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Estrogen receptors (ERs) have pivotal roles in the development and progression of triple-
negative breast cancer (TNBC). Interactions among cancer cells and tumor
microenvironment are orchestrated by the extracellular matrix that is rapidly emerging
as prominent contributor of fundamental processes of breast cancer progression. Early
studies have correlated ERb expression in tumor sites with a more aggressive clinical
outcome, however ERb exact role in the progression of TNBC remains to be elucidated.
Herein, we introduce the functional role of ERb suppression following isolation of
monoclonal cell populations of MDA-MB-231 breast cancer cells transfected with
shRNA against human ESR2 that permanently resulted in 90% reduction of ERb mRNA
and protein levels. Further, we demonstrate that clone selection results in strongly
reduced levels of the aggressive functional properties of MDA-MB-231 cells, by
transforming their morphological characteristics, eliminating the mesenchymal-like traits
of triple-negative breast cancer cells. Monoclonal populations of shERb MDA-MB-231
cells undergo universal matrix reorganization and pass on a mesenchymal-to-epithelial
transition state. These striking changes are encompassed by the total prevention of
tumorigenesis in vivo following ERb maximum suppression and isolation of monoclonal
cell populations in TNBC cells. We propose that these novel findings highlight the
promising role of ERb targeting in future pharmaceutical approaches for managing the
metastatic dynamics of TNBC breast cancer.
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INTRODUCTION

Human cancers arise from multistep processes that make their
way from normalcy to the acquisition of particular hallmark
traits during complex tumorigenic signaling cascades (1). Breast
cancer is characterized by a great heterogeneity in its molecular
subtypes, therefore important breakthroughs reducing relapse
and providing higher quality years of life may be accomplished in
treatment approaches.

Estrogens as master regulators of breast cancer susceptibility,
mediate their effects in target tissues through two estrogen
receptors (ERs), ERa and ERb. ERs and their variants exert
distinct functions following activation in response to ligand
binding and trigger genomic and non-genomic signaling
cascades (2). Many lines of evidence suggest that in breast
cancer, ER-evoked signaling is closely connected to
extracellular matrix (ECM) remodeling that stimulates cancer
progression, metastasis and drug resistance (3). The role of
tumor ECM has long been recognized as a dynamic 3D
structural and functional network of biomolecules that
dynamically interact to reinforce cancer cell properties (4).
Major matrix components of this functional bioscaffold consist,
among other constituents, of collagen, proteoglycans (PGs),
glycosaminoglycans (GAGs), adhesive glycoproteins, fibrils and
degrading enzymes, that actively communicate to orchestrate
ECM renewal, cell morphology and functional properties of
cancer cells (5–7). The integrity of ECM composition is critical
for normal tissue homeostasis, since altered expression of ECM
macromolecules in the tumor microenvironment (TME) affects
cancer cell survival, growth, migration, and invasion to adjacent
tissues (8, 9). The triple-negative breast carcinoma (TNBC),
accounting for up to 20% of breast carcinomas, is the
aggressive molecular subtype of breast cancer, characterized by
the absence of ERa, progesterone receptor (PgR), and HER2.
Population-based studies show that TNBC is more common to
younger age groups of premenopausal African American and
Hispanic women compared to Caucasian American women (10).

There is increasing evidence that the second ER isoform, ERb,
which is localized in myoepithelial cells as well as in the
surrounding stroma and endothelial cells, is highly expressed
and correlated to worse survival rates in TNBC patients (3, 11).
The discovery of ERb in 1996 as the second nuclear receptor for
steroid/thyroid hormones (i.e., 17b-estradiol, E2), after ERa,
reserved a new era in the diagnosis, survival estimation and
therapeutic targeting of breast cancer (12). While less well
established, ERb dynamically communicates with major matrix
components, including PGs and epidermal growth factor
receptor (EGFR) to stimulate cancer cell behavior, epithelial-
to-mesenchymal transition (EMT) and stem-like characteristics
(13–15).

EMT is an evolutionarily conserved developmental program
in which cells gradually unbend tight cell junctions due to the
decreased expression of epithelial proteins (i.e., E-cadherin) and
gain mesenchymal traits through epigenetic alterations,
reorganized cytoskeleton and the expression of mesenchymal
matrix markers, such as fibronectin and vimentin (16). This
process is the driving force of cancer cells to increased motility
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and initiation of metastasis, through matrix remodeling and the
activation of signaling cascades (i.e., Notch, TGFb) and a
possible mechanistic basis for anticancer drug resistance (17, 18).

The daunting consequences of TNBC arise from matrix
extensive reorganization and EMT activation builds the
aggressive cancer cell behavior that establishes the initiation of
metastasis. These functional capabilities acquired by TNBC cells
may be the motive power to advance modern TNBC targeting
approaches for the diagnosis and personalized therapeutic
management. Recent work has revealed some encouraging data
correlating ESR2 suppression in TNBC cells with a less aggressive
cell phenotype (14, 19, 20). Similar to other receptors for steroid
hormones, ERb, encoded by ESR2 gene, is expressed as a pool of
five alternatively spliced variants; the wild-type, ERb1 and also
ERb2, ERb3, ERb4 and ERb5, which exist in normal and disease
states (2). In breast cancer tissues, the most common ERb
variants are ERb1, ERb4 and ERb5, which may be dimerized
in order to boost signal transduction processes (21, 22). This
explains that shERb MDA-MB-231 cells demonstrated
phenotypic heterogeneity that was reflected in deviant
phenotype and ESR2 mRNA levels; from 70% to 80%
inconstant decrease in ESR2 levels and intrigued us to achieve
higher ERb gene and protein suppression rates to exclude the
impact of ERb variants on heterogenous profile of ERb-
suppressed cells.

Herein, we report for the first time that the isolation of
monoclonal cell populations, characterized by ERb knockdown,
led to cultures with a constant epithelial-like behavior. Certainly,
such clues force further investigation ERb as a power player of the
tumor microenvironment of TNBC cells. This prompted us to
further elucidate the functional effects of ERb knockdown as
compared to parental breast cancer cell lines with distinct ER
status, as well as the in vivo tumorigenic effects of monoclonal
shERb MDA-MB-231 cell populations. A detailed molecular
understanding of ERb functions is critical in identifying its
promising role in TNBC targeting.
MATERIALS AND METHODS

Cell Cultures, Transfections and Selection
of Monoclonal Cell Populations
MDA-MB-231 (high metastatic potential; ERb-positive) and
MCF-7 (low metastatic potential; ERa-positive) breast cancer
cell lines were obtained from the American Type Culture
Collection (ATCC). MDA-MB-231 cells were routinely
cultured in a humidified 95% air/5% CO2 incubator at 37°C in
complete medium [Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
1.0 mM sodium pyruvate, 2 mM L-glutamine and a cocktail of
antimicrobial agents (100 IU/ml penicillin, 100 mg/ml
streptomycin, 10 mg/ml gentamicin sulfate and 2.5 mg/ml
amphotericin B)]. Cells were harvested by trypsinization with
0.05% (w/v) trypsin in PBS containing 0.02% (w/v) Na2EDTA.
Transfections of MDA-MB-231 cells with shRNA against human
ESR2 or non-targeting shRNA control were performed as
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previously described by Piperigkou et al. (14), and ERb
suppression was monitored with real-time PCR analysis and
western blot analysis.

Since the cultures of stably transfected shERb MDA-MB-
231 cells were heterogenous in respect of ESR2 levels, the
isolation of monoclonal cell populations (clone selection) was
performed to identify single clones with the highest ESR2
suppression levels, as follows. Briefly, 10 cells/ml of shERb
MDA-MB-231 cells were seeded in a 96-well culture plate
adding 100 ml per well (i.e., 1 cell per well), the number of
cells per well after 24 hours was assessed and the wells with only
1 cell were noted. The monoclonal population has been
expanded and passaged to 6-well plates. A portion of cells
was examined for the levels of ESR2 suppression and expression
stability and the cultures were further expanded. Finally,
suppressed clones (~90% ESR2/ERb suppression) were
freezed down and named “clone shERb MDA-MB-231” cells).
Notably, during the freeze-thaw cycle of clone shERb MDA-
MB-231 cells the suppression rates of ESR2 and ERb are totally
stable, as confirmed by real-time PCR and western blot
analysis, respectively.

Chemicals and Reagents
DMEM, FBS, L-glutamine, penicillin, streptomycin were all
obtained from Biosera (Nuaillé, France). All other chemicals
used were of the best commercially available grade.

RNA Isolation, Reverse Transcription and
Real-Time qPCR Analysis
Total cellular RNA was isolated using NucleoSpin RNA II Kit
(Macherey-Nagel, Duren, Germany). The amount of isolated RNA
was quantified by measuring its absorbance at 260 nm. Total RNA
was reverse transcribed using the PrimeScript 1st strand cDNA
synthesis kit perfect real time (Takara Bio Inc., Japan). Real-time
qPCR analysis was conducted in 20 ml reaction mixture, according
to manufacturer’s instructions (KAPA Taq ReadyMix DNA
Polymerase, KAPA BIOSYSTEMS, Wilmington, Massachusetts).
The amplification was performed utilizing Rotor Gene Q (Qiagen,
USA). All reactions were performed in triplicates and a standard
curve was always included for each pair of primers for assay
validation. In addition, a melting curve analysis was always
performed for detecting the SYBR Green-based objective
amplicon. To provide quantification, the point of product
accumulation in the early logarithmic phase of the amplification
plot was defined by assigning a fluorescence threshold above the
background, defined as the threshold cycle (Ct) number. Relative
expression of different gene transcripts was calculated by the DDCt
method. The Ct value of any gene of interest was normalized to the
Ct of the normalizer (GAPDH). Fold changes (arbitrary units)
were determined as 2-DDCt. Primer sequences of the tested genes
are presented in Supplementary Table 1. All primers were
purchased from Eurofins Genomics (Ebersberg, Germany).

Tumorigenicity Assay
An equal number (106) of MDA-MB-231 or clone shERbMDA-
MB-231 cells was inoculated in the back of seven 5-weeks-old
SCID female mice. Four weeks later, the animals were sacrificed,
Frontiers in Oncology | www.frontiersin.org 3
and the tumors formed following MDA-MB-231 inoculations
were removed. The tumor volume was calculated with the
Caliper method, using the formula tumor volume = 1/2(length
× width2) (23). Tumor samples developed from MDA-MB-231
cells were mechanically homogenized in the presence of liquid
nitrogen and stored in -80°C. All animal studies were conducted
according to the institutional guidelines conforming to
international standards and the protocols were approved by
the relevant committee of the Veterinary Direction, Greek
Ministry of Rural Development and Food (Permission
No. 193900).

Immunohistochemistry
Serial 3mm paraffin sections were cut from tissue blocks,
mounted on poly-L-lysine-coated slides and subjected to
immunohistochemical staining. Briefly, the sections were
initially dried for 24 hours at 60°C, deparaffinized in xylene
and dehydrated in gradient alcohol. Antigen retrieval was
performed at 600W in a microwave for 20 minutes.
Endogenous peroxidase blocking was performed by
incubating the slides in a 3% H2O2 solution for 15 minutes.
Sections were then incubated with the following primary
antibodies against: ERa, clone 6F11 (Leica Biosystems), Ki-67
IHC MIB-1 (DAKO, mouse monoclonal, 1:50), HER2 (DAKO,
Rabbit polyclonal, 1:300), E-cadherin (DAKO, mouse
monoclonal, 1:50), vimentin, clone V9 (Leica Biosystems).
Dako EnVision polymer (Dako EnVision Mini Flex, Dako
Omnis, Angilent Technology Inc., California, USA, GV823)
was used for signal detection. Diaminobenzidine (Dako Omnis,
GV823) was used as a chromogen and Harris hematoxylin was
used for nuclear counterstaining. Positive and negative controls
for antibody validation were used according to the
manufacturer’s instructions.

Western Blot Analysis
Cell monolayers were washed with cold PBS and lysed with Lysis
Buffer: 25 mM Hepes, pH 7.5, 150 mM NaCl, 5 mM EDTA, 10%
(v/v) glycerol, 1% (v/v) Triton X-100, containing protease
inhibitor cocktail (#20-201 Chemicon, Millipore, CA) and 0.5
mM sodium orthovanadate (S6508, Sigma-Aldrich, Inc). Samples
were reduced with b-mercaptoethanol in Laemmli sample buffer,
separated by SDS-PAGE in 12% poly-acrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes
(Macherey Nagel, Germany). The membranes were blocked in
5% (w/v) non-fat dry milk in Tris-buffered saline pH 7.4
containing 0.05% Tween-20 (TBS-T) for 2 hours at room
temperature and were then incubated with primary antibodies
for 16 hours at 4°C. After three washes in TBS-T, membranes were
further incubated with peroxidase-conjugated secondary goat
anti-rabbit IgG (A0545, Sigma-Aldrich, Inc) or anti-mouse IgG
(A4416, Sigma-Aldrich, Inc) for 90 minutes at room temperature.
Detection of the immunoreactive proteins was performed by
chemiluminescence horseradish peroxidase substrate Super
Signal (Pierce, Thermoscientific) , according to the
manufacturer’s instructions. Primary antibodies used in
immunoblotting include ERb (ab3576, abcam), p-ERK1/2 (9101,
Cell Signaling Technology, dilution 1:1000), total ERK1/2 (9102,
June 2022 | Volume 12 | Article 917633
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Cell Signaling Technology, dilution 1:1000) and a-tubulin (T9026,
Sigma-Aldrich Inc., dilution 1:7500). ImageJ software has been
used for measuring the band density.

Immunofluorescence and
Phase-Contrast Microscopy
For immunofluorescence microscopy, parental and transfected
breast cancer cells were seeded on glass coverslips in 24-well
plates and grown to confluence. Cells were first washed twice
with phosphate-buffered saline (PBS) buffer, fixed in 4%
formaldehyde in PBS buffer, washed three times with PBS-
Tween buffer, permeabilized with freshly made 0.5% Triton X-
100 in PBS, washed three times with PBS-Tween buffer and
blocked with 5% BSA in PBS. Slides were stained for E-cadherin,
vimentin and F-actin with the following primary antibodies: E-
cadherin (ECCD-2, Takara, dilution 1:200) and Alexa-Fluor 568-
labeled phalloidin (Invitrogen Corporation, Carlsbad, USA,
dilution 1:100. Then the appropriate Alexa Fluor-488 anti-
mouse (A-11032, Invitrogen, dilution 1:2000) secondary
antibody was used for E-cadherin staining and the coverslips
were mounted on microscope slides. Stained slides with the
appropriate secondary antibodies alone were used as negative
controls. For phase-contrast microscopy, images of live cells
growing on the culture dish were collected on an OLYMPUS
CKX41 microscope equipped with a CMOS color digital camera
(SC30). Cell circularity was monitored using the ImageJ plugin
that calculates object circularity using the formula: circularity=
4pi(area/perimeter2). This formula was applied to each cell of 10
representative digital images of parental and transfected breast
cancer cells. A circularity value of 1.0 indicates a perfect circle. As
the value approaches 0.0, it indicates an increasingly
elongated polygon.

Scanning Electron Microscopy
Parental and transfected breast cancer cells seeded in culture
flasks for 48 hours, were firstly rinsed with a phosphate buffer
solution to prevent cells detachment and then fixed in a
Karnovsky’s solution for 20 minutes. Flasks with adhering cells
were again rinsed three times with 0.1% cacodylate buffer, post-
fixed in 1% OsO4 in cacodylate buffer for 20 minutes, dehydrated
with increasing concentrations of ethanol, and finally dehydrated
with hexamethyldisilazane (Sigma-Aldrich Inc.) for 15 minutes.
The specimens were mounted on appropriate stubs, coated with
a 5nm palladium gold film (Emitech 550 sputter-coater) to be
observed under a SEM (Philips 515, Eindhoven, The
Netherlands) operating in secondary-electron mode.

Cell Viability Assay
Parental and transfected breast cancer cells were seeded in the
presence of FBS into 96-well plates at a density of 5,000 cells/well
and then the cells were incubated in serum-free culture medium.
Premix WST-1 (water-soluble tetrazolium salt) Cell Proliferation
Assay System (Takara Bio Inc., Japan) was added after 24 hours
at a ratio 1:10. The assay is based on the reduction of WST-1 by
viable cells, producing a soluble formazan salt absorbing at 450
nm (reference wavelength at 650 nm).
Frontiers in Oncology | www.frontiersin.org 4
Wound Healing Assay
Parental and transfected breast cancer cells were seeded in 12-
well cell culture plates at a density of 25,000 cells/well. Breast
cancer confluent cell layers were serum starved for 16 hours and
then wounded by scratching with a sterile 100 ml pipette tip.
Detached cells were removed by washing twice with PBS and
fresh culture medium, in the absence of FBS, was added. The
wound closure was monitored at 0 and 24 hours using a digital
camera connected to a microscope. Wound surface area was
quantified by image analysis (Image J software).

Collagen Invasion Assay
The invasive potential of parental and transfected breast cancer
cells was evaluated as previously described (24). In brief, the
collagen type I solution with final concentration of 1 mg/ml was
prepared by mixing the precooled components: 4 volumes
collagen type I (stock concentration 3 mg/ml), 5 volumes of
CMF-HBSS, 1 volume of MEM (10x), 1 volume of 0.25 M
NaHCO3, 2.65 volumes of standard medium and 0.3 volumes
of 1M NaOH. The solution was gently mixed and added to one
well of 12-well plate, spread homogeneously and let gelify in a
humidified atmosphere of 10% CO2 at 37°C for at least 1 hour.
Cells were serum-starved overnight and then seeded at a density
of 6x104 cells/well on top of collagen I type gels and cultured for
24 hours. Digital images were obtained with 10x objective and
the evaluation of cell invasion was conducted according to the
experimental protocol (24).

Cell Adhesion Assays
In order to evaluate the adhesion potential of breast cancer cells,
the following adhesion protocol was performed, as previously
described (25). Briefly, 96-well plate was coated with collagen
type I (40 mg/ml) and kept at 4°C. After 12 hours, the solution
was removed, and the plate was air-dried; 3% BSA in PBS
solution was added in each well, for 30 minutes, to block non-
specific adsorption. Then the solution was removed, and the
plate was washed with PBS and air-dried. Cells treated for 24
hours prior to the adhesion assay were detached with PBS-EDTA
1x and resuspended in serum-free medium with 0.1% BSA. and
seeded at a density of 2x104 cells/well. Cells were incubated for
30 min, to allow adhesion to the surface. Non-adherent cells were
removed with serum free medium, and then cells were incubated
with medium supplemented with 10% FBS for 2 hours for
recovery. Premix WST-1 (water-soluble tetra-zolium salt) Cell
Proliferation Assay System (Takara Bio Inc., Göteborg, Sweden)
was then added at a ratio 1:10, and the absorbance at 450 nm was
measured (reference wavelength at 650 nm).

Prognostic Power of ESR2
Data on the ESR2 isoform structure, the interactive bodymap, the
signature-based statistics for normal/cancer comparison, and
Kaplan-Meier overall survival were collected byGEPIA2, the
online server for large-scale analysis of cancer-related genomic
datasets (26). GEPIA2 is a highly cited resource for analyzing the
RNA sequencing expression data of 9,736 tumors and 8,587
normal samples from the TCGA and the GTEx databases, using a
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standard processing pipeline applying the bioinformatics tools
CIBERSORT, EPIC and quanTIseq, and performing multiple
downstream analyses. Tumor/normal differential expression
analysis, profiling according to cancer types, patient survival
analysis was performed.2. Kaplan-Meier overall survival analysis
performed using the TCGA dataset for breast cancer invasive
carcinoma. The statistical difference between the curves can be
measured by the log-rank test. The package “survival” of the R
statistical environment was used to calculate hazard ratio (HR),
95% confidence intervals (CI), and log-rank p-values.

Statistical Analysis
Reported values are expressed as mean ± standard deviation (SD)
of experiments in triplicate. Three independent biological samples
have been used in each experimental set. Statistically significant
differences were evaluated using the analysis of variance (two-way
ANOVA) test and were considered statistically significant at the
level of at least p ≤ 0.05. Statistical analysis and graphs were made
using GraphPad Prism 8.2.1. software.
RESULTS

ESR2 Predicts Overall Survival Rates in
Breast Cancer Patients
ER status is the most important discriminator of breast cancers
highlighting the cardinal role of ERs as biomarkers in breast
cancer progression (27). Functional studies indicate that the
structural organization of main ERb subtype suggest the
ligand-induced conformational changes that explain distinct
Frontiers in Oncology | www.frontiersin.org 5
genomic and non-genomic transcriptional actions (Figure 1A)
(3). Interactive bodymap indicates that ESR2 is aberrantly
expressed in several tumor tissues (Figure 1B). Regarding
breast cancer, ESR2 expression is 2-fold higher in invasive
breast carcinoma as compared to normal breast tissues
(Figure 1C). Notably, Kaplan-Meier survival analysis revealed
that high levels of ESR2 in patients with invasive breast
carcinoma, demonstrate a significantly lower overall survival,
as compared to breast tumors with low ESR2 expression
(Figure 1D). This suggests the crucial role of ERb in prognosis
of aggressive breast cancer and that its targeting may be
beneficial for effective management of this malignancy.

Expression Traits of Matrix Signaling
Mediators Following ESR2 Suppression
Recent work deduced that the highest possible ERb suppression
should be achieved to avoid the heterogenous genotypic and
phenotypic experimental observations resulting from the ERb
variants in MDA-MB-231 TNBC cells. The mature antisense
sequences that have been developed to suppress ESR2 target
three sites: 3’ untranslated region (UTR), non-coding and open
reading frame (ORF). These regions are common among ERb
variants. In the direction of avoiding disorientations of still
present ERb variants, we proceeded to isolation of monoclonal
cell populations in shERb MDA-MB-231 cells as to achieve
higher ESR2 suppression rates and phenotypic homogeneity,
and we named the monoclonal cell cultures, clone shERb
MDA-MB-231 cells. Indeed, clone selection in shERb MDA-
MB-231cells resulted in 90% decrease in ESR2 levels, as
compared to MDA-MB-231 cells (Figure 2A). Notably, ESR2
A

B DC

FIGURE 1 | Gene structure and expression profiling of estrogen receptor beta gene (ESR2). (A) Structure of ESR2 alternatively spliced transcript variant aberrantly
expressed in breast cancer. (B) Interactive bodymap presenting median expression of ESR2 in tumor samples. Scale: log2(TPM+1); p ≤ 0.05. (C) The gene
expression profile across tumor samples and paired normal tissues. (D) ESR2 expression is correlated to worse prognosis in breast cancer patients. GEPIA2 tool
was utilized to perform these meta-analysis tests. Kaplan-Meier overall survival analysis performed using the TCGA dataset for breast cancer invasive carcinoma. The
statistical difference between the curves [P value and hazard ratio (HR) value] has been calculated by the log-rank test. BRCA, breast cancer; HR, hazard ratio; TPM,
transcripts per million. Asterisk (*) indicate statistically significant differences (p ≤ 0.05).
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expression levels in clone shERb MDA-MB-231 cells seem to
resemble ERa-positive and ERb-negative MCF-7 breast cancer
cells (Figure 2A). These results have been confirmed by ERb
protein detection; not to mention the statistically significant 70%
decrease in ERb protein levels in clone shERb MDA-MB-231
cells as compared to the heterogenous cultures of shERb MDA-
MB-231 cells (Figure 2B).

The l igand-independent ER act ions inc lude the
phosphorylation of growth factor receptors and the subsequent
activation of protein kinase signaling pathways to regulate
transcription (28). Therefore, we further evaluated the
expression and activity levels of major matrix signaling
molecules, as growth factor receptors and mitogen-activated
protein kinases (MAPK). It has been established that the most
clinically aggressive subtypes of breast cancer, are also associated
with EGFR overexpression (29, 30), while in ERa-positive breast
cancer, IGF-IR is present at high levels and its action is correlated
to ER status (31). In this study, we confirmed that the less
aggressive breast cancer cell line, namely MCF-7, demonstrated
a slight EGFR expression, and 7-fold IGF-IR and 2.5-fold HER2
Frontiers in Oncology | www.frontiersin.org 6
increased levels, respectively, as compared to MDA-MB-231 cells
(Figure 2C). Most importantly, we demonstrated that clone
shERb MDA-MB-231 cells demonstrated 75% reduced EGFR
levels, and a 2-fold increase in HER2 and IGF-IR levels as
compared to MDA-MB-231 cells, resembling the expression
profile of epithelial cell line (Figure 2C). Notably, we did not
note any significant alteration in ESR1 levels in clone shERb
MDA-MB-231 cells. Finally, as shown in Figure 2D, the isolation
of monoclonal population of shERb MDA-MB-231 cells resulted
in 65% reduction in the phosphorylated levels of ERK1/2 MAPK,
as compared to MDA-MB-231 cells, that can be further connected
to the less aggressive phenotype of this cell type.

ER Status Drives Morphological
Characteristics and Metastatic Potential
of Breast Cancer Cells
The inherent aggressive character of cancer cells dictates the
initiation of metastasis, caused by an extensive matrix
remodeling, loss of tissue organization and abnormal cell
behavior (32). Changes in tumor microenvironment play
A B

D

C

FIGURE 2 | Expression of ESR2, ERb protein levels, and signaling mediators in breast cancer cells. (A) Real-time PCR analysis of ESR2 in MCF-7, MDA-MB-231,
shERb MDA-MB-231 and clone shERb MDA-MB-231 cells. (B) Immunoblots of ERb and a-tubulin in the four cell lines (left panel) and quantification of protein bands
(right panel). (C) Real-time PCR analysis of EGFR, HER2 and IGF-IR. (D) Immunoblots of phospho-ERK1/2 (p44/42) and a-tubulin (left panel) and quantification of
protein bands (right panel). The data are presented as the mean ± SD values (n=3). Asterisks (*), (**) indicate statistically significant differences (p ≤ 0.05 and
p ≤ 0.01, respectively).
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critical roles in the migrating capability of cancer cells through
the EMT program where cancer cells develop mesenchymal
morphology and increased invasive capacity (33, 34). SEM
analysis of MDA-MB-231 2D cultures revealed different
phenotypes: mainly isolated, elongated cells with lamellipodia
and filopodia protrusions, but also “cobblestone”-shaped cells
and a few isolated globular-like ones (Figure 3A). Microvilli,
microvesicles and intercellular connections were also detected on
the surface of MDA-MB-231 cells, explaining the highly mobile
nature of TNBC cells (35). On the other hand, the epithelial
morphology of ERa-positive MCF-7 cells is pursued by the
formation of cell-cell contacts, tight cell junctions and cell
aggregates as confirmed by SEM analysis in 2D cultures
(Figure 3A). Ultrastructural investigations confirmed that ERb
suppression induced the development of more round and
flattened cells, significant loss of cytoplasmic protrusions and
cell-cell contacts as well as the tendency to form cell aggregates.
Notably, when we selected and cultured monoclonal cell
populations of shERb MDA-MB-231 cells we noticed a
profound elimination of cytoplasmic protrusions and the
establishment of cell cultures with flattened cells (Figure 3A).
Notably, the high suppression rates of ESR2 have been connected
with the establishment of cultures with grouped cells exhibiting a
Frontiers in Oncology | www.frontiersin.org 7
small nucleus and large cytoplasm, no evident cytoplasmic
protrusions (Figure 3A, right panel) and evident cell-cell
contacts. Moreover, tight junctions and few microvesicles were
detectable on the surface of clone shERb MDA-MB-231 cells
(Figure 3A, right panel).

We further analyzed the morphological characteristics of
breast cancer cells with different ER status, in respect of
cell circularity (Figure 3B). It is well established that the
architecture of tumor microenvironment constructs cancer cell
characteristics, thus predicting the tumor biological behavior and
invasive potential (4, 36, 37). Of note, as the value of circularity
approaches 0.0, it indicates an increasingly elongated polygon; a
circularity value of 1.0 indicates a perfect circle. Formation
analysis in our models at first confirmed that the
mesenchymal-like MDA-MB-231 cells demonstrate the lowest
circularity level of 0.2. Intriguingly, the monoclonal cell
populations of shERb MDA-MB-231 cells demonstrated a 0.8
circularity rate that is much higher than that of shERb MDA-
MB-231 cells and clearly approaches MCF-7 cells’ circularity
(Figure 3B). The above data confirm the value of ERb in the
morphology, growth and invasive properties of breast cancer
cells. MDA-MB-231 breast cancer cells are characterized by
increased rates of cell viability, motility and invasive capacity,
A

B

FIGURE 3 | ERb-dependent cellular morphological characteristics. (A) Scanning electron microscopy (SEM) of MDA-MB-231 cells shows elongated cells with long
filopodia (arrows), whereas MCF-7 cultures consist of grouped cobblestone/flattened cells with tight cell junctions (arrows). ERb-suppressed cells demonstrate
phenotypic heterogeneity similar to MDA-MB-231 cells. However, the majority of ERb-suppressed cells look like flattened with cell-cell contacts and less cytoplasmic
processes. Monoclonal populations of ERb-suppressed cells mainly contain grouped and very flattened cells with small nucleus and large cytoplasm, no microvesicles
or cytoplasmic protrusions (right panel) and many cell-cell junctions. (B) Circularity of the different breast cancer cellular models as quantified by Image J software. The
data are presented as the mean ± SD values (n=3). Asterisk, (**) indicate statistically significant differences p ≤ 0.01.
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followed by significant loss in cell adhesive efficiency
(Figures 4A–D). The aggressive behavior of ERb-positive
MDA-MB-231 cells confirms their mesenchymal-like
characteristics (Figure 3A). The striking phenotypic changes in
clone shERb MDA-MB-231 cells were guided by critical
alterations in functional properties of these cells. In particular,
clone shERbMDA-MB-231 cells demonstrated harsh decrease in
viability, motility and invasive capacities, along with a profound
increase in adhesion capability, as compared to aggressive ERb-
positive MDA-MB-231 cells (Figures 4A–D). Intriguingly, these
changes were much more evident than in heterogenous shERb
MDA-MB-231 cells, approaching the levels of epithelial MCF-7
cells. Collectively, these novel data suggest the prominent role of
ERb suppression in the establishment of a permanently less
aggressive phenotype as depicted in the monoclonal cell
populations of clone shERb MDA-MB-231 cells.

Reprogramming EMT and ECM
Degradation in Monoclonal Cultures of
shERb MDA-MB-231 Cells
The conversion of early-stage tumors into invasive malignancies
is a hallmark in tumorigenesis and is mediated by the actions of
matrix degrading enzymes, as the proteolytic MMPs, that
directly mediate EMT program (7). In this study, we revealed
that ESR2 high suppression rates in monoclonal shERb MDA-
MB-231 cells decreased the mRNA levels of MMP7 and MMP14,
70% and 55%, respectively, as compared to the highly invasive
MDA-MB-231 cells (Figure 5A), whereas it led to a 3-fold
increase in MMP9 levels (Figure 5A), an epithelial-derived
MMP that acts as tumor suppressor in many types of cancer
(38, 39). These changes in clone shERb MDA-MB-231 cells co-
existed with TIMP1 and TIMP2 decrease at 75% and 60%,
respectively as compared to MDA-MB-231 cells (Figure 5B).
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Our data pinpointed that the expression profile of clone shERb
MDA-MB-231 cells in respect of MMPs and TIMPs resembles
that of low metastatic MCF-7 breast cancer cells (Figure 5A, B).
Furthermore, as shown in Figures 5C, D, the 90% ESR2
suppression in monoclonal shERb MDA-MB-231 cells resulted
in a 2.5-fold increase in E-cadherin mRNA and protein levels, the
major protein in adherens junctions, serving as an epithelial
marker (40). Immunofluorescence analysis revealed the
characteristic E-cadherin expression dots, in the monoclonal
populations of shERb MDA-MB-231 cells. These cells express
this glycoprotein in cell junctions, as compared to MDA-MB-231
cells where E-cadherin staining is negative (Figure 5D, yellow
frames). Notably, E-cadherin protein expression is more evident
in clone shERbMDA-MB-231 cells than in heterogenous shERb
MDA-MB-231 cells (Figure 5D). These results confirm the
adhesive profile of clone shERb MDA-MB-231 cells as
depicted in Figure 4D. E-cadherin protein expression in MCF-
7 epithelial cells with tight junctions confirmed the existence of
this cell adhesion molecule in cell junctions (Figure 5D). ESR2
depletion resulted also in a 50% reduction in fibronectin levels, as
compared to MDA-MB-231 cells (Figure 5C). Fibronectin that
promotes EMT and serves as a scaffold for fibrillar ECM (41),
explaining its high mRNA levels in aggressive ERb-positive
MDA-MB-231 cells compared to the 70% decrease in MCF-7
epithelial cells (Figure 5C). This screening highlights the ERb-
mediated switch of the mesenchymal-to-epithelial transition
(MET) trait in homogenous monoclonal cultures of shERb
MDA-MB-23 cells.

The invasive capacity of breast carcinoma cells is broadly
connected to their phenotype, which determines EMT, cell-
matrix and cancer cell-stroma interactions, critical to initiate a
premetastatic niche (42). Striking alterations in morphological
characteristics, lamellipodia deletion (Figure 3A), E-cadherin
A B

DC

FIGURE 4 | Evaluation of ERb suppression on cell functional properties of breast cancer cells. Monoclonal populations of shERb-MDA-MB-231 cells demonstrate
much lower levels of viability (A), motility (B) and invasiveness (C) and in increased adhesive capacity (D) as compared to shERb MDA-MB-231 cells. The data are
presented as the mean ± SD values (n=3). Asterisks (*), (**) indicate statistically significant differences (p ≤ 0.05 and p ≤ 0.01, respectively).
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increment along with fibronectin loss, has led to robust
cytoskeleton rearrangement in clone shERb MDA-MB-231
cells (Figure 5D). F-actin staining for cytoskeleton revealed a
clearly condensed cytoskeleton network in these cells, resembling
F-actin microtubule network of MCF-7 cells, as compared to the
characteristic mesenchymal-like cytoskeleton of MDA-MB-231
cells. All things considered, these findings highlight that ESR2
could play a role in matrix remodeling, hence the expression of
certain MMPs (i.e., MMP7, MMP9, MMP14) are critical factors
for the degradation and reorganization of ECM components.
ESR2 also drives cytoskeletal rearrangement, and the expression
profiles of major EMT markers.
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ERb Maximum Suppression Prevents
In Vivo ERb-Evoked Tumorigenesis
On account of the intrigued role of ERb in mediating MET
process by altering cellular characteristics and functions, F-actin
cytoskeleton rearrangement and ECM reorganization, the in vivo
tumorigenic capacity of this ER was assessed. 106 MDA-MB-231
and clone shERbMDA-MB-231 cells were injected in two sites in
the back of three female SCID mice and tumor formation was
monitored for four weeks (Figure 6A). Intriguingly, after four
weeks, in vivo tumor formation was observed exclusively in sites
where MDA-MB-231 cells were injected (Figure 6A). The size
and expression profile of MDA-MB-231-formed tumors was
A

B

D

C

FIGURE 5 | ERb regulates matrix composition in breast cancer cells. (A) Real-time qPCR analysis of major MMPs (MMP7, MMP9, MMP14) and their endogenous
inhibitors (TIMP1, TIMP2) (B). (C) Real-time qPCR analysis of EMT biomarkers, E-cadherin and fibronectin. The mRNA levels were studied using GAPDH as
reference gene. Asterisks (*), (**) indicate statistically significant differences (p ≤ 0.05 and p ≤ 0.01, respectively). (D) Immunofluorescence analysis of E-cadherin
(green) and F-actin (red). Scale bar, 10mm.
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calculated with ex vivo size measurements (Figures 6B, C) and
immunochistochemistry analysis of major TNBC markers,
including ERa, PgR, HER2, Ki-67, E-cadherin and vimentin
(Figure 6D). Specifically, MDA-MB-231-generated tumors
express vimentin and Ki-67, whereas the loss of ERa, PgR,
HER2 and E-cadherin confirmed the aggressive phenotype of
MDA-MB-231 cells and the necessity of targeting the ER that
mediates this behavior, namely ERb. In light of these facts, we
conclude that ERb directly controls in vivo tumorigenesis and the
aggressive profile of TNBC cells, as the capacity of MDA-MB-
231 cells to form tumors is vanished following ESR2 practically
total suppression, highlighting the importance of its
molecular targeting.

DISCUSSION

The complex structure of solid tumors together with the
interactions of cancer cells with the surrounding stroma and
matrix components stimulate the initiation of a premetastatic
niche that promotes metastasis to distant sites (8, 43–45)
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(Figure 7A). Alterations in the expression profiles of ECM
structural components, including among others, PGs,
hyaluronan, growth factor receptors, MMPs, and signaling
stimulators, foresee the variations in cancer cell behavior, and
construct the homes for metastasis (7, 46–48). Even though the
significance of ERb is less clarified in breast cancer progression
than its isoform, ERa, probably due to the existence of several
alternatively spliced ERb variants; however, the potential of ERb
targeting in aggressive breast cancer subtypes, as TNBC, has
gained attention over the years (49). In this study, we reported
that high ESR2 expression rates have been correlated to
decreased overall survival rates in breast cancer patients
diagnosed with invasive breast carcinoma. Recent reports
indicate that ERb target genes mostly regulate cell survival,
movement, and growth (50), and that ERb signaling pathway
intersects with EGFR cascade to mediate TNBC cell morphology
and stemness (13, 15). These data have been corroborated by the
strong implication of ERb in EMT process since it acts as EMT
promoter by activating the TGFb/Smad3 pathway to promote
tumor growth and invasion in metastatic renal cell carcinoma
(51). We demonstrated that ERb maximum suppression (90%)
leaded to transformed MDA-MB-231 clones that slightly express
EGFR, whereas the expression rates of IGF-IR and HER2 have
been induced. Notably, IGF-IR signaling is reported to drastically
lower the aggressive potential of breast cancer cells (31). The
intracellular signaling pathway of EGFR receptor tyrosine kinase,
includes the activation of Ras/MAPKs and PI3K/AKT and is
involved in various aspects of breast cancer cell growth (52).
Here we report that the slight EGFR expression is correlated with
a robust decrease in ERK1/2 phosphorylation in monoclonal
shERb MDA-MB-231 cells, compared to the excessive
phosphorylation in the invasive MDA-MB-231 cells. In
previous studies, we have demonstrated that the distinct ER
status of breast cancer cells is correlated to different microRNA
(miRNA) epigenetic signatures and that specific miRNAs (i.e.,
miR-10b, miR-145 and miR-200b) are possible biomarkers for
regulating breast cancer cell behavior by interacting with matrix
mediators (19, 20, 53, 54). Especially for ERb, this ER is the
epigenetic mediator of miR-10b, miR-145 and miR-92, specific
miRNAs implicated in breast cancer progression (19, 55). These
findings clearly indicate the potential of ERb-targeting in
aggressive breast cancer, however little is known about its
implication in tumor formation in vivo.

Enzymatic proteolysis is critical for matrix functionality and
integrity, tissue homeostasis and cell signaling. Matrix
degradation is predominantly orchestrated by bioactive MMPs
that are not only responsible for ECM remodeling, but they also
control the activities of other matrix components, suggesting
their fundamental role in complex biological processes during
cancer progression (7, 56). Moreover, it is well established that
extensive or even dysregulated matrix remodeling generate
molecular cues to promote tumorigenic processes. In datasets
of primary breast tumors, high expression levels of a subset of
MMPs, including MMP7 and MMP14, are correlated to poor
prognosis and decreased survival rates (7, 57, 58). However,
MMP9 expression varies among the molecular subtypes of breast
A B

D

C

FIGURE 6 | The highest ESR2 suppression in MDA-MB-231 cells prevents
tumorigenesis in vivo. (A) 106 MDA-MB-231 (red cycles) and clone shERb
MDA-MB-231 (blue cycles) cells were inoculated in two sites in the back of
three female SCID mice. Tumor formation was observed only in sites where
MDA-MB-231 cells were injected (M1, M2, M3) and no obvious tumors were
detected following injections with clone shERb MDA-MB-231 cells (sh1, sh2,
sh3). (B) Size of the three tumors extracted from mice following injections
with MDA-MB-231 cells (M1, M2, M3) for four weeks and (C) ex vivo tumor
measurements. (D) Immunohistochemical analysis of specific breast cancer
markers (i.e., ERa, PgR, HER2, Ki-67, E-cadherin, vimentin) in the MDA-MB-
231 tumor tissue confirms the mesenchymal phenotype of tumor cells.
Positive staining is indicated with brown. Scale bar, 10mm.
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carcinoma (39, 59). Clearly, ERb has a critical role in reducing
the expression levels of MMPs, MMP7 and MMP14, and their
endogenous inhibitors, TIMP1 and TIMP2, underscoring the
notion that ERb-evoked MMPs elevated levels in TNBC cells is
cardinal for the initiation of the premetastatic niche in these cells.
Intriguingly, monoclonal populations of shERb MDA-MB-231
cells demonstrate a strong increase inMMP9 levels following the
profile of the MCF-7 breast cancer cells of low metastatic
potential. This suggests that TNBC has a stronger clinical value
in predicting metastasis rather than any of the other biological
factors examined.

The formation of cell junctions is controlled by interactions of
the transmembrane glycoproteins, mainly E-cadherin and
intracellular components as b-catenin. The multifunctional
complex of cell junctions includes the organization of actin
cytoskeleton and the stabilization of cell-cell adhesion (60, 61).
ERb has an active role in regulating major EMT modulators, as
its absence in monoclonal populations of shERb MDA-MB-231
cells clearly boosted E-cadherin protein expression in the newly
formed cell-cell junctions that these cells form. In respect to this
observation, fibronectin, a fibrillar protein regulating cell-matrix
Frontiers in Oncology | www.frontiersin.org 11
adhesion and fibro-proliferative condition in diseased tissues
(62), is diminished compared to the aggressive MDA-MB-231
TNBC cells, depicting that the ERb-dependent mesenchymal
characteristics connected to EMT initiation have been lost.
Lamelipodia and long filopodia dynamics consist the cell
motor pool mediating cell adhesion, motility, EMT and
invasive capacity of breast cancer cells (63–65). Notably, ERb-
suppression in monoclonal cell populations of shERbMDA-MB-
231 cells clearly transformed TNBC cells to those with a less
aggressive phenotype as explained by the fact that these cells lost
the invasive morphology of MDA-MB-231 cells that is explained
by the spindle-like shape and the long filopodia and lamellipodia
cellular protrusions. Intriguingly, clone shERb MDA-MB-231
cells gained the acquired morphological characteristics of MCF-7
epithelial-like cells, implying the flattened shape, loss of cellular
protrusions and the formation of cell aggregates (Figure 7B).
This transformation in clone shERbMDA-MB-231 cells resulted
in robust F-actin cytoskeletal rearrangement and the
establishment of condensed F-actin network that is related to
the decreased viability, motility and invasion to collagen type I of
these cells (66). In addition, previous studies suggest that
A

B

FIGURE 7 | ERb globally mediates the behavior of triple-negative breast cancer cells. (A) Schematic depiction of major steps during breast cancer metastasis from
a primary breast tumor of mesenchymal-like cancer cells, as the ERb-positive triple-negative breast cancer (TNBC) cells. ERb-dependent epithelial-to-mesenchymal
transition alters the behavior of TNBC cells to advance high dynamics to invade endothelial barrier and enter blood stream. Intravasated cells follow the opposite
process in order to be transferred through the blood stream. The extravasation of metastatic cancer cells creates a favourable microenvironment for premetastatic
niche formation in secondary tissues and distant organs that is characterized by extensive matrix remodelling and the activation of the angiogenic switch.
(B) Schematic representation delineating the cardinal role of ERb in modulating the invasive phenotype of MDA-MB-231 TNBC cells. ERb suppression and isolation
of monoclonal populations transforms MDA-MB-231 cells into a less aggressive subtype that prevents in vivo tumorigenesis. Please consult the manuscript for
additional details. Created with BioRender.com.
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actin dynamics directs the suppression of cell invasion in
HER2-positive and ERa-positive tumors (67). Together,
these findings suggest that ERb is required for the
establishment of actin structures and cellular characteristics
during TNBC progression.

Collectively, the main goal of this study focused on
unravelling the effects of highest possible ERb suppression in
ERb-positive MDA-MB-231 TNBC cells on matrix composition,
EMT program and in vivo tumor growth. The pioneering
discovery of this study summarized that ERb serves as one of
the major biomolecules in this aggressive subtype of breast
carcinoma and that its suppression is capable of leading to the
total prevention of tumorigenesis (Figure 7). The molecular axis
enclosing ERb, matrix effectors (i.e., cell receptors and MMPs),
and principal EMT mediators (i.e., E-cadherin and fibronectin),
is critical for breast cancer progression and definitely affects
response to endocrine therapy.

The apparent advantage of precise ERb inhibition in guiding
a paradigmatic shift to a less aggressive cell population with no
apparent dynamics in forming tumors in vivo may be of great
clinical interest opening new horizons in research of
personalized therapeutics for TNBC. Exploiting the
pharmacological targeting of ERb as a powerful biomarker in
TNBC may be among the bio-tools for improving the
management and survival rates of breast cancer patients.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal study was reviewed and approved by N.C.S.R
"Demokritos" institutional guidelines conforming to
international standards and the protocols were approved by the
Frontiers in Oncology | www.frontiersin.org 12
relevant committee of the Veterinary Direction, Greek Ministry of
Rural Development and Food (Permission No. 193900).
AUTHOR CONTRIBUTIONS

ZP and NK contributed to the conception and design of the
work; ZP, MF, AP, DK, and NK involved in methodology; ZP,
AK, MF, and VZ performed formal analysis, acquisition, and
data interpretation; ZP prepared the original draft and figures;
NK substantively revised draft and supervised the study. All
authors have read, reviewed and agreed to the published version
of the manuscript.
FUNDING

ZP acknowledges funding by the Horizon 2020 project NMBP-
TO-IND-2018-2020 (MIS953152), and NKK by the Action for
the Strategic Development on the Research and Technological
Sector (MIS5033644), funded by the Operational Programme
‘Competitiveness, Entrepreneurship and Innovation’ (NSRF
2014-2020), and co-financed by Greece and the European
Union (European Regional Development Fund).
ACKNOWLEDGMENTS

We acknowledge support by Dr. Konstantina Kyriakopoulou for
her kind comments and suggestions during discussions on the
results of this study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.917633/
full#supplementary-material
REFERENCES

1. Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discovery (2022)
12:31–46. doi: 10.1158/2159-8290.CD-21-1059

2. Thomas C, Gustafsson J-Å. The Different Roles of ER Subtypes in Cancer
Biology and Therapy. Nat Rev Cancer (2011) 11:597–608. doi: 10.1038/
nrc3093

3. Piperigkou Z, Karamanos NK. Estrogen Receptor-Mediated Targeting of the
Extracellular Matrix Network in Cancer. Semin Cancer Biol (2020) 62:116–24.
doi: 10.1016/j.semcancer.2019.07.006

4. Karamanos NK, Theocharis AD, Piperigkou Z, Manou D, Passi A, Skandalis
SS, et al. A Guide to the Composition and Functions of the Extracellular
Matrix. FEBS J (2021) 288:6850–912. doi: 10.1111/febs.15776

5. Karamanos NK, Theocharis AD, Neill T, Iozzo RV. Matrix Modeling and
Remodeling: A Biological Interplay Regulating Tissue Homeostasis and
Diseases. Matrix Biol (2019) 75–76:1–11. doi: 10.1016/j.matbio.2018.08.007

6. Theocharis AD, Manou D, Karamanos NK. The Extracellular Matrix as a
Multitasking Player in Disease. FEBS J (2019) 286:2830–69. doi: 10.1111/febs.14818
7. Piperigkou Z, Kyriakopoulou K, Koutsakis C, Mastronikolis S, Karamanos
NK. Key Matrix Remodeling Enzymes: Functions and Targeting in Cancer.
Cancers (Basel) (2021) 13:1441. doi: 10.3390/cancers13061441

8. Karamanos NK, Piperigkou Z, Passi A, Götte M, Rousselle P, Vlodavsky I.
Extracellular Matrix-Based Cancer Targeting. Trends Mol Med (2021) 27:
P1000–13. doi: 10.1016/j.molmed.2021.07.009

9. Karamanos NK, Piperigkou Z, Theocharis AD, Watanabe H, Franchi M, Baud S,
et al. Proteoglycan Chemical Diversity Drives Multifunctional Cell Regulation and
Therapeutics. Chem Rev (2018) 118:9152–232. doi: 10.1021/acs.chemrev.8b00354

10. Yan S, Dey P, Ziegler Y, Jiao X, Hoon Kim S, Katzenellenbogen JA, et al.
Comprehensive Molecular Portraits of Human Breast Tumours. Nature
(2012) 490:61–70. doi: 10.1038/nature11412

11. Liu X-Z, Rulina A, Choi MH, Pedersen L, Lepland J, Takle ST, et al. C/EBPB-
Dependent Adaptation to Palmitic Acid Promotes Tumor Formation in
Hormone Receptor Negative Breast Cancer. Nat Commun (2022) 13:69.
doi: 10.1038/s41467-021-27734-2

12. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. Cloning of
a Novel Receptor Expressed in Rat Prostate and Ovary. Proc Natl Acad Sci
(1996) 93:5925–30. doi: 10.1073/pnas.93.12.5925
June 2022 | Volume 12 | Article 917633

https://www.frontiersin.org/articles/10.3389/fonc.2022.917633/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.917633/full#supplementary-material
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1038/nrc3093
https://doi.org/10.1038/nrc3093
https://doi.org/10.1016/j.semcancer.2019.07.006
https://doi.org/10.1111/febs.15776
https://doi.org/10.1016/j.matbio.2018.08.007
https://doi.org/10.1111/febs.14818
https://doi.org/10.3390/cancers13061441
https://doi.org/10.1016/j.molmed.2021.07.009
https://doi.org/10.1021/acs.chemrev.8b00354
https://doi.org/10.1038/nature11412
https://doi.org/10.1038/s41467-021-27734-2
https://doi.org/10.1073/pnas.93.12.5925
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Piperigkou et al. ESR2 Drives EMT and Tumorigenesis in TNBC
13. Kyriakopoulou K, Riti E, Piperigkou Z, Koutroumanou Sarri K, Bassiony H,
Franchi M, et al. Egfr/Erb-Mediated Cell Morphology and Invasion Capacity
Are Associated With Matrix Culture Substrates in Breast Cancer. Cells (2020)
9:2255. doi: 10.3390/cells9102256

14. Piperigkou Z, Bouris P, Onisto M, Franchi M, Kletsas D, Theocharis AD, et al.
Estrogen Receptor Beta Modulates Breast Cancer Cells Functional Properties,
Signaling and Expression of Matrix Molecules. Matrix Biol (2016) 56:4–23.
doi: 10.1016/j.matbio.2016.05.003

15. Kyriakopoulou K, Kefali E, Piperigkou Z, Riethmüller C, Greve B, Franchi M,
et al. EGFR is a Pivotal Player of the E2/Erb –Mediated Functional Properties,
Aggressiveness, and Stemness in Triple-Negative Breast Cancer Cells. FEBS J
(2021) 289:1552–74. doi: 10.1111/febs.16240

16. Bracken CP, Goodall GJ. The Many Regulators of Epithelial–Mesenchymal
Transition. Nat Rev Mol Cell Biol (2022) 23:89–90. doi: 10.1038/s41580-021-
00442-x

17. Yousefnia S, Seyed Forootan F, Seyed Forootan S, Nasr Esfahani MH, Gure
AO, Ghaedi K. Mechanistic Pathways of Malignancy in Breast Cancer Stem
Cells. Front Oncol (2020) 10:452. doi: 10.3389/fonc.2020.00452

18. Tang L, Chen Y, Chen H, Jiang P, Yan L, Mo D, et al. DCST1-AS1 Promotes
TGF-b-Induced Epithelial–Mesenchymal Transition and Enhances
Chemoresistance in Triple-Negative Breast Cancer Cells via ANXA1. Front
Oncol (2020) 10:280. doi: 10.3389/fonc.2020.00280

19. Piperigkou Z, Franchi M, Götte M, Karamanos NK. Estrogen Receptor Beta as
Epigenetic Mediator of miR-10b and miR-145 in Mammary Cancer. Matrix
Biol (2017) 64:94–111. doi: 10.1016/j.matbio.2017.08.002

20. Piperigkou Z, Franchi M, Riethmüller C, Götte M, Karamanos NK. miR-200b
Restrains EMT and Aggressiveness and Regulates Matrix Composition
Depending on ER Status and Signaling in Mammary Cancer. Matrix Biol
Plus (2020) 6–7:100024. doi: 10.1016/j.mbplus.2020.100024

21. Yan S, Dey P, Ziegler Y, Jiao X, Kim SH, Katzenellenbogen JA, et al.
Contrasting Activities of Estrogen Receptor Beta Isoforms in Triple
Negative Breast Cancer. Breast Cancer Res Treat (2021) 185:281–92.
doi: 10.1007/s10549-020-05948-0

22. Sellitto A, D’Agostino Y, Alexandrova E, Lamberti J, Pecoraro G, Memoli D,
et al. Insights Into the Role of Estrogen Receptor b in Triple-Negative Breast
Cancer. Cancers (Basel) (2020) 12:1477. doi: 10.3390/cancers12061477

23. Tomayko MM, Reynolds CP. Determination of Subcutaneous Tumor Size in
Athymic (Nude) Mice. Cancer Chemother Pharmacol (1989) 24:148–54.
doi: 10.1007/BF00300234

24. de Wever O, Hendrix A, de Boeck A, Westbroek W, Braems G, Emami S, et al.
Modeling and Quantification of Cancer Cell Invasion Through Collagen Type
I Matrices. Int J Dev Biol (2010) 54:887–96. doi: 10.1387/ijdb.092948ow

25. Mobley JL, Shimizu Y. Measurement of Cellular Adhesion Under Static
Conditions. Curr Protoc Immunol (2000) 37. doi: 10.1002/0471142735.im0728s37

26. Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: An Enhanced Web Server
for Large-Scale Expression Profiling and Interactive Analysis. Nucleic Acids
Res (2019) 47:W556–60. doi: 10.1093/nar/gkz430

27. Nicolini A, Ferrari P, Duffy MJ. Prognostic and Predictive Biomarkers in
Breast Cancer: Past, Present and Future. Semin Cancer Biol (2018) 52:56–73.
doi: 10.1016/j.semcancer.2017.08.010

28. Wilkenfeld SR, Lin C, Frigo DE. Communication Between Genomic and non-
Genomic Signaling Events Coordinate Steroid Hormone Actions. Steroids
(2018) 133:2–7. doi: 10.1016/j.steroids.2017.11.005

29. Kyriakopoulou K, Kefali E, Piperigkou Z, Bassiony H, Karamanos NK.
Advances in Targeting Epidermal Growth Factor Receptor Signaling
Pathway in Mammary Cancer. Cell Signalling (2018) 51:99–109.
doi: 10.1016/j.cellsig.2018.07.010

30. Masuda H, Zhang D, Bartholomeusz C, Doihara H, Hortobagyi GN, Ueno
NT. Role of Epidermal Growth Factor Receptor in Breast Cancer. Breast
Cancer Res Treat (2012) 136:331–45. doi: 10.1007/s10549-012-2289-9

31. Afratis NA, Bouris P, Skandalis SS, Multhaupt HA, Couchman JR, Theocharis
AD, et al. IGF-IR Cooperates With Era to Inhibit Breast Cancer Cell
Aggressiveness by Regulating the Expression and Localisation of ECM
Molecules. Sci Rep (2017) 7:40138. doi: 10.1038/srep40138

32. Zhao Y, Zheng X, Zheng Y, Chen Y, Fei W,Wang F, et al. Extracellular Matrix:
Emerging Roles and Potential Therapeutic Targets for Breast Cancer. Front
Oncol (2021) 11:650453. doi: 10.3389/fonc.2021.650453
Frontiers in Oncology | www.frontiersin.org 13
33. Spill F, Reynolds DS, Kamm RD, Zaman MH. Impact of the Physical
Microenvironment on Tumor Progression and Metastasis. Curr Opin
Biotechnol (2016) 40:41–8. doi: 10.1016/j.copbio.2016.02.007

34. Vargas DA, Bates O, Zaman MH. Computational Model to Probe Cellular
Mechanics During Epithelial-Mesenchymal Transition. Cells Tissues Organs
(2013) 197:435–44. doi: 10.1159/000348415

35. Franchi M, Piperigkou Z, Karamanos K-A, Franchi L, Masola V. Extracellular
Matrix-Mediated Breast Cancer Cells Morphological Alterations,
Invasiveness, and Microvesicles/Exosomes Release. Cells (2020) 9:2031.
doi: 10.3390/cells9092031

36. Da Q, Deng S, Li J, Yi H, Huang X, Yang X, et al. Quantifying the Cell
Morphology and Predicting Biological Behavior of Signet Ring Cell
Carcinoma Using Deep Learning. Sci Rep (2022) 12:183. doi: 10.1038/
s41598-021-03984-4

37. Gavert N, Ben-Ze’ev A. Epithelial–mesenchymal Transition and the Invasive
Potential of Tumors. Trends Mol Med (2008) 14:199–209. doi: 10.1016/
j.molmed.2008.03.004

38. Pujada A, Walter L, Patel A, Bui TA, Zhang Z, Zhang Y, et al. Matrix
Metalloproteinase MMP9Maintains Epithelial Barrier Function and Preserves
Mucosal Lining in Colitis Associated Cancer. Oncotarget (2017) 8:94650–65.
doi: 10.18632/oncotarget.21841

39. Yousef EM, Tahir MR, St-Pierre Y, Gaboury LA. MMP-9 Expression Varies
According to Molecular Subtypes of Breast Cancer. BMC Cancer (2014)
14:609. doi: 10.1186/1471-2407-14-609

40. Hartsock A, Nelson WJ. Adherens and Tight Junctions: Structure, Function
and Connections to the Actin Cytoskeleton. Biochim Biophys Acta (BBA)
(2008) 1778:660–9. doi: 10.1016/j.bbamem.2007.07.012

41. Park J, Schwarzbauer JE. Mammary Epithelial Cell Interactions With
Fibronectin Stimulate Epithelial-Mesenchymal Transition. Oncogene (2014)
33:1649–57. doi: 10.1038/onc.2013.118

42. Rolli CG, Seufferlein T, Kemkemer R, Spatz JP. Impact of Tumor Cell
Cytoskeleton Organization on Invasiveness and Migration: A
Microchannel-Based Approach. PLos One (2010) 5:e8726. doi: 10.1371/
journal.pone.0008726

43. Hanahan D, Coussens LM. Accessories to the Crime: Functions of Cells
Recruited to the Tumor Microenvironment. Cancer Cell (2012) 21:309–22.
doi: 10.1016/j.ccr.2012.02.022

44. Baghban R, Roshangar L, Jahanban-Esfahlan R, Seidi K, Ebrahimi-Kalan A,
Jaymand M, et al. Tumor Microenvironment Complexity and Therapeutic
Implications at a Glance. Cell Communication Signaling (2020) 18:59.
doi: 10.1186/s12964-020-0530-4

45. Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G, et al.
Pre-Metastatic Niches: Organ-Specific Homes for Metastases. Nat Rev Cancer
(2017) 17:302–17. doi: 10.1038/nrc.2017.6

46. Kokoretsis D, Maniaki E, Kyriakopoulou K, Koutsakis C, Piperigkou Z,
Karamanos NK. Hyaluronan as “Agent Smith” in Cancer Extracellular
Matrix Pathobiology: Regulatory Roles in Immune Response, Cancer
Progression and Targeting. IUBMB Life (2022). doi: 10.1002/iub.2608

47. Iozzo RV, Theocharis AD, Neill T, Karamanos NK. Complexity of Matrix
Phenotypes. Matrix Biol Plus (2020) 6–7:100038. doi: 10.1016/j.mbplus.
2020.100038

48. Theocharis AD, Karamanos NK. Proteoglycans Remodeling in Cancer:
Underlying Molecular Mechanisms. Matrix Biol (2019) 75–76:220–59.
doi: 10.1016/j.matbio.2017.10.008

49. Austin D, Hamilton N, Elshimali Y, Pietras R, Wu Y, Vadgama J. Estrogen
Receptor-Beta is a Potential Target for Triple Negative Breast Cancer
Treatment. Oncotarget (2018) 9:33912–30. doi: 10.18632/oncotarget.26089

50. Hamilton N, Márquez-Garbán D, Mah V, Fernando G, Elshimali Y, Garbán
H, et al. Biologic Roles of Estrogen Receptor-b and Insulin-Like Growth
Factor-2 in Triple-Negative Breast Cancer. BioMed Res Int (2015) 2015:1–15.
doi: 10.1155/2015/925703

51. Song W, He D, Chen Y, Yeh C, Hsu I, Huang Q, et al. Targeting Newly
Identified Erb/TGF-b1/SMAD3 Signals With the FDA-Approved Anti-
Estrogen Faslodex or an Erb Selective Antagonist in Renal Cell Carcinoma.
Mol Oncol (2018) 12:2055–71. doi: 10.1002/1878-0261.12377

52. Maennling AE, Tur MK, Niebert M, Klockenbring T, Zeppernick F,
Gattenlöhner S, et al. Molecular Targeting Therapy Against EGFR Family
June 2022 | Volume 12 | Article 917633

https://doi.org/10.3390/cells9102256
https://doi.org/10.1016/j.matbio.2016.05.003
https://doi.org/10.1111/febs.16240
https://doi.org/10.1038/s41580-021-00442-x
https://doi.org/10.1038/s41580-021-00442-x
https://doi.org/10.3389/fonc.2020.00452
https://doi.org/10.3389/fonc.2020.00280
https://doi.org/10.1016/j.matbio.2017.08.002
https://doi.org/10.1016/j.mbplus.2020.100024
https://doi.org/10.1007/s10549-020-05948-0
https://doi.org/10.3390/cancers12061477
https://doi.org/10.1007/BF00300234
https://doi.org/10.1387/ijdb.092948ow
https://doi.org/10.1002/0471142735.im0728s37
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1016/j.semcancer.2017.08.010
https://doi.org/10.1016/j.steroids.2017.11.005
https://doi.org/10.1016/j.cellsig.2018.07.010
https://doi.org/10.1007/s10549-012-2289-9
https://doi.org/10.1038/srep40138
https://doi.org/10.3389/fonc.2021.650453
https://doi.org/10.1016/j.copbio.2016.02.007
https://doi.org/10.1159/000348415
https://doi.org/10.3390/cells9092031
https://doi.org/10.1038/s41598-021-03984-4
https://doi.org/10.1038/s41598-021-03984-4
https://doi.org/10.1016/j.molmed.2008.03.004
https://doi.org/10.1016/j.molmed.2008.03.004
https://doi.org/10.18632/oncotarget.21841
https://doi.org/10.1186/1471-2407-14-609
https://doi.org/10.1016/j.bbamem.2007.07.012
https://doi.org/10.1038/onc.2013.118
https://doi.org/10.1371/journal.pone.0008726
https://doi.org/10.1371/journal.pone.0008726
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1186/s12964-020-0530-4
https://doi.org/10.1038/nrc.2017.6
https://doi.org/10.1002/iub.2608
https://doi.org/10.1016/j.mbplus.2020.100038
https://doi.org/10.1016/j.mbplus.2020.100038
https://doi.org/10.1016/j.matbio.2017.10.008
https://doi.org/10.18632/oncotarget.26089
https://doi.org/10.1155/2015/925703
https://doi.org/10.1002/1878-0261.12377
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Piperigkou et al. ESR2 Drives EMT and Tumorigenesis in TNBC
in Breast Cancer: Progress and Future Potentials. Cancers (Basel) (2019)
11:1826. doi: 10.3390/cancers11121826

53. Piperigkou Z, Tzaferi K, Makrokanis G, Cheli K, Karamanos NK. The
microRNA-Cell Surface Proteoglycan Axis in Cancer Progression. Am J
Physiol-Cell Physiol (2022) 322:C825–32. doi: 10.1152/ajpcell.00041.2022

54. Zolota V, Tzelepi V, Piperigkou Z, Kourea H, Papakonstantinou E, Argentou
M-I, et al. Epigenetic Alterations in Triple-Negative Breast Cancer—the
Critical Role of Extracellular Matrix. Cancers (Basel) (2021) 13:713.
doi: 10.3390/cancers13040713

55. Al-Nakhle H, Burns PA, Cummings M, Hanby AM, Hughes TA, Satheesha S,
et al. Estrogen Receptor b1 Expression Is Regulated by miR-92 in Breast
Cancer. Cancer Res (2010) 70:4778–84. doi: 10.1158/0008-5472.CAN-09-4104

56. Mohan V, Das A, Sagi I. Emerging Roles of ECM Remodeling Processes in
Cancer. Semin Cancer Biol (2020) 62:192–200. doi: 10.1016/j.semcancer.
2019.09.004

57. Cheng T, Chen P, Chen J, Deng Y, Huang C. Landscape Analysis of Matrix
Metalloproteinases Unveils Key Prognostic Markers for Patients With Breast
Cancer. Front Genet (2022) 12:809600. doi: 10.3389/fgene.2021.809600

58. Radisky ES. Matrix Metalloproteinases as Drivers and Therapeutic Targets in
Breast Cancer. Front Biosci (2015) 20:4364. doi: 10.2741/4364

59. Jiang H, Li H. Prognostic Values of Tumoral MMP2 and MMP9
Overexpression in Breast Cancer: A Systematic Review and Meta-Analysis.
BMC Cancer (2021) 21:149. doi: 10.1186/s12885-021-07860-2

60. Halbleib JM, Nelson WJ. Cadherins in Development: Cell Adhesion, Sorting, and
Tissue Morphogenesis. Genes Dev (2006) 20:3199–214. doi: 10.1101/gad.1486806

61. Gumbiner BM. Regulation of Cadherin-Mediated Adhesion in
Morphogenesis. Nat Rev Mol Cell Biol (2005) 6:622–34. doi: 10.1038/
nrm1699

62. Salajegheh A. “Fibronectin.,”. In: Angiogenesis in Health, Disease and
Malignancy. Cham: Springer International Publishing (2016). p. 121–5.
doi: 10.1007/978-3-319-28140-7_19

63. Ehrlich JS, Hansen MDH, Nelson WJ. Spatio-Temporal Regulation of Rac1
Localization and Lamellipodia Dynamics During Epithelial Cell-Cell
Adhesion. Dev Cell (2002) 3:259–70. doi: 10.1016/S1534-5807(02)00216-2
Frontiers in Oncology | www.frontiersin.org 14
64. Franchi M, Piperigkou Z, Riti E, Masola V, Onisto M, Karamanos NK. Long
Filopodia and Tunneling Nanotubes Define New Phenotypes of Breast Cancer
Cells in 3D Cultures. Matrix Biol Plus (2020) 6–7:100026. doi: 10.1016/
j.mbplus.2020.100026

65. Karamanou K, Franchi M, Vynios D, Brézillon S. Epithelial-To-Mesenchymal
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