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Simple Summary: The epidermal growth factor receptor (EGFR) plays a central role in the tumor
microenvironment, through the activation of paracrine and autocrine circuits that promote cancer
development and progression. Our study for the first time provides evidence that the EGFR system
induces in mesenchymal stem cells (MSCs) significant changes in the expression of a wide number of
miRNAs, including miR-23c, that might be involved in the cross-talk with breast cancer cells. We
also propose a novel mechanism of action of miR-23c in basal/claudin-low breast cancer cell lines.
These results might help to increase our knowledge on the mechanisms of breast cancer progression
mediated by the EGFR in the tumor microenvironment.

Abstract: We previously demonstrated that the epidermal growth factor receptor (EGFR) modulates
in mesenchymal stem cells (MSCs) the expression of a number of genes coding for secreted proteins
that promote breast cancer progression. However, the role of the EGFR in modulating in MSCs
the expression of miRNAs potentially involved in the progression of breast cancer remains largely
unexplored. Following small RNA-sequencing, we identified 36 miRNAs differentially expressed
between MSCs untreated or treated with the EGFR ligand transforming growth factor o« (TGF«), with
a fold change (FC) < 0.56 or FC > 1.90 (CI, 95%). KEGG analysis revealed a significant enrichment
in signaling pathways involved in cancer development and progression. EGFR activation in MSCs
downregulated the expression of different miRNAs, including miR-23c. EGFR signaling also reduced
the secretion of miR-23¢ in conditioned medium from MSCs. Functional assays demonstrated
that miR-23c acts as tumor suppressor in basal/claudin-low MDA-MB-231 and MDA-MB-468 cells,
through the repression of IL-6R. MiR-23c downregulation promoted cell proliferation, migration and
invasion of these breast cancer cell lines. Collectively, our data suggested that the EGFR signaling
regulates in MSCs the expression of miRNAs that might be involved in breast cancer progression,
providing novel information on the mechanisms that regulate the MSC-tumor cell cross-talk.

Keywords: MSCs; EGFR; miRNAs; breast cancer cells; miR-23¢

1. Introduction

The epidermal growth factor receptor (EGFR) plays an important role in human
tumors, by regulating cancer cell proliferation and survival [1]. In the tumor microenvi-
ronment, the EGFR system activates paracrine and autocrine circuits that promote tumor
growth and progression [2]. Among cells in the tumor microenvironment, bone-marrow-
derived mesenchymal stem cells (MSCs), adult multipotent stromal cells with self-renewal
and differentiation ability, were found to express a functional EGFR [3,4]. Activation of
the EGFR in MSCs stimulates the production of factors that promote angiogenesis and cell
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migration in different tumor types, including breast cancer [4—6]. The EGFR is also able to
modulate in MSCs a wide array of genes coding for secreted proteins that may enhance
tumor progression [7]. However, the role of the EGFR in modulating microRNAs (miRNAs)
in MSCs remains largely unexplored.

MiRNAs are short single-stranded noncoding RNA molecules of 19-25 nucleotides
that play a central role in the post-transcriptional regulation of gene expression, by binding
to complementary target messenger RNAs (mRNAs) and leading to translational inhibition
or mRNA degradation [8]. MiRNAs are frequently deregulated in human cancers [8]. In
breast cancer, dysregulated miRNAs influence proliferation, survival and the invasive
capacity of cancer cells through the overexpression or silencing of target genes [9-11].

Different studies demonstrated that miRNAs are involved in the interaction between
cells of the tumor microenvironment and breast cancer cells via paracrine mechanisms. In
this regard, MSC-upregulated miR-199a in breast cancer cells promoted cancer stem cell
propagation and metastasis through the repression of the FOXP2 gene [11]. In addition, miR-
148b-3p overexpressing exosomes from umbilical cord MSCs suppressed breast cancer cell
proliferation, invasion and migration through the downregulation of the TRIM9 gene [12].
Moreover, MSC-derived miR-16 was involved in the downregulation of VEGF expression
in breast cancer cells with a consequent inhibition of angiogenesis [13].

Starting from this evidence, we hypothesized that the EGFR was able to modulate in
MSCs a set of miRNAs potentially involved in breast cancer progression. To address this
hypothesis, we analyzed the expression profile of miRNAs in MSCs stimulated with the
EGEFR ligand TGF«, using a small RNA-sequencing approach. Among miRNAs modulated
by EGER activation in MSCs, we found miR-23c, whose biological activity in breast cancer
cells has not been fully explored.

2. Materials and Methods
2.1. Cell Cultures

Bone-marrow-derived MSCs were purchased from Lonza (Verviers, Belgium) and
maintained in culture as previously described [4]. The human breast cancer cell lines MDA-
MB-231, MDA-MB-468, MCF-7, SKBR3, T47D and the human mammary epithelial cells
MCE-10A were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured as previously described [5,14]. All cell lines were maintained in a
5% CO,-humidified incubator at 37 °C.

2.2. Small RNA Isolation and Sequencing

Total RNA was extracted from serum-starved MSCs following treatment with 10 ng/mL
recombinant human TGF« (PeproTech, Rocky Hill, NJ, USA) for 1 h, using the TRIzol
Reagent (Invitrogen, Milan, Italy). The small RNA fraction was enriched using the PureLink
miRNA Isolation Kit (Thermo Fisher Scientific, Milan, Italy). The quantity and quality of
enriched samples were determined by the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Milan, Italy). Then, samples were subjected to hybridization and ligation to SOLiD
adaptor mix, using the SOLiD Small RNA library preparation protocol with the SOLiD
Total RNA-Seq kit (Thermo Fisher Scientific). Libraries of cDNA were generated by re-
verse transcription and purified using the MinElute PCR Purification kit (Qiagen, Milan,
Italy). Following size selection of cDNA, amplification was performed using SOLiD 5'PCR
primers and barcoded SOLiD 3'PCR primers (Thermo Fisher Scientific). Amplified cDNA
was purified using the PureLink PCR Micro Kit and quantified with the Qubit fluorome-
ter (Thermo Fisher Scientific). Barcoded cDNA libraries were captured onto the surface
of beads, amplified by emulsion PCR and enriched using the SOLiD EZ Beads System
(Thermo Fisher Scientific). Beads were deposited onto glass slides and sequenced on the
SOLiD 5500x1 platform (Thermo Fisher Scientific) using the fragment protocol (35 bp).
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2.3. Small RNA Data Analysis

Small RNA analysis was performed using the LifeScope Genomic Analysis Software
small RNA analysis module (Thermo Fisher Scientific). Reads generated from irrelevant
sources, including tRNAs and rRNAs, were eliminated through preliminary filtering.
Sequencing reads were aligned to the Homo Sapiens genome reference GRCh38/hg38 and
the dataset of mature sequences and precursors miRBase v21 was used to identify validated
miRNAs (http:/ /www.mirbase.org/, last accessed on 10 June 2020). Read counts were
normalized using the TMM (Trimmed Mean of M-values) normalization and differential
expression analysis was performed [15]. Only miRNAs with read counts greater than
150 in at least one sample and scored above the threshold score, set at 95% confidence, were
withheld and considered differentially expressed between untreated and TGF«-treated
MSCs.

2.4. MiRNA Target Prediction and Pathways Enrichment Analysis

Target genes of the differentially expressed miRNAs were identified using the miR-
Walk database v2.0 [16]. Predicted miRNA target genes were analyzed for enrichment in
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways using the DAVID (Database
for Annotation, Visualization and Integrated Discovery, https://david.ncifcrf.gov, last
accessed on 20 November 2020) database.

2.5. Real-Time PCR

Total RNA was extracted using the TRIzol Reagent according to the manufacturer’s in-
struction. For miRNA analysis, total RNA was reverse transcribed with Tagman microRNA
Reverse Transcription Kit and PCR was performed using the 7900 HT ABI PRISM and
the TagMan Universal PCR Master Mix Il no UNG (Thermo Fisher Scientific). For mRNA
quantization, RNA was reverse transcribed with the Super Script II Reverse Transcrip-
tase and amplified with Power Syber Green PCR Master Mix (Thermo Fisher Scientific).
Primer sequences will be supplied upon request. Relative quantification of transcripts was
performed using the 244t method.

2.6. Collection of Conditioned Media

Conditioned media were collected from untreated and TGFa-treated MSCs cultured
for 8 days in serum-free medium. Circulating cell-free miRNAs were extracted from
conditioned media using the QIAamp Circulating Nucleic Acid kit (Qiagen), according to
manufacturer’s instructions.

2.7. Cell Transfection with microRNA Mimics or Inhibitors

MiR-23c¢ or miR-379-3p mimics (accession no. MIMAT(0018000; accession no. MIMAT
0004690) and miR-23c or miR-379-3p inhibitors (Anti-miR, accession no. MIMAT(0018000
and accession no. MIMAT0004690) were purchased from Thermo Fisher Scientific. Random
sequences of miRNA mimic or inhibitor were used as non-targeting negative controls
(NTCs).

MDA-MB-468 and MDA-MB-231 cells (2 x 10* cells/well) were seeded into 6-well
plates and allowed to adhere overnight until they reached 50% confluence. The transfection
of miRNA mimics (60 pmol/mL) or inhibitors (200 pmol/mL) and their relative NTCs of
breast cancer cells was performed using the Lipofectamine RNAiMax Transfection Reagent
(Invitrogen). After 72 h, cells transfected with miR-23c or miR-379-3p mimics or inhibitors
and their respective NTCs were harvested for subsequent experiments.

2.8. Cell Proliferation, Migration and Invasion Assays

For cell proliferation assays, transfected cells were seeded into 96-well plates
(6 x 10° cells/well) in serum-containing medium. Cell proliferation was measured at
different time points, using the tetrazolium-based (MTT) colorimetric assay as previously
described [14].
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Cell migration was determined using the Colorimetric Cell Migration Assay (Chemi-
con/Millipore, Milan, Italy). Briefly, transfected cells were seeded in the upper wells
(3 x 10* cells) in 0.5% FBS-containing medium and allowed to migrate for 16 h through the
inserts in the lower compartment filled with 10% FBS. Cells migrated across the membrane
were stained with a crystal violet stain solution. The absorbance was read at 540 nm in
each well.

The Cell Invasion Assay Kit (Millipore) was used for measuring cell invasion, as previously
described [17]. Transfected cells were seeded in upper chambers (4 x 10* cells) and allowed to
invade for 45 h through a matrigel-coated membrane. Medium supplemented with 10% FBS
was added as chemoattractant in the lower compartment.

2.9. Flow Cytometry Analysis

Transfected cells were detached by incubation with 0.02% EDTA in PBS, centrifuged
and washed in PBS containing 0.5% BSA and 0.1% sodium azide. Cells were incubated
for 1 h at 4 °C with the mouse anti-human IL-6R PE (Miltenyi Biotec, Bologna, Italy).
Cytofluorimetric analysis was performed with the BD FACS ARIA III Cell Sorter and the
DiVa 8.0 software (Becton Dickinson, Mountain View, CA, USA).

2.10. Western Blot Analysis

Whole protein extracts were prepared and analyzed by Western blotting, according to
a standard procedure. The following antibodies were used: anti-IL-6R (Abcam, Cambridge,
UK); anti-phospho STAT3 (Tyr705, clone 3E2) and anti-STAT3 (Cell Signaling Technology,
Danvers, MA, USA); anti-a-tubulin clone DM1A (Sigma-Aldrich, Milan, Italy). Densito-
metric analysis was performed using the Image] software. The original Western blotting
images are shown in Figure S3.

2.11. Luciferase Reporter Assay

The 3'-UTR of IL-6R mRNA containing putative miR-23c binding sites was PCR-
amplified from human genomic DNA with the AmpliTaq Gold DNA Polymerase (Thermo
Fisher). The 3/-UTR was cloned into the pmirGLO Dual-Luciferase miRNA Target Ex-
pression vector (Promega, Madison, WI, USA) to obtain the WT IL-6R UTR-pmirGLO
plasmid. The complementary miR-23c binding site was mutated using the Quick-Change
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) to obtain the MUT IL-
6R UTR-pmirGLO vector. For the luciferase reporter assay, MDA-MB-468 cells were
co-transfected with WT/MUT IL-6R plasmids and miR-23c mimic or NTC. After 48 h,
luciferase activity was determined using the Dual-Glo Luciferase Assay System (Promega)
according to manufacturer’s instructions. All transfections were performed in triplicate
and were normalized to Renilla luciferase activity.

2.12. Statistical Analysis

Statistical significance was determined using the two-tailed Student’s ¢-test and p
values < 0.05 were considered statistically significant.

3. Results
3.1. MiRNA Expression Profiling of MSCs following Stimulation with TGFu

The expression profile of miRNAs in MSCs stimulated with TGFx was analyzed using
a small RNA-sequencing approach. Sequencing of small RNA libraries with the SOLiD
5500xl platform yielded 22,022,204 and 25,067,668 sequencing reads for untreated- and
TGFa-treated MSCs, respectively. The Quality Value for all the obtained reads resulted at
least >10 for the first 20 bases. The mapping of the sequence reads to the reference genome
GRCh38/hg38 evidenced a percentage of total miRNA mapping reads of 64% for MSCs and
52% for TGFx-treated MSCs corresponding to 14,142,107 and 13,023,348 reads, respectively.
Among them, 11,053,070 (78.2%) reads for untreated MSCs and 10,195,770 (78.3%) reads for
TGFo-treated MSCs were considered as annotated reads, perfectly aligned with known
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mature miRNAs (miRBase v21.0). Using this tool, we identified 1425 mature miRNAs
with at least one count value > 0 that were differentially expressed between untreated and
TGFo-treated MSCs (Supplementary Table S1).

Count normalization, performed using the TMM tool, showed a high fold change
concordance between 3p and 5p, arising from the same miRNA. Applying a threshold of
sequence counts > 150 in at least one sample, chosen to reduce miRNAs with very low lev-
els of expression, we identified 36 differentially expressed miRNAs with a log2 fold change
(FC) > 0.93 or <—0.83 (Confidence Interval, CI, 95%). In particular, 18 miRNAs resulted
upregulated and 18 miRNAs downregulated by EGFR activation in MSCs (Figure 1). We ob-
served that the majority of these differentially expressed miRNAs were involved in cancer
development and progression. Interestingly, 20 out 36 of the differentially expressed miR-
NAs, modulated by the EGFR in MSCs, were included in the list of 466 miRNAs associated
with tumorigenesis of invasive breast cancer in the OncomiR database (www.oncomir.org,
last accessed on 15 September 2021). Target genes of the 36 differentially expressed miRNAs
were identified using the miRWalk v2.0 database. Targets predicted by at least four of the
five miRNA target prediction programs selected (miRWalk, miRanda, miRDB, PITA and
TargetScan) with a p value < 0.05 were considered. Collectively, we found that the 36 differ-
entially expressed miRNAs had 9532 target genes. To identify biochemical pathways in
which target genes of the differentially expressed miRNAs were involved, we performed a
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis using
the DAVID database. Following treatment with TGFx, we observed in MSCs a significant
enrichment in several pathways, such as TGFf3 signaling, focal adhesion, Rap1 signaling,
Hippo signaling, mTOR and RAS signaling, indicating that the EGFR system modulated in
MSCs miRNAs potentially involved in cancer development and progression.

15

0.5

Log, Fold Change (log, FC)
=

hsa-miR-210-3p

hsa-miR-193a-5p
hsa-miR-7977

hsa-miR-574-3p
hsa-miR-4423-3p
hsa-miR-27a-5p
hsa-miR-4485-3p

Figure 1. Differentially expressed microRNAs (miRNAs) between MSCs untreated and treated with
TGFoa. Eighteen miRNAs resulted upregulated in MSCs following treatment with TGFa with a
log2 fold change (FC) > 0.93 and 18 downregulated with a log2FC < —0.83 (Confidence Interval,
CI, 95%).

3.2. Analysis of miRNAs in Conditioned Media from MSCs

To assess whether EGFR-regulated miRNAs in MSCs were involved in the cross-talk
with breast cancer cells, we analyzed the levels of expression of the differentially expressed
miRNAs in conditioned media from untreated and TGF«-treated MSCs, particularly focus-
ing on miRNAs that we found to be associated with breast cancer in the OncomiR database,
including miR-23c and miR-379-3p. We found that MSCs were able to secrete miR-23c
and miR-379-3p in the conditioned media. Moreover, in agreement with sequencing data,
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we found in conditioned media from TGFa-treated MSCs lower levels of expression of
miR-23c and miR-379-3p, as compared with untreated cells (Figure 2).

1.2 B MSCs
% [0 MSCs+TGFa

0.8

Relative miRNAs expression

miR-23¢ miR-379-3p

Figure 2. Expression levels of miR-23c and miR-379-3p in conditioned media from untreated and
TGFo-treated MSCs. The levels of the expression of miR-23c and miR-379-3p were quantified by
Real-time PCR. Conditioned medium from untreated MSCs was used as calibrator. (* p < 0.05 for
comparison between untreated versus TGFx-treated MSCs, two-tailed Student’s -test).

3.3. Functional Analysis of miR-23c¢ and miR-379-3p

Based on the observation that the levels of expression of miR-23c and miR-379-3p
were reduced in conditioned media from TGFa-stimulated MSCs, we investigated the
effects of the downregulation of these miRNAs in breast cancer cells. We first analyzed
the levels of expression of miR-379-3p and miR-23c in cell lines belonging to different
breast cancer subtypes, such as luminal (MCF-7 and T47D), HER?2 positive (SKBr3), basal
(MDA-MB-468) and claudin-low (MDA-MB-231) cell lines. We found that miR-379-3p was
downregulated in all analyzed breast cancer cell lines, compared with the human breast
epithelial cell line MCF-10A (Figure 3A). MiR-23c was upregulated in MCF-7, T47D and
SKBr3 breast cancer cells, as compared with MCF-10A cells. Interestingly, the levels of
expression of miR-23c in the MDA-MB-468 cell line were comparable to MCF10A cells,
whereas in MDA-MB-231 cells were lower as compared to that observed in less aggressive
breast cancer cell lines and in epithelial cells (Figure 3B).

A B

Relative miR-23c expression

0.5

Relative miR-379-3p expression

ZJIB ﬂ

> £ AN 3] ] A
AN S A 9 $
N < N o« V,\* R N

.
W

Figure 3. Levels of expression of miR-379-3p and miR-23c in breast cancer subtypes. (A,B) Real-
time PCR analysis of miR-379-3p (A) and miR-23c (B) expression in luminal (MCF-7 and T47D),
HER? positive (SKBr3), basal (MDA-MB-468) and claudin-low (MDA-MB-231) breast cancer cell lines
compared with the human breast epithelial cell line MCF-10A.
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As the tumor suppressive role of miR-379-3p in breast cancer cells has been previously
demonstrated [18,19], we sought to focus our attention on miR-23c, whose biological
function in breast cancer cells has not been explored. We transiently transfected MDA-
MB-468 and MDA-MB-231 cells that had endogenous levels of expression of miR-23c
lower than the other breast cancer cell lines, with miR-23¢c mimic or inhibitor. We found
that the overexpression of miR-23c inhibited the proliferation of MDA-MB-468 and MDA-
MB-231 cells (Figure 4A), compared with cells transfected with the NTC, whereas the
knockdown of miR-23c slightly increased cell proliferation (Figure 4B).

A MDA-MB-468 MDA-MB-231
3 8
—&— NTC —&— NTC
O miR-23¢ mimic O miR-23¢ mimic
g p
E k /'
= =
1
2
0 24 48 72 hours 0 24 48 72 hours
B MDA-MB-468 MDA-MB-231
3 o 6
—— NTC o
—O— miR-23¢ inhibitor < ®— NTC )
» S 71 —O— miR23¢ inhibitor
- g
E E
He =]
£ -
g 2 34
1 21
1 -
0 24 48 72 hours 0 24 48 72 hours

Figure 4. Effects of miR-23c on breast cancer cell proliferation. The proliferation rates of MDA-MB-
468 and MDA-MB-231 cells transfected with miR-23¢ mimic (A) or miR-23c inhibitor (B) and their
respective non-targeting controls (NTCs) were measured for 72 h after transfection. Proliferation index
was determined measuring OD at the indicated time points and calculating the ratio compared to zero
time point. (** p < 0.005 and *** p < 0.001 for comparison between untreated versus TGF«-treated
MSCs, two-tailed Student’s t-test).

A significant reduction of the migratory ability was observed in both cell lines trans-
fected with the miR-23c mimic (Figure 5A), whereas the inhibition of miR-23c induced an
increase of cell migration in MDA-MB-468 and MDA-MB-231 cells (Figure 5B). Interest-
ingly, a significant reduction of cell invasion was observed in both breast cancer cell lines
transfected with the miR-23¢ mimic, as compared to control cells (Figure 5C).
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Figure 5. MiR-23c regulates migration and invasion of breast cancer cells. MDA-MB-468 and MDA-
MB-231 cells were transfected for 72 h with miR-23c mimic (A) or inhibitor (B) and their respective non-
targeting controls (NTCs) and then allowed to migrate through an insert toward serum-containing
medium for 16 h (* p < 0.05 and *** p < 0.001; Student’s t-test). (C) The invasive ability of MDA-MB-
468 and MDA-MB-231 cell lines to transfect miR-23c mimic or NTC was determined using a Boyden
chamber-based colorimetric assay (*** p < 0.001; Student’s t-test).

To address whether miR-379-3p acts as tumor suppressor in our experimental model,
we performed functional experiments in MDA-MB-468 and MDA-MB-231 cells transfected
with miR-379-3p mimic or inhibitor. In agreement with previous data, the overexpression
of miR-379-3p reduced breast cancer cell proliferation, migration and invasion (Supplemen-
tary Figures S1 and S2).

Collectively, our data supported the hypothesis that miR-23c had a tumor suppressive
role in MDA-MB-468 and MDA-MB-231 cells, inhibiting cell proliferation, migration and
invasion, and confirmed that miR-379-3p acts as tumor suppressor in these cells.

3.4. IL-6R Is a Target of miR-23c

To identify the molecular mechanisms through which miR-23c regulates the prolifera-
tion, migration and invasion of MDA-MB-468 and MDA-MB-231 cell lines, we analyzed its
potential target genes using the MiRWalk database. MiRWalk recognized 614 target genes
of miR-23c¢, with a consensus of at least four miRNA target prediction programs. Among
these, we identified as the candidate miR-23c target Interleukin 6 Receptor (IL-6R), whose
ligand, IL-6, has been shown to play a pivotal role in breast cancer growth and metastasis.
In addition, the increased expression of IL-6R correlated with disease progression and poor
patient outcome in breast cancer [20]. To confirm that IL-6R is a target of miR-23c, we
cloned the 3'-UTR of IL-6R (WT) or the corresponding mutant construct (MUT), containing
a mutation in two of the three putative miR-23c binding sites, in a luciferase reporter plas-
mid (Figure 6A). Then, we performed a luciferase assay in MDA-MB-468 cells. We observed
that the miR-23c mimic significantly reduced the luciferase activity in MDA-MB-468 cells
transfected with the plasmid encoding the IL-6R 3’-UTR WT but not in cells transfected
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with the mutant plasmid (Figure 6B). These results demonstrated that IL-6R was a direct
target of miR-23c.

Human WT 3'UTR IL-6R 5° . AUUAGCAUUUUGCUAAAUGUGAA AAUAUUAAGGAAGACAAUGUGAA GAGAUCAGCCUGGGCAAUGUGALU.. 3
(NN U U
hsa-miR-23¢c 3" CCCAUUAGUGACCGUUACACUA 3" CCCAUUAGUGACCGUUACACUA 5 CCCAUUAGUGACC (:ll'ﬁ( ‘.4\( UA
|1 l 1]
Human MUT 3'UTR IL-6R 5' .. AUUAGCAUUUUGCUAAGCAUGAA AAUAUUAAGGAAGACAGC .\l{'&.\.\ GAGAUCAGCCUGGGCAAUGUGALU... 3’
1514 m NTC

[ miR-23¢ mimic

1.0 4

Relative luciferase activity

IL-6R 3'UTR wt IL-6R 3'UTR mut

Figure 6. IL-6R is a target of miR-23c. (A) The putative 3’ binding sites of miR-23c in the IL-6R mRNA
are displayed. Mutated bases in the 3'-UTR are underlined. (B) A dual luciferase reporter assay was
performed to validate the interaction between miR-23c and IL-6R in MDA-MB-468 transfected with
miR-23c mimic or non-targeting control (NTC) (*** p < 0.001; Student’s t-test).

To evaluate whether miR-23c was able to negatively regulate the expression of en-
dogenous IL-6R in breast cancer cell lines, we analyzed the levels of expression of IL-6R
transcript by Real-time PCR and protein by cytofluorimetry and Western blotting in MDA-
MB-468 and MDA-MB-231 cells transfected with the miR-23c mimic (Figure 7A-C). We
observed that the overexpression of miR-23c significantly reduced both the IL-6R transcript
and protein in both cell lines. (Figure 7A-C).

Finally, we analyzed the effects of the overexpression of miR-23c on STAT3, a signaling
protein activated by IL-6R. The overexpression of miR-23c resulted in a significant decrease
of STAT3 phosphorylation as compared with cells transfected with the NTC in MDA-MD-
231 cells, whereas a non-significant reduction of phospho-STAT3 was observed in MDA-
MB-468 cells, thus suggesting that miR-23c inhibited STAT3 signaling via downregulation
of IL-6R (Figure 7D,E).
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Figure 7. Effects of miR-23c on IL-6R expression and downstream signaling proteins. (A) The
transcript of IL-6R in MDA-MB-231 and MDA-MB-468 cells, transfected with the miR-23¢ mimic
or the non-targeting control (NTC), was measured by Real-time PCR (* p < 0.05 and *** p < 0.001;
Students t-test). (B) Cytofluorimetric and Western blot analysis of IL-6R protein in MDA-MB-
468 cells transfected with the miR-23c mimic or the NTC. Blot was normalized with the a-tubulin
antibody. Quantification was performed using densitometric analysis. Densitometric value ratios
for IL-6R/tubulin are shown. (C) Cytofluorimetric and Western blot analysis of IL-6R protein in
MDA-MB-231 cells transfected with the miR-23c mimic or the NTC. Densitometric value ratios for
IL-6R/tubulin are shown. Western blot analysis of activated form of STAT3 in MDA-MB-468 (D) and
MDA-MB-231 cells (E) transfected with the miR-23¢c mimic or the NTC. Blots were normalized with
the total STAT3 antibody. Densitometric value ratios for p-STAT3/total STAT3 are shown for each
panel (D,E).

4. Discussion

Different studies demonstrated that the EGFR modulates in breast cancer cells the
expression of miRNAs involved in cancer progression. In this regard, EGF-induced miR-
15b was shown to stimulate the migration of breast cancer cells, through the suppression
of the MTSS1 gene [21]. Furthermore, miR-338-3p, modulated by the EGF in MCF-7 cells,
promoted breast cancer cell growth and epithelial-to-mesenchymal transition, migration
and invasion [22]. However, the paracrine effects on breast cancer cells of EGFR-regulated
miRNAs in MSCs have not been fully explored.

In this study, we demonstrated for the first time that EGFR activation regulates in
MSCs the expression of a wide number of miRNAs potentially involved in the cross-
talk with breast cancer cells. In particular, we found that the EGFR modulates in MSCs
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the expression of miRNAs involved in breast cancer tumorigenesis, as indicated in the
OncoMiR database, progression and response to therapeutic regimens, such as miR-574-3p,
miR-342-3p and miR-210-3p [23-25]. Bioinformatics analysis also revealed an enrichment of
several signaling pathways that play an important role in cancer cell growth, differentiation,
apoptosis and motility. These results strongly support the hypothesis that the EGFR might
promote breast cancer progression through the regulation of miRNAs in cells of the tumor
microenvironment.

Among miRNAs downregulated by the EGFR in MSCs, we found miR-23c. Few
studies analyzed the role of miR-23c in the development and progression of cancer. In
this regard, a recent study demonstrated that miR-23c acts as tumor suppressor in hepato-
carcinoma cell lines, by inhibiting cell proliferation and inducing apoptosis through the
regulation of the ERBB2IP gene [26]. In addition, miR-23c secreted from prostate cancer
cells expressing regucalcin, a gene involved in tumor dormancy, was found to suppress the
angiogenesis in human umbilical vein endothelial cells [27].

To our knowledge, the functional role of miR-23c in breast cancer cells has not been
explored yet. Although TCGA data in the OncomiR database indicated that miR-23c was
upregulated in breast cancer, as compared with its normal counterpart, we found that
basal/claudin-low breast cancer cells had lower levels of expression of miR-23c, as com-
pared with breast cancer cell lines belonging to less aggressive breast cancer subtypes.
Based on these findings, we hypothesized that miR-23c might act as tumor suppressor in
MDA-MB-468 and MDA-MB-231 cells, and functional experiments confirmed this hypoth-
esis. In agreement with our observation, a recent study demonstrated that miR-23c was
differentially expressed between triple negative (TNBC) and quadruple negative breast
cancer (QNBC) [28]. Interestingly, in the analysis on the relationship between the expression
levels of miR-23c and the clinicopathological characteristics of QNBC patients, high levels
of expression of miR-23c were associated with the absence of metastases [28]. Therefore, it
might be possible that miR-23c acts as tumor suppressor in TNBC cell lines and that EGFR
activation in MSCs contributes to breast cancer progression through the downregulation
of such miRNA in the microenvironment. In addition, as MDA-MB-468 and MDA-MB-
231 cells express EGF-related ligands [29,30], we can hypothesize that breast cancer cells,
through the secretion of TGF«x, educate MSCs to promote breast cancer progression by
repressing miRNAs that act as tumor suppressors, such as miR-23c. The fact that the
same miRNAs might act as tumor suppressors or as oncogenes might depend on the
context. In this regard, it is possible that the same miRNA has opposing oncogenic or
tumor suppressive functions in various tumors or within a single cancer type [31]. This
phenomenon can be explained because a single miRNA triggers a variety of targets that
in turn activate different signaling pathways. Indeed, a recent study demonstrated that
miR-31 had different functional roles across lung cancer subtypes by activating different
signaling pathways [32].

Following bioinformatics and functional experiments, we found that IL-6R is a target of
miR-23c. IL-6R is involved in the IL-6/IL-6R /STAT3 signaling pathway, whose role in breast
cancer progression has been extensively demonstrated [20,33]. In addition, STAT3 signaling
contributes to cell proliferation, survival, migration and invasion of TNBC [34,35]. In this
regard, it has been shown that IL-6 stimulated the proliferation and migration of breast
cancer cells [5,36,37]. In addition, IL-6 promoted breast cancer progression through the
induction of the epithelial to mesenchymal transition [38]. Our data suggest that miR-
23c may interfere with IL-6R/STAT3 signaling in breast cancer cell lines and that the
upregulation of miR-23c in these cells reduces cell proliferation and migration by inhibiting
IL-6R/STAT3 signaling.

The identification of miRNAs in the tumor microenvironment might have potential
clinical implications. In this regard, liquid biopsy is a minimally invasive approach that
relies on the analysis of cancer biomarkers in body fluids. Recent evidence suggested that
circulating miRNAs are particularly stable in biological fluids, including plasma and serum,
and may represent potential biomarkers using liquid biopsy approaches [39]. Detection of
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circulating miRNAs might have prognostic implications. In this regard, circulating miRNA
signatures have been associated with the outcome of TNBC patients [40,41]. In addition,
some studies explored the potential of circulating miRNAs for monitoring the response to
treatment using liquid biopsy [40]. In this context, the analysis of the levels of expression
of miR-23c might be potentially useful for providing prognostic or predictive information
in TNBC patients.

5. Conclusions

In conclusion, our data demonstrated that the EGFR signaling regulates in MSCs a
wide number of miRNAs that might be involved in breast cancer progression. Among
miRNAs potentially involved in the cross-talk between EGFR-stimulated MSCs and breast
cancer cells, we identified miR-23c and suggested a role of this miRNA as a tumor sup-
pressor in MDA-MB-468 and MDA-MB-231 breast cancer cells, through the inhibition of
IL-6R. Our results finally suggested that the EGFR downregulated in MSCs the expression
of miR-23c, thus promoting cancer progression in highly aggressive breast cancer cells.

Collectively, our findings provide novel information on the mechanisms mediated by the
EGER in the tumor microenvironment that might be involved in breast cancer progression.

Supplementary Materials: The following supporting information can be downloaded at: https:
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