared to
vector controls were 0.6697, 0.2837, 0.5040, 0.4313 and
0.4321, 0.7498 0.2039, and 0.1617, respectively (Fig. 2a,
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Fig.1 ZEB2 overexpression does not induce EMT in Luminal A
breast cancer cells. a Cell—cell adhesion and junction genes were not
changed in ZEB2-overexpressing a MCF-7 cells or b ZR-75-1 cells
compared to vector controls. EMT genes including the epithelial
gene CDHI1 and mesenchymal genes CDH2, VIM, SNAII, TWIST,
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Fig.2 ZEB2 overexpression did not change expression of EMT-
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sis of ZEB2-mediated miRNA gene expressions that regulate EMT
(miR-200a, miR-200b, miR-200c, miR-141) using qRT-PCR. Data
was normalized to p-actin and vector controls. Error bars repre-
sent mean+ S.E.M.. Cell morphology of MCF-7 and ZR-75-1 cells
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b). Furthermore, analysis of cell morphology with crystal
violet staining and brightfield imaging revealed that ZEB2-
expressing cells maintained an epithelial like phenotype,
as characterized by growth in colonies, cobblestone like
shape, and maintenance of cell-to-cell contact (Fig. 2c).
Follow-up morphology evaluation with phalloidin staining
and fluorescence imaging confirmed these observations.
As these results directly contradict our original hypothesis
that ZEB2 induced the mesenchymal phenotype through
suppression of epithelial genes and upregulation of mes-
enchymal genes, we further investigated potential mecha-
nisms through which ZEB2 drives metastasis in luminal
A breast cancers.

ZEB2 promotes cell motility and metastasis
in luminal A breast cancer cell lines.

ZEB family member proteins have been characterized pri-
marily in the context of induction of EMT [17-19], How-
ever, recent work demonstrated that the loss of expression
of cell—cell junction proteins is not a necessary step in
metastasis [30, 31], exemplified by observations of col-
lective cell migration and invasion [32, 33]. Therefore, we
sought to examine the ability of ZEB2 to potentiate a met-
astatic phenotype independent of their function in EMT in
a murine model, and we compared these data to mice inoc-
ulated with ZEB1-overexpressing cells. MCF-7-vector,

ZEBI1, or ZEB2-expressing cells were injected into the
mammary fat pad SCID/beige mice (5 mice per group)
and monitored for tumor growth over 40 days. When the
tumors reached 1000 mm? in size, they were removed and
the mice were monitored until they began to show signs of
morbidity around 40 days later. Lungs were harvested, sec-
tioned, and H&E stained to examine metastasis. We found
that tumor growth was not affected by ZEB1 nor ZEB2
expression (Fig. 3a). Furthermore, quantification of one
section per mouse in each group revealed that mice with
ZEB1- or ZEB2-overexpressing tumor cells had signifi-
cantly greater number and overall area of metastatic lung
lesions when compared to the control group (Fig. 3b—d).
Additionally, we performed assays measuring altera-
tions in cell migration in ZEB1- or ZEB2-overexpressing
cells in vitro. Contrary to what was observed in vivo,
MCEF-7 cell migration was increased by both ZEB1 and
ZEB2 (Fig. 3e). ZR-75-1 cells overexpressing ZEB1 or
ZEB?2 were also significantly more migratory than vector
cells (Fig. 3e). As these luminal A cell lines have little
to no detectable endogenous ZEB2 expression and pre-
sent with low motility, these data show that forced ZEB2
expression in these cell systems drove a motile and meta-
static phenotype. These data are consistent with previous
studies which have characterized ZEB?2 as a driver of cell
motility and metastasis in numerous cancers [19, 34].
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Fig.3 ZEBI1 and ZEB2 are implicated in cell migration and metas-
tasis. Ovariectomized SCID/beige mice (n=>5/group) implanted with
a 17p-estradiol pellet (subcutaneous, 0.72 mg) were injected in the
mammary fat pad with MCF-7-VECTOR, MCF-7-ZEB1, or MCF-
7-ZEB2 cells (5% 10° cells per injection). a Tumors were measured
twice weekly with digital caliper. Data points represent average tumor
volume (mm?) +S.E.M. (***p <0.001). Tumors were removed at day
40 and mice were monitored for another 30 days at which point lungs
were removed to observe metastases. Lungs were paraffin embedded,
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sectioned, and stained with Hematoxylin and Eosin (H&E). b Total
number and c¢ area of metastatic lesions were quantified and showed
increased metastases in ZEB1- and ZEB2-overexpressing groups
compared to vector control. d Representative images of H&E stained
lungs from MCF-7-VECTOR, MCF-7-ZEB1, and MCF-7-ZEB2
xenografts. e Transwell migration assays were performed with MCF-
7-ZEB2 and VECTOR-expressing cells. Migrated cells were quanti-
fied using ImageJ. Data show mean+S.EM., n=3. (*p<0.05 **;
p<0.01)

ZEB1 ZEB2
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Transcriptomic analysis reveals alterations
in estrogen signaling pathways in ZEB2-expressing
cells

To further explore the effects of ZEB2 on the phenotype of
luminal breast cancer cells, we performed RNA seq anal-
ysis of MCF-7 cells expressing vector or ZEB2. We per-
formed upstream regulator analysis using Ingenuity Path-
way Analysis (IPA) using a z-score cutoff of 1.5. Several
compounds regulating estrogen signaling were predicted
to be inactivated in ZEB2-expressing cells. f-estradiol and
estrogen were predicted to be inhibited in ZEB2, but this

Table 1 Ingenuity Pathway Analysis of RNA sequencing revealed
predicted upstream regulators of ZEB2 that were inversely associated
with ZEB2 overexpression in MCF-7 cells compared to vector con-
trols

IPA upstream regulator analysis

Upstream Z score p value
B-estradiol —2.449 1.73E-10
Estrogen —-677 8.79E-05
Progesterone 0.722 2.21E-06
Enrichment plot:
A HALLMARK_ESTROGEN_RESPONSE_LATE
035
@ 030
w
S 025
S 0201
123 13
2 015 {4
£ o010 4f \,
5 oos{ N
S 0.00 AN
N\
-0.05 \ -
-0.10 3
<
=
& LILHI | |
S [ [ |
% "MCF7_VECTOR' (positively cltl!l‘e‘!ailegjl l ! §
E 3
5 25 s
e £
2 o0 Zero cross at 1847 s
= 1z
£ o~
B 25 2
g 'MCF7_ZEB2' (negatively corelated) ~
é D 2500 5000 7500 10,000 12,500 15,000 17,500 20,000 22,500 25,000 $
@ Rank in Ordered Dataset N
| Enrichment profile — Hits Ranking metric scores
Upregulated in class MCF7_VECTOR
Geneset HALLMARK_ESTROGEN_RESP
ONSE_LATE
Enrichment Score (ES) 0.37373483
Normalized Enrichment Score (NES) 1.574691
Nominal p-value 0.00125
FDR g-value 0.016448189

Fig.4 ZEB2 alters the estrogen response in ER+breast cancer. a
GSEA hallmark pathway analysis from generated RNA sequencing
data of ZEB2 transcriptional profiles compared to vector controls
shows decreased early and late estrogen response in ZEB2-express-
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difference was only significant in ZEB2-overexpressing cells
(Table 1). We then analyzed the data using GSEA for altered
hallmark pathways. Notably, downregulation of estrogen
response pathways was observed in ZEB2-overexpressing
cells (Fig. 4a, Supplementary Figure S2), demonstrating
divergence in function between these two homologous
family members. Furthermore, examination of breast can-
cer patient data based on DNA microarray analysis using
bc-GenExMiner v4.5 [26] revealed significantly higher
expression of ZEB?2 in ER negative (ER-) tumors (Fig. 4b).
We next interrogated the correlation in gene expression

Table 2 Ingenuity Pathway

i B Correlation with ZEB2 expres-
Analysis of RNA sequencing

sion
revealed predicted upstream
regulator genes in ZEB2- Gene r value P value
overexpressing MCF-7 cells
compared to vector controls BCL2 -0.19 0.0007
ESRI1 -0.18 0.001
FOXALI -0.2 0.0004
GATA3 -0.14 0.009
PGR 0.01 Ns
TFF1 -0.02 Ns
NS not significant
Box and whisker plot of ZEB2 expression
according to
ER (IHC)
(all DNA microarray data)
[l
4 ; .
H
. ] 1 I
2 e
-2 - 1 _
-4 -
6 -
p < 0.0001
: : E>E
ER+ ER-
(No?) (6310) (2249)

ing MCF7 cells when compared to vector control (FDR <0.05). b
BC-GenExMiner data from breast cancer patient tumors reveals a
decrease in ZEB2 expression in ER + tumors when compared to ER—
tumors (p <0.0001)
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of these factors with a subset of estrogen signaling genes
ESRI1, FOXA1, GATA3, PGR, TFF1, and BCL2 based on
our RNA sequencing data, using the IPA program. This
analysis revealed a significant negative trend and inverse
association ZEB2 expression with ESR1, FOXA1, GATA3,
and BCL2 (Table 2). PGR and TFF1 associations were not
significant. These findings were similar to correlation plots
that demonstrated a negative correlation between ZEB2 and
the estrogen signaling genes based on DNA microarrays
in a cohort of breast cancer patients with ER + tumors, as
obtained using the publicly available bc-GenExMiner v3.0
database [27] (Supplementary Figure S3).

Estrogen response is abrogated by ZEB2 in ER + breast
cancer

The ERa signaling pathway plays a critical role in cell pro-
liferation, motility, and survival in response to estrogen stim-
ulation [35, 36]. We sought to confirm these predicted altera-
tions in ERa signaling in vitro. Baseline gene expression
of ERa complex members was assessed by qPCR. ESR1,
FOXA1, and GATA3 expression was repressed by ZEB2
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Fig.5 ZEB2-expressing cells have a decreased transcriptional and
proliferative response to estrogen treatment. a qPCR analysis of
expression of ER complex gene expression in ZEB2 compared to
vector control cells. b, ¢ Expression of estrogen responsive genes in
vector and ZEB2-expressing cells in response to 24 h treatment with
10 nM E2. (*p<0.05, ** p<0.01, *** p<0.001). d Proliferation of

MCF-7 VECTOR

N - -

compared to vector control in both MCF-7 and ZR-75-1 cells
(Fig. 5a). The members of this complex have been shown
to be essential to ERa genomic function in breast cancer
cells [37]. Furthermore, FOXA1 is necessary for transcrip-
tion of ERa [37, 38]. We then sought to interrogate the role
of ZEB2, specifically, in estrogen response as characterized
by transcriptional alterations in ERa signaling target genes.
MCF-7 and ZR-75-1 vector- and ZEB2-expressing cells
were treated with estrogen for 24 h and analyzed for expres-
sion of the estrogen responsive genes BCL2, PGR, and TFF1
using qPCR. ZEB2-expressing cells had a diminished estro-
gen response when compared to estrogen treated vector con-
trol cells, though the response was not eliminated entirely
(Fig. 5b, c). Additionally, MCF-7 cells were analyzed for
estrogen response element promoter activity using luciferase
assay. We found that ZEB2 cells had diminished activity
of the ERE promoter upon estrogen treatment (Supplemen-
tary Figure S4). Notably, baseline ERE activity should not
change dramatically because it is theoretically very lowly
activated in the DMSO condition so it cannot be decreased
in any meaningful way. In this line of thought, it should only
be activated after estrogen treatment. We observed ERE to

MCF-7 ZEB2 ZR75 VECTOR ZR75 ZEB2
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vector and ZEB2-expressing MCF-7 and ZR-75-1 cells was quanti-
fied using Ki-67 staining (red) after 24 h treatment with 10 nM E2
or DMSO control. DAPI was used as a nuclear counterstain (blue).
e Representative images were captured using fluorescent microscopy
and images are shown at 200X magnification. Scale bars represent
0.25 mm
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be activated in both vector and ZEB2-overexpressing cells,
but to a decreased extent in the ZEB?2 group. Taken together,
these results demonstrate a novel role for ZEB2 in the regu-
lation of estrogen response in luminal A breast cancer cells.

We then investigated the effects of ERa signaling on
MCF7 and ZR75 proliferation in vector and ZEB2-express-
ing cells. E2 treatment increased cell proliferation in vector
control cells (Fig. 5c, d); conversely, ZEB2-expressing cells
showed no alterations in proliferation upon E2 stimulation.
These data reflect the pathway activation patterns predicted
in our RNA seq data, as well as the patterns of gene expres-
sion seen in breast cancer patient tumors in vivo. It is of
note that in cells expressing ZEB2, baseline growth did not
change compared to vector control indicating that the cells
are not only insensitive to estrogen growth signals, but per-
haps more importantly, that they are capable of functioning
without ER signaling. This estrogen independent prolifera-
tion led us to investigate the response of ZEB2 specifically
to estrogen targeted therapies, and whether this decrease in
estrogen response induced by ZEB2 conferred resistance to
those therapies.

To address this, we investigated the effects of ERa inhibi-
tion in ZEB2-expressing cells compared to cells expressing
the vector control in our ER + cell lines in a colony assay.
We found that ZEB2-expressing cells had a significantly

higher proportion of clonogenic survival in the presence of
ICI 182,780 when compared to the vector control (Fig. 6a),
indicating that ZEB2 confers a distinct survival advantage
in ER + cells when estrogen signaling is abrogated. Next,
we found that expression of ZEB2 protected cells from ICI
182,780 induced suppression of proliferation in both MCF-7
and ZR-75-1 cell lines (Fig. 6b, c). Additionally, migration
of cells expressing ZEB2 was not affected by ICI 182,780
or estrogen treatment when measured by transwell migra-
tion assay (Supplementary Figure S5), demonstrating that
ZEB?2 mediated changes in migration occur independent of
estrogen signaling.

Discussion

Endocrine resistance and metastasis remain significant
obstacles to breast cancer patient survival. These two pro-
cesses are often linked, but shared mechanisms between
them are less clearly elucidated. In the present study, we
found that the ZEB2 transcription factor act independently
of their canonical role as EMT inducers to mediate migra-
tion and metastasis in luminal A breast cancer. Furthermore,
ZEB?2 was shown to play a significant role as a repressor of
estrogen signaling and hormone therapy response.
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VECTOR + ICI 182780
ZEB2 + DMSO
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Fig.6 ZEB2 decreases endocrine sensitivity in ER +breast cancer
cells. a Percent clonogenic survival of vector and ZEB2-expressing
cells when treated with ICI 182,780 or DMSO control for 10 days.
(***p <.001). b Proliferation of vector and ZEB2-expressing MCF-7
and ZR-75-1 cells were quantified using Ki-67 staining after 24 h
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treatment with 100 nM ICI 182,780, or DMSO control. ¢ Representa-
tive images were captured using fluorescent microscopy and images
are shown at 200X magnification. Scale bars represent 0.25 mm.
ZR-75-1 is abbreviated to ZR-75 in the graphs within the figure
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The role of ZEB2 as a driver of cell motility, migration,
and metastatic spread has been documented in numerous
malignancies, including glioma, oral, ovarian, gastric, lung,
and pancreatic cancers [19, 28, 39—-43]. Until recent years,
the implication of ZEB2 in EMT associated with tumor cell
invasion has been rooted in their ability to repress CDH1 and
miR200 expression [31, 44]. This defining aspect of ZEB2
function was characterized in previous studies showing this
repression in MDCK, hepatocellular and colon epidermoid
carcinoma cells with forced exogenous expression of ZEB2
[21, 45, 46].

Many factors play into the signaling and biology involved
in breast cancer metastasis. In contrast to existing literature,
which maintains that ZEB2 expression promotes a mesen-
chymal phenotype, we see that in this study ZEB2-express-
ing cells present with a distinctly non-fibroblast like shape.
Furthermore, the cells did not lose their cell contacts, a char-
acteristic that is observed in mesenchymal cell types. While
EMT has been shown to play a driving role in breast cancer
metastasis in many studies, canonical EMT-inducing factors,
are fully capable of driving metastasis through EMT-inde-
pendent mechanisms [11, 12, 47]. Metastatic progression
occurs through a myriad of differing process and studies
have shown that cells are not required to shed all epithelial
characteristics to achieve a metastatic phenotype [48, 49].
Furthermore, EMT is a “plastic” process, and complete EMT
is not necessary for metastasis [50, 51]. This is exemplified
by our finding that while ZEB2 expression successfully initi-
ated cell migration and metastasis in MCF-7 and ZR-75-1
cells, our in vitro data suggest this is not through canonical
EMT pathways. Our preliminary genomic analyses in Figs. 1
and 2 demonstrated no trends in canonical EMT genes and
do not suggest that ZEB2 transcriptionally regulates canoni-
cal EMT pathways, more extensive genomic arrays would
elucidate non-canonical EMT pathways that may have
contributed to acquisition of this phenotype. Furthermore,
protein analyses of EMT markers would determine more
concrete associations between ZEB2-mediated regulation of
EMT pathways. In this manuscript, we explored non-EMT
driven mechanisms that ZEB?2 utilized to gain migratory and
metastatic cell behavior.

While metastasis contributes significantly to mortality in
ER + breast cancer patients, its detrimental effects are often
compounded by the concurrent acquisition of resistance to
endocrine targeted therapies, the mainstay of ER + breast
cancer treatment. A myriad of mechanisms exist by which
ER + breast cancer cells progress to an endocrine-resistant
phenotype [52]. Studies have shown that resistance to these
therapies can arise from increased estrogen signaling ini-
tiated after treatment with the inhibitors [53]. However,
the downregulation of ER transcriptional co-repressors,
has also been implicated in endocrine resistance. FOXA1
expression has been demonstrated to be necessary for both

ESRI1 transcription and ER-a binding and function as a tran-
scriptional regulator [38]. Similarly, GATA3 has also been
shown to participate in this functional protein complex with
FOXA1 [37, 54]. In this study, we see a significant decrease
in expression of these important ER complex members
upon expression of ZEB2. However, it is important to con-
sider that the changes in luciferase activity could possibly
be due to reduced ER transcription or reduced transcrip-
tion of important ER complex members. Furthermore, we
show that ZEB?2 specifically, decreases estrogen signaling in
MCF-7 and ZR-75-1 cells, resulting in estrogen independ-
ent proliferation. The increased cell migration due to ZEB2
overexpression in the non-invasive luminal cell line MCF-7
was abrogated in the presence of estrogen, and ICI 182,780
treatment did not suppress ZEB2-mediated migration. These
data indicated ZEB2 resulted in estrogen independent migra-
tion in addition to proliferation. Loss of FOXA1 and GATA3
ER complex members in hormone positive breast cancers
have been associated with metastasis and worse patient
outcomes and prognoses [55, 56] and are important for ER
functionality; ZEB?2 significantly suppressed both FOXA1
and GATA3 expression. While our data suggests migration
of ZEB2-expressing cells may be independent of ER signal-
ing, we cannot rule out that these cells adapted alternative
signaling of estrogen-related pathways.

Conclusion

This work presents a novel role for ZEB2 in breast cancer
biology in the luminal A subtype. Future studies will exam-
ine the activity of the ZEB family of transcription factors in
breast cancers with acquired resistance to endocrine therapy.
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