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Abstract

Background Endocrine therapy (ET) has improved the clinical outcomes of Estrogen receptor alpha-positive
(ERa+) breast cancer (BC) patients, even though resistance to ET remains a clinical issue. Mutations in the hormone-
binding domain of ERa represent an acquired intrinsic mechanism of ET resistance. However, the latter also depends
on the multiple functional interactions between BC cells and the tumor microenvironment (TME). Here, we investi-
gated how the most common Y537S-ERa mutation may influence the behavior of fibroblasts, the most prominent
component of the TME.

Methods We conducted coculture experiments with normal human foreskin fibroblasts BJ1-hTERT (NFs), cancer-
associated fibroblasts (CAFs), isolated from human BC specimens, and Y5375 CRISPR-expressing MCF-7 BC cells
(MCF-7YS). Mass spectrometry (MS) and Metacore analyses were performed to investigate how the functional interac-
tions between BC cells/fibroblasts may affect their proteomic profile. The impact of fibroblasts on BC tumor growth
and metastatic potential was evaluated in nude mice.

Results Mutant BC conditioned medium (CM) affected the morphology/proliferation/migration of both NFs

and CAFs. 198 deregulated proteins signed the proteomic similarity profile of NFs exposed to the YS-CM and CAFs.
Among the upregulated proteins, Yes-associated protein 1 (YAP1) was the main central hub in the direct interaction
network. Increased YAPT protein expression and activity were confirmed in NFs treated with MCF-7YS-CM. However,
YAP1 activation appears to crosstalk with the insulin growth factor-1 receptor (IGF-1R). Higher amount of IGF-1 were
noticed in the MCF-7YS-CM cells compared to the MCF-7P, and IGF-1 immunodepletion reversed the enhanced YAP1
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expression and activity. Mutant cells upon exposure to the NF- and CAF-CM exhibited an enhanced proliferation/
growth/migration/invasion compared to the MCF-7P. MCF-7YS cells when implanted with CAFs showed an early
relative increased tumor volume compared to YS alone. No changes were observed when MCF-7P cells were co-
implanted with CAFs. Compared with that in MCF-7P cells, the metastatic burden of MCF-7YS cells was intrinsically
greater, and this effect was augmented upon treatment with NF-CM and further increased with CAF-CM.

Conclusions YS mutant BC cells induced the conversion of fibroblasts into CAFs, via YAP, which represent a potential
therapeutic target which interrupt the functional interactions between mutant cells/TME and to be implemented
in the novel therapeutic strategy of a subset of metastatic BC patients carrying the frequent Y537S mutations.
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Introduction

A major clinical problem of endocrine therapy in breast
cancer is the development of a more aggressive and hor-
mone-independent phenotype [1, 2]. The acquisition of
somatic mutations in the ESRI gene is a major contribu-
tor to resistance and poor clinical outcomes in patients
with metastatic breast cancer [3-6]. Mutations within
the hormone binding domain (HBD) of ESRI have been
found to be highly frequent in metastatic breast cancer
patients [6—10] but are ostensibly in rare sub clonal pop-
ulations of primary breast tumors from patients receiving
endocrine therapy [11, 12]. Previously and more recently
we highlighted how enhanced intrinsic Insulin-like
growth factor (IGF-1)/ Insulin-like growth factor recep-
tor (IGF1R) signaling is displayed by mutant YS breast
cancer cells on which is also the focus of the present
study [8, 11, 13]. Recently, it has been reported that cells
with HBD-ESRI mutations could metastasize in vivo,
even though the intrinsic biological properties associated
to distant metastasis are not clearly elucidated [10, 14].
Clinical data have reasonably suggested that the latter
breast cancer cells line in the absence of estrogens could
be “selected” by microenvironmental factors sustaining
clonal expansion of ESRI mutant cells in metastatic site
[15]. For instance, the tumor microenvironment (TME)
becomes crucial for the maintenance of cancer progres-
sion, fostering therapeutic resistance wherein cancer-
associated fibroblasts (CAFs), which exhibit specific
molecular markers, are the most prominent component
of the TME [16, 17]. This has given us the rational of the
present study aiming to investigate how breast cancer
cells exhibiting Y537S- ESRI mutations, may influence
the phenotype of the fibroblasts as the most important
component of TME, sustaining the tumor growth and
progression. In the latter concern, we found a similarity of
proteomic profile between CAFs and Normal Fibroblasts
(NFs) exposed to conditioned media (CM) from mutant-
expressing cells confirmed by changes in the morphol-
ogy and functional activation of NFs overlapping CAF
phenotype. A direct interaction network analysis of the
upregulated shared proteins in NFs-treated with YS-CM

with CAFs elicited Yes-associated protein 1 (YAP1) as
the central hub, which appears to be crucially involved in
the conversion of NFs into CAFs. This transition is medi-
ated by the amount of IGF-1 present in YS-CM since its
immunodepletion in the CM reversed the enhanced YAP
expression. On the other hand, we demonstrated how
fibroblasts potentiate the aggressive behavior of mutant
cells both in vitro and in vivo. For the first time, all these
data highlight how mutant-expressing cells are able to
reprogram NFs, inducing their phenotypic transition into
CAFs and in this way enhancing tumor burden.

Materials and methods

Antibodies and reagents

The following antibodies were used: anti-B-actin (sc-
69,879, Santa Cruz Biotechnology), anti-ITB1 (ab52971,
abcam), anti-S110A4 (Fibroblast specific protein 1,
FSP1,13018S), anti-PDGFR (ab32570, abcam), anti-
aSMA (19245), anti-IGF-1R B (97508), anti-YAP1 (4912),
anti-CYR61 (14479S) and anti-CTGF (86641S) were
acquired from Cell Signaling Technology; anti-IGF-1
(HPA048946), anti-pIGE-1RT"113! (ABE332) from Merck
Millipore.

Generation of CRISPR-Cas9 Y537S-mutant expressing
breast cancer cells

Human MCF-7 YS CRISPR breast cancer epithelial cells
were generated as previously reported [8], and cultured
in MEM supplemented with 10% FBS, 1% L-glutamine,
1% Eagle’s nonessential amino acids, and 1% penicillin—
streptomycin (Life Technologies) at 37 °C with 5% CO,
air. Every 6 months, our breast cancer cells are usually
authenticated by single tandem repeat analysis at our
Sequencing Core facility, controlling their morphol-
ogy and testing doubling times, estrogen sensitivity, and
mycoplasma negativity (MycoAlert, Lonza, Basel, Swit-
zerland). Immortalized normal human foreskin-fibro-
blasts BJ1-hTERT (normal fibroblasts, NFs) were kindly
provided by Dr Lisanti (University of Salford, Manches-
ter, UK).



Gelsomino et al. Cell Communication and Signaling (2024) 22:545

Isolation and culture of Cancer-Associated fibroblasts
Human breast fibroblast cells from fresh tumors (CAFs)
were obtained from luminal A breast cancer women who
signed an informed consent from and were approved
by the Ethics Institutional Committees of the Annun-
ziata Hospital, Cosenza [18]. Experimental procedures
for fibroblast isolation were performed according to
approved guidelines. Small pieces of fresh tumor exci-
sion (taken from an area of<1.0 cm away from the edge
of breast cancer tissue), were cleaned with 1% penicil-
lin/streptomycin in PBS at 4 °C and then were digested
with 500 IU collagenase in Hank’s balanced salt solution
(Sigma) at 37 °C for 2 h. After two differential centrifuga-
tions at 90 g for 2 min and, at 500 g for 8 min the super-
natant containing CAFs was resuspended and cultured
in RPMI-1640 medium supplemented with 15% FBS and
antibiotics. All experiments were performed between the
4th and the 10th passages.

Conditioned medium system

4.4 10° CAFs or NFs and MCF-7 cells were incubated
with 5% charcoal-stripped-FBS for 24 h and conditioned
media (CM) were collected, centrifuged and used for the
experiments.

MCAT luciferase reporter assay

3 10* NFs were plated in 24 multi-well and co-transfected
with 1 pg of 8xGTIIC-luciferase (MCAT-reporter, gently
provided by Prof. Dupont, University of Padova, Italy)
and 20 ng of TK Renilla luciferase plasmid as an inter-
nal control by using Lipofectamine 2000 reagent (Life
Invitrogen) following the manufacture’s instructions.
Next day, NFs were treated with CM-derived from both
MCE-7P and YS breast cancer cells. After 24 h firefly and
renilla luciferase activities were measured using a Dual
Luciferase kit (Promega, Madison, WI, USA). The firefly
luciferase data for each sample were normalized on the
basis of transfection efficiency measured by Renilla lucif-
erase activity.

IGF-1-immunodepleted conditioned media

CM from MCF-7 and YS cells was collected and then
centrifuged at 1200 X g for 5 min. Then, the supernatants
were incubated with 2 pg/ml IGF-1 antibody (Sigma
Aldrich) overnight with rotation at 4 °C. Next day, Pro-
tein A/G-agarose beads (Santacruz) (25 pl/ml of CM)
were washed with PBS and centrifuged at 10000 g for 10’
4 °C. After discarding supernatants, protein A/G-agarose
beads were washed with serum-free medium. Once we
discarded supernatants again, CM was added to beads
for 1 h, in rotation at 4 °C. After, the CM were centri-
fuged at 10,000 x g for 10 min, beads were discarded and
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CM were filtered through a 0.22 pm filter. The occurred
IGF-1 immunodepletion was checked by enzyme-linked
immunosorbent assay (ELISA).

Immunoblot analysis

A total of 12 10* cells were lysed in RIPA Buffer (50 mm
Tris—HCI, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 2 mm sodium fluoride, 2 mm EDTA, 0.1%
SDS, containing a mixture of protease inhibitors (apro-
tinin, phenylmethylsulfonyl fluoride, and sodium ortho-
vanadate) for whole lysate extraction and immunoblot
was performed as previously described [19]. In brief, the
same amounts of protein were resolved of either 10%
or 14% (based on the molecular weight of the proteins)
SDS—polyacrylamide gel, then transferred to a nitrocel-
lulose membrane and probed with different antibodies.
To ensure equal loading, all membranes were incubated
with anti-B-actin antibodies. The antigen—antibody com-
plex was detected by incubation of the membranes with
IRDye® coupled goat anti-mouse or rabbit (680RD or
800CW) and the images were acquired and the bands of
interest were quantified using an Odissey FC (LICOR,
Lincoln, NE, USA). The uncropped blots are reported in
the Supplementary Fig. 1, 2, 3 and 4.

Cell Cycle

The cells were plated, treated and resuspended in 0.5 ml
of 50 mg/ml propidium iodide (PI) in PBS solution con-
taining 20 U/ml RNAse-A and 0.1% TRITON X-100 and
incubated for 1 h (Sigma—Aldrich). The cells analysis
were performed by flow cytometry (CytoFLEX Beckman,
Beckman Coulter, Milan, Italy) and Data analysis was
conducted using CytExpert Beckman Coulter software
(Beckman Coulter, Milan, Italy). The cell phases were
estimated as a percentage of a total of 10,000 events.

RNA expression analyses

12 10* cells were plated in 6-multiwell plates and treated
as indicated. Total RNA was subsequently extracted using
TRIzol reagent (Life Technologies) and gene expression
was evaluated via real-time reverse transcription PCR
using a RETROscript kit (Life Technologies) and quanti-
fied as previously described [20]. Supplementary table S1
contains the list of primers used in this paper.

Trypan-blue cell count assay

Cells were seeded at a confluence of 5 10* cells/well in
24-well plates and treated for 5 days as indicated. The
cells were harvested by trypsinization and incubated in
0.5% trypan blue solution, for 10 min at room tempera-
ture. Trypan blue negative cells were counted through a
Countess® II Automated Cell Counter (Thermo Fisher)
on day 0 and after 5 days of treatment.
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Soft agar colony formation assay

A total of 10* cells were seeded in a 12-well precoated
with 1 ml of pre-warmed (50 °C) 1% SeaPlaque agarose
(FMC, Rockland, ME) and solidified at 4 °C for 1 h.
The cells were suspended in 2 ml of prewarmed (37 °C)
0.35% SeaPlaque agarose and plated. The plates were
cooled for 2 h at 4 °C, transferred to a 37 °C humidified
incubator and treated as indicated. After 15 days colo-
nies > 50 pm were counted.

Wound-healing assay

Cells were seeded in 6-well plates and grown to com-
plete or near 100% confluence. Subsequently, the
resulting cell monolayers were scraped with a ster-
ile pipet tip and exposed to the different experimen-
tal conditions. Wound closure was monitored over
12-24 h and the cells were then fixed and stained with
Coomassie Brilliant Blue. The images represent one of
three independent experiments. Pictures were taken
at 10X magnification using phase-contrast micros-
copy (OLYMPUS-BX51 microscope) and the relative
percentage of wound closure was calculated by Image]
software (NIH, MD, USA).

Boyden chamber transmigration assays

Cells were pretreated with conditioned media for 5 days
and then 5 10* cells were placed in the upper compart-
ments of Boyden chambers (8 pum-membranes, Corn-
ing), while the bottom wells contained regular growth
media. After 24 h, the migrated cells were fixed and
stained with DAPI. Migration was quantified by view-
ing six separate fields per membrane at 10 X magnifica-
tion (OLYMPUS-BX51 microscope) and is expressed as
the mean number of migrated cells.

Boyden chamber invasion assays

A matrigel-based invasion assay was performed in
chambers (8 pm membranes, Corning) coated with
Matrigel (BD Bioscences, 2 mg/mL). Cells were pre-
treated with conditioned media for 5 days and then 5
10* cells placed in the upper compartments of Boyden
chambers (8 um-membranes, Corning), while the bot-
tom wells contained regular growth media. After 24 h,
the migrated cells were fixed and stained with DAPI.
Invasion was quantified by viewing six separate fields
per membrane at 10 X magnification (OLYMPUS-BX51
microscope) and is expressed as the mean number of
invaded cells.

Scanning electron microscopy (SEM)
12 10* cells were seeded in 6 well plates and fixed in
3% glutaraldehyde for 2 h at room temperature. After
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the cells were washed three times with PBS they were
washed with increasing concentrations of ethanol (30,
50, 70 and 100%) for 5 min. The ethanol was completely
evaporated before the cells were viewed. All specimens
were mounted on appropriate stubs and coated with a
5 nm ultra-pure graphite film (Quorum Q150 Carbon-
coater) to be observed under an Ultra High Resolution
SEM (UHR-SEM) Zeiss CrossBeam 350—Germany,
operating in secondary-electron mode @ 3,0 KVolt of
energy.

Phalloidin Staining

12 10* CAFs and NFs were plated in a Nunc ~ Lab-Tek
II Chamber Slide™ System (Thermo Fisher Scientific)
and then stained with Alexa Fluor 568-conjugated phal-
loidin (1:500), following the manufacturer’s instructions
(Thermo Fisher Scientific) for polymerized actin stress
fiber staining. Cell nuclei were stained with DAPI. An
Olympus BX51 microscope (100X magnification) was
used for imaging.

Fluorescence microscopy

12 10* NFs were plated in a Nunc' Lab-Tek " II Cham-
ber Slide™ System (Thermo Fisher Scientific) and treated
as indicated. Immufluorescence analysis and a YAP1
nuclear location analysis was conducted as previously
reported [21, 22]. In brief, using the public domain image
processing program Image], we initially selected nuclei
and generated a file containing the data pixel. Only pixels
within the boundaries of the nuclei were considered for
YAP localization analysis.

Enzyme-linked immunosorbent assay (ELISA)

A total of 4.4 10° cells/well were plated in 10 cm dishes in
complete media. The next day, the medium was removed
and replaced with 5% charcoal-stripped medium. After
24 h, the media were collected, centrifuged and the IGF-1
levels were measured using an ELISA kit (R&D System
#DG100B), according to the manufacturer’s protocol.

Clonogenic assay (Cell Viability)

Cells were seeded in 6 multi-wells (500 cells/well) and
treated with conditioned media for 5 days. Colonies were
stained with 0.01% (w/v) crystal violet for 10 min on an
orbital shaker and washed with PBS. Then, the wells were
allowed to dry and 1% SDS was added to solubilize the
stain and to measure the absorbance at 570 nm through a
microplate reader.

Collagen gel contraction assays

A total of 5x10° cells were suspended in 3 mg/ml rat
tail collagen I (Life Technologies) diluted in serum-
free media, added to a 24-well plate (500 pl/well) and
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incubated for 20 min at RT, followed by the addition of
culture media (50 pl/well). The collagen gels, detached
from well walls with a tip, were incubated at 37 °C.
Images were acquired at time 0 and after 24 h. Gel con-
traction was quantified by the decrease in gel diameter.

Protein digestion

A 20 pg aliquot of each sample was diluted to a final vol-
ume of 32 uL with RIPA buffer. The sequential addition
of 3.2 puL of 100 mM DTT (1 h incubation at 37 °C), 3.8
pL of 200 mM iodoacetamide (1 h incubation at 37 °C)
and, finally, 0.6 pL (1 h incubation at 37 °C) of 100 mM
DTT allowed the reduction and alkylation of cysteines
to occur. Then, half of each sample (10 pg) was digested
through protein aggregation capture (PAC) protocol
[23]. Briefly, for each sample 5 pL (100 pg) of MagResyn
Hydroxyl beads were equilibrated by 2 sequential washes
with 100 pL of 70% acetonitrile (ACN). Then, the mag-
netic microparticles were added to the samples and the
proteins were precipitated by the addition of ACN to a
final 70:30 organic:water ratio. The solution was incu-
bated for 10 min at 1100 rpm. Three washes with 200
uL of acetonitrile were followed by one wash with 70%
ethanol. Finally, the beads were resuspended in 50 pL of
50 mM triethylammonium bicarbonate (TEAB). Trypsin
(Sigma Aldrich, from porcine pancreas) was added at
an E/S 1/50 (200 ng). After overnight incubation (37 °C,
1100 rpm), the peptide solution was harvested and resid-
ual peptides were recovered by washing the beads with
50 uL of 0.1% formic acid (FA).

Nanoliquid chromatography tandem mass spectrometry
(nLC-MS/MS)

MS analysis was carried out on a Q-Exactive hybrid
quadrupole-orbitrap mass spectrometer (Thermo Fisher
Scientific) operating in positive ion mode, coupled with
an Easy LC 1000 nanoscale liquid chromatography sys-
tem (Thermo Fisher Scientific). A 15 cm pulled silica cap-
illary (75 um i.d.) packed in-house with 3 pm C18 silica
particles (Dr. Maisch) was used as the analytical column.
Nanoelectrospray (nESI) was obtained by applying a
potential at 2000 V on the column front-end through a
tee piece. A binary gradient was used to elute the pep-
tides. In particular, mobile phase A contained 2% ACN/
01% FA (v:v) while mobile phase B was composed of
80% ACN/ 01% FA. The flow rate was set to 230 nl/min.
Mobile phase B ramped from 6 to 28% in 90 min, from
28 to 45% in 30 min and from 45 to 100% in 8 min. Then,
was maintained 10 min at 100%. The analytical column
was equilibrated at 0% mobile phase B for 2 min. Data-
independent acquisition (DIA) enclosed 20 windows with
a full scan at a resolution of 70,000 (AGC target of 1e6
and maximum injection time of 50 ms) and 20 DIA scans
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with a resolution of 35 000 (AGC target of 1e6, maximum
injection time of 120 ms and normalized collision energy
of 25). In detail, the isolation window was set to have 4
windows of 30 m/z, 13 windows of 20 m/z and 3 windows
of 50 m/z. The overlap was equal to 1 m/z. The resulting
m/z range was 370—-900.

Data analysis and results reporting

LC-MS/MS data were searched by using Spectronaut
software v.17 against the human reference proteome
(79,740 seq, Uniprot 11 October 2022) and a database
of common contaminants (46 entries). Analysis settings
were left as default applying only the following changes
to the default parameters: precursor filtering was set in
order to filter out all precursors identified in less than 3
runs for each comparison. Missing values were imputed
by adopting “run wise” imputation strategy. The maxi-
mum number of precursors used for quantification was
set to 5. Only peptides shared between proteins of the
same protein group (protein group specific) were con-
sidered for quantification. The resulting report was then
loaded on Perseus v. 2.06.0 for statistical analysis. For all
the comparisons the analysis was performed following
these steps: Protein Quantities calculated by Spectronaut
software were log2 transformed, the matrix was then fil-
tered keeping only protein groups quantified in at least
3 samples of a group. Then, differentially expressed pro-
teins were identified by applying a two sample test with a
permutation based FDR set at 0.1 (SO was set at 0.2).

MetaCore functional analysis

The differentially expressed protein datasets were func-
tionally processed by applying the MetaCore " integrated
software suite for functional analysis of experimental data
(Clarivate Analytics, London). Differentially expressed
proteins were also investigated via the MetaCore Net-
work Building tool and by applying the direct interaction
algorithm. This functionally crosslinks gene transcripts
under processing by building networks of correspond-
ing proteins that directly interacting with each other. This
occurs accordingly to the manually curated MetaCore
in-house database concerning: physiological and patho-
logical protein—protein and protein—nucleic acid interac-
tions, signaling and metabolic pathways, reported by the
scientific literature. Direct interaction networks (DIN)
represent the interactomic core of the investigated pro-
cess and are prioritized according to their statistical sig-
nificance. Nets are then graphically visualized as nodes
(proteins) and edges (interconnections among proteins)
and named in relation to their five most significant fac-
tors, i.e. central hubs able to establish the highest num-
ber of interactions with the other components of the net.
Thus, central hubs acquire crucial roles in defining the
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biochemical and molecular properties of the investigated
systems.

Xenograft experiments

Female 6-week-old athymic nude mice (nu/nu Swiss;
ENVIGO RMS, Udine, Italy) were housed under specific
pathogen-free conditions and maintained at a constant
temperature. Estradiol pellets (0.72 mg/pellet, 90-day
release; Innovative Research of America, Sarasota, FL)
were implanted subcutaneously. The next day, the mice
were anesthetized with 1% to 2% isofluorane in O,, 1 L/
min (ISO-Vet, Piramal Healthcare Uk Limited, Mor-
peth, UK) and 5 10° MCE-7 P and MCF-7 YS cells were
orthotopically injected into the right mammary fat pad in
0.1 mL of Matrigel (BD Biosciences, Bedford, MA), alone
or in combination with human CAFs at a 1:3 ratio (1 part
of breast cells and 3 parts of CAFs). Animal health and
behavior were monitored daily, and animal procedures
were conducted following proper guidelines. Tumor size
and weight were measured twice a week using a cali-
per and a scale. Tumor volumes (mm?) were calculated
using the formula: TV=(a * b2)/2 (a=tumor length
and b=tumor width), in millimeters. When the masses
reached 150 mm?, the animals were randomly assigned
to 8 homogenous groups. At the fourth week, the ani-
mals were euthanized following standard protocols; the
tumors were explanted, one part of which was dehy-
drated and imbedded in paraffin, and one part was frozen
in nitrogen and stored at 80 °C for further analyses.

Histopathological and immunohistochemical analyses

Tumors were fixed in 4% formalin, sectioned at 5pm and
stained with haematoxylin and eosin Y following manu-
facture’s suggestions (Bio-Optica, Milan, Italy). Paraffin-
embedded sections, 5 um thick, were mounted on slides
precoated with poly-lysine, and then they were depar-
affinized and dehydrated (seven to eight serial sections).
Immunohistochemical experiments were performed
after heat-mediated antigen retrieval in Citrate Buffer,
in a microwave at low setting, followed by incubation of
oxygenated water and normal horse serum, like block-
ing agent, at room temperature (Vectastain ABC Kit Elite
(PK-6200). Immunohistochemistry was performed using
Cytocheratin 18 (Agilent Dako, clone DC 10, M7010),
Ki-67 (Agilent Daki, clone MIB-1, M7240)and human
a-SMA (Agilent Dako, clone 1A4, M0851) primary anti-
bodies in MCF-7 P and YS, with and without the pres-
ence of CAFs, at 4 °C overnight. Biotinylated horse
anti-mouse/rabbit was used like secondary antibody. The
linked was visualized through DAB Substrate Kit, Per-
oxidase (SK-4100 Vector Laboratories, Inc.). Immunore-
activity was visualized by using VECTOR® Red Alkaline
Phosphatase Substrate Kit (Vector Laboratories).
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Counterstaining was carried out with hematoxylin
(Sigma Aldrich). The primary antibody was replaced by
normal serum in negative control sections. a-smooth
muscle actin («-SMA) immunostaining score was calcu-
lated as a percentage of area occupied by IHC intensity
using Image]; briefly a-SMA index score were calculated
as the percentage of positive cells multiplied by inten-
sity, ranging in a score 0—300, according to the following
staining intensity (0, negative; 1, weak; 2, intermediate;
3, strong) and percentage (0-100%) of the stained tumor
cells respect to the total number of tumor cells, through
Image Scope software, the statistical significance was
calculated by non-parametric Mann—Whitney test.
a-smooth muscle actin score was calculated as a percent-
age of area occupied by IHC intensity using Image].

H Score=[1x (% cells 1+)+2x(% cells 2+) + 3x(% cells
3+)]. The immunostained slides of tumour samples were
evaluated by light microscopy using the Allred Score
[24], which combines a proportion score and an intensity
score. A proportion score was assigned representing the
estimated proportion of positively stained tumor cells
(0=none; 1=1/100; 2=1/100 to<1/10; 3=1/10 to< 1/3;
4=1/3 to 2/3; 5= >2/3). An intensity score was assigned
by the average estimated intensity of staining in positive
cells (0=none; 1=weak; 2=moderate; 3=strong). Pro-
portion score and intensity score were added to obtain a
total score that ranged from 0 to 8. A minimum of 100
cells were evaluated in each slide. Six to seven serial sec-
tions were scored in a blinded manner for each sample.
The one-way ANOVA was used to evaluate the differ-
ences in the scores between tumor and control samples.

Metastatic study

MCEF-7 P and MCF-7 YS cells were plated and then
treated with NFs- and CAFs-CM for 5 days. A total of 5
10°/100 pL was injected into the median tail vein of six-
week-old female nude mice (nu/nu; Envigo, Udine, Italy)
as previously described [25]. The mice were weighed
twice a week and monitored for mobility, respiratory
distress, and signs of pain. After six weeks of cell injec-
tion, the mice were sacrificed following standard proto-
cols. Organ examination revealed that the lungs were the
destination sites of disseminated tumor cells. The lungs
were perfused with PBS, inflated for formalin fixation,
and paraffin embedded. The lung metastatic lesions were
examined using hematoxylin and eosin (H&E) staining.
Five sections per lung were counted using ImageScope
software (Aperio, Leica Biosystems, Milan, Italy).

Survival Kaplan-Meier analysis

Kaplan—Meier post-progression survival (PPS) analysis
in breast cancer patients were generated using Kaplan—
Meier plotted (https://kmplot.com/analysis/) [26]. The
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entire dataset included 229 samples from 50 datasets with
overall survival data. The average follow-up is 60 months.

Statistical analysis

Statistical analysis was performed with Student’s ¢ test
for the comparison between two groups and one-way
ANOVA with Tukey’s multiple comparisons post hoc test
for the comparison between multiple variables by using
GraphPad Prism 8 (GraphPad Software, Inc., San Diego,
CA, USA) and the results are reported as the mean+SD
or+SEM, as indicated, of at least 3 independent experi-
ments, each performed in triplicate.

Cell Count
(Viable cells x10°)

B G2M
|S
O G0/G1

Distribution of cell cycle (%)
o
S

P YS
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Results

Characterization and proteomic profile of MCF-7 Y537S
(YS) and MCF-7 Parental (P) breast cancer cells

Compared with MCF-7 parental (P) cells, MCF-7 Y537S
(YS) exhibit a characteristic spindle morphology; nota-
bly, MCE-7 YS showed more lamellipodia confirming
how the mutant cells exhibit a typical feature of epi-
thelial-to-mesenchymal transition (EMT, Fig. 1 A) as
already reported by our group in 2020 [8]. Moreover,
mutant cells showed a significant increase in growth rate
in both anchorage-dependent (Fig. 1 B) and anchorage-
independent (Fig. 1 C) growth assays. The latter find-
ings are consistent with the flow cytometric analysis
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Fig. 1 Characterization of MCF-7 parental (P) and Y5375 (YS) breast cancer cells. Representative scanning electron microscopy (SEM) images

(A) of MCF-7 P and YS cells grown in regular media. Scale bar: 20 um. B Viability assay in MCF-7 P and YS cells. Live cells were counted after 72 h.
C Soft agar growth assays in MCF-7 P and YS cells. After 14 days of growth, colonies =50 um in diameter were counted. D MCF-7 P and YS cells
were stained with propidium iodide and analyzed by using a FACScan flow cytometer. The percentages of cells in the GO/G1, S, and G2/M phases
are reported. E Transmigration assays in MCF-7 P and MCF-7 YS. The migrated cells were DAPI-stained, counted and images were captured

at 10 x magnification. Each circle represents one independent experiments. Data were analyzed using Student’s t test, and are presented

as mean+SD of three independent experiments each performed in triplicates. *p <0.05; **p < 0.01; ****p < 0.0001
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evidencing that in the cell cycle of the YS the percentage
of cells in the GO-/G1-phases of the cell cycle decreased
and the percentage of cells in the S and G2/M phases
increased compared with MCF-7 P cells (Fig. 1 D),
highlighting a greater proportion of mutant proliferat-
ing cells. Moreover, the YS exhibited an enhanced cell
migration (Fig. 1 E).

Overall, the analysis of four biological replicates has
identified 5296 proteins, each with a minimum of three
unique peptides with a false discovery rate (FDR) of < 1%.
Extensive differences in the proteomes of the two differ-
ent cell lines are evidenced by the volcano plot (Fig. 2
A). The proteomic comparison of the MCF-7 P and YS
cell lines demonstrated two distinct clusters of proteins
significantly differentiated between parental and mutant
breast cancer cells as evidenced by heatmap (Fig. 2 B)
representing the 2555 significantly deregulated proteins
identified in mutant cells as confirmed by the super-
vised hierarchical clustering evidenced by Principal
Component Analysis (PCA, Suppl. Figure 5 A). Among
the deregulated proteins 1078 were found to be signifi-
cantly upregulated and 1477 were significantly down-
regulated in mutant cells compared to parental cells.
Among the deregulated proteins their GO Pathway
Maps gave the relevance of IGF-1/IGF-1R signaling and
to the intermediates of its trasductional pathways (i.e.
“Signal Trasduction AKT signaling’, and “Signal trans-
duction mTORC2 downstream signaling” “PI3K and
NF-kB pathway”) (Fig. 2 C and Supplementary Table S2).
It is worth to remark that among the upregulated pro-
teins it still emerges the IGF-1 signaling among the top
ten functional categories (Supplementary Fig. 5D). All
this was concomitant with an enhanced expression of
mRNA, total and phosphorylated IGF-1R expression in
YS compared to P cells (Fig. 2 D and E) with an increased

(See figure on next page.)
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expression of IGF-1 in terms of mRNA and protein con-
tent resulting in an augmented amount secreted in their
conditioned media (Fig. 2 F, G and H).

Characterization and proteomic profile of Normal
fibroblasts (NFs) and Cancer Associated Fibroblasts (CAFs)
The influence of the tumor microenvironment on
breast cancer cells may affect growth and progres-
sion and negatively influence the therapeutic response
[27]. Thus, in the present study, we investigated how
MCEF-7 YS mutant cells may functionally interact
with fibroblasts, the most prominent component of
the tumor microenvironment. To this aim, we created
in vitro conditions that can mimic the in vivo micro-
environment through coculture experiments of both
cancer cells and fibroblasts. For this study, we used as
normal counterpart immortalized normal human fore-
skin fibroblasts BJ1-hTERT, named as normal fibro-
blasts (NFs) and cancer-associated fibroblasts (CAFs)
which were isolated from a biopsy of a women diag-
nosed with mammary ductal carcinoma. Both types
of fibroblasts displayed a typical spindle-shaped mor-
phology (Fig. 3 A) whereas CAFs exhibited an increase
in actin organization featured by major actin stress-
fiber formation to sustain contractile activity (Fig. 3
B) and increased protein level expression of fibroblast-
specific markers such as fibroblast-specific protein-1
(FESP1), integrin subunit beta 1 (ITB1), platelet derived
growth factor receptor beta (PDGFR), alpha smooth
muscle actin (a-sma) compared to NFs (Fig. 3 C). Flow
cytometry analysis revealed no significant changes in
proportions of cells in the GO/G1, S, and G2/M phases
of the cell cycle compared to NFs (Fig. 3 D). Com-
paring the analysis of the different proteomes of NFs
and CAFs we identified 4992 proteins, as evidenced

Fig. 2 Proteomic comparison between MCF-7 P and YS breast cancer cells. A Heatmap representing supervised hierarchical clustering

of the significant and differentially expressed proteins between MCF-7 P and YS cells identified by LC-MS/MS analysis. The heatmap is shown

in red color for the upregulated proteins and in green for downregulated proteins. C Heatmap representing supervised hierarchical clustering
of the targets of interest for this study in the comparison between MCF-7 P and YS cells identified by LC-MS/MS analysis. The heatmap is shown
in red color for the upregulated proteins and in green for downregulated proteins. D Volcano plot representing all detected proteins in MCF-7 P
vs YS cells. The significant proteins are shown on the right (red dots, upregulated proteins) and on the left (blue dots, downregulated proteins).

The gray dots correspond to proteins whose expression did not significantly change according to the selected parameters. B Gene Ontology (GO)
analysis of proteins related to Pathway Maps according to Metacore. E Real time RT-PCR analysis of IGF-1R (Insulin Growth Factor-1 Receptor) mRNA
expression in MCF-7 P and YS cells. F Immunoblotting showing pIGF-1R and IGF-1R protein expression in MCF-7 P and YS cells. 3-actin was used
as a control for equal loading and transfer. The histograms represent the mean + SD of three separate experiments in which band intensities were
evaluated in terms of optical density arbitrary units (OD) and expressed as percentage of MCF-7 P cells which were assumed to be 100%. G Real
time RT-PCR analysis of IGF-1 (Insulin Growth Factor-1 Receptor) mRNA expression in MCF-7 P and YS cells. H Immunoblotting showing IGF-1 protein
expression in MCF-7 P and YS cells. B-actin was used as a control for equal loading and transfer. The histograms represent the mean +SD of three
separate experiments in which band intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as percentage

of MCF-7 P cells which were assumed to be 100%. | E-linked immunosorbent assay (ELISA) for IGF-1 content in MCF-7 P and YS cells. Each circle
represents one independent experiments. Data were analyzed using Student’s t test, and are presented as mean + SD of three independent
experiments each performed in triplicates. *p < 0.05; **p <0.001
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by volcano plot (Fig. 3 E). Out of them 2557 proteins
are significantly deregulated, as evidenced by heatmap
(Fig. 3 F). A clear distance between the two proteomic
profile is revealed by Principal component analysis
(PCA, Suppl. Figure 6 C). Among the 1121 upregulated
proteins we identified their substantial enrichments
in the Process Networks GOs and mainly related to
inflammation, neoangiogenesis and ECM/cytoskel-
eton/actin filaments functional interaction (Fig. 3 G).
In addition, direct interaction network (DIN) of the
deregulated proteins identified in the comparison
CAFs vs NFs gives relevance to the following proteins:
Fibroblast growth factor receptor (FGFR), yes-asso-
ciated protein 1 (YAP1), Jun Proto-Oncogene AP-1
Transcription Factor Subunit (c-Jun), E1A Binding
Protein P300 (P300) and SRY-Box Transcription Factor
9 (SOX9) (Supplementary Fig. 6). Among this central
hub it is worth to remark the widely well documented
functional interaction between the YAP/TAZ and
c-Jun AP-1 forming a complex that synergistically acti-
vates different target gene directly involved in the con-
trol of S-phases and mitosis [28]. Specifically, among
the 1121 upregulated proteins, we identified substan-
tial enrichment in Process Network GOs of those par-
ticularly involved to the inflammation, angiogenesis
and cytoskeleton interaction/ECM remodeling (Fig. 3
G). Among the 1136 downregulated proteins, those
enriching the network process were related to i) inhib-
itors of anti-inflammatory molecules e.g. p65 NF-KB
subunit; ii) Cell adhesion and cell matrix; iii) Proteoly-
sis and ECM remodeling; iv) proteolysis and connec-
tive tissue degradation, mostly involving the inhibitors
of proteinases (Fig. 3 H).

(See figure on next page.)
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Impact of MCF-7 YS breast cancer cells on the morphology
and functional properties of fibroblasts

The morphology of NFs exposed to CM derived from
MCEF-7 P and YS was evaluated by SEM. However, when
NFs were exposed to MCF-7 P-CM did not show any
noticeable morphological changes, in contrast noticeable
effects were significant evident in NFs exposed to CM YS.
In fact, they appeared more scattered with a disordered
arrangement of stress-contractile fibers inside the cyto-
plasm. In addition, at higher magnification NFs exposed
to both MCEF-7 P and YS-CM exhibited active ruffling
zones at their edges, which produced curling lamellipo-
dia (Fig. 4 A, left panel), due to the formation of F-actin
stress fibers were emphasized by the exposure of NFs to
MCE-7 YS-CM (Fig. 4 B, right panel), as confirmed by
their displayed contraction activity. This appears to con-
fer to NFs the morphological features of activated fibro-
blasts, as it has been revealed through SEM and F-actin
assays in CAFs (Fig. 4 A and B, right panels). The collagen
gels containing fibroblasts exposed to MCF-7 P-CM did
not show substantial changes, whereas gels containing
fibroblasts exposed to MCF-7 YS-CM showed a decrease
in diameters of 60%. This finding highlights the ability
of MCEF-7 YS-CM to stimulate fibroblast’s capability to
contract an in vitro extracellular matrix (Fig. 4 C). When
we analyzed cell cycle progression by using flow cytom-
etry analysis, we observed that upon exposure to MCF-7
P-CM and YS-CM, NFs exhibited a decrease in the num-
ber of cells in the GO/G1 phase and an increase in the
number of cells in the G2/M and S phases, particularly
under the latter condition (Fig. 4 D); while upon expo-
sure to MCF-7 P or YS-derived CM CAFs exhibited a
decrease in the number of cells in the GO/G1 phases and

Fig. 3 Characterization of normal fibroblasts (NFs) and cancer-associated fibroblasts (CAFs). A Representative SEM images of NFs and CAFs grown
in regular medium. Scale bar: 40 um. B Immunofluorescence staining of phalloidin stained F-actin (stress fibers, green) in NFs and CAFs grown

in regular medium. 4',6-Diamidino-2-phenylindole (DAPI) was used for nuclei detection (inset). C Immunoblotting showing fibroblast-specific
protein-1 (FSP1), integrin subunit beta 1 (ITB1), platelet derived growth factor receptor beta (PDGFR), alpha smooth muscle actin (a-sma) protein
expression in NFs and CAFs. B-actin was used as a control for equal loading and transfer. The histograms represent the mean + SD of three

separate experiments in which band intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as percentage

of NF cells which were assumed to be 100%. Each circle represents one independent experiments. Data were analyzed using Student’s t test,

and are presented as mean + SD of three independent experiments each performed in triplicates. **p < 0.01; ****p <0.0001. D NFs and CAFs were
stained with propidium iodide and analyzed by using a FACScan flow cytometer. The percentages of cells in the GO/G1, S, and G2/M phases are
reported. E Volcano plot representing all detected proteins in the comparison CAFs vs NFs. The significant proteins are localized on the right (red
dots, up-regulated proteins) and on the left (blue dots, down-regulated proteins). Gray dots correspond to not significantly proteins, accordingly
with selected parameters. F Heatmap representing supervised hierarchical clustering of the differentially expressed proteins between NFs and CAFs
identified by LC-MS/MS analysis. Heatmap shows red color for degree of upregulated proteins, while green for the degree of downregulated
proteins. Gene Ontology (GO) enrichment analysis of upregulated proteins (Fold cutoff > 2.5, G and downregulated (H) (Fold cutoff < 2.5) related

to Process Networks according to Metacore. Direct interaction network (DIN, orange boxes) constructed by processing the upregulated (Fold
cutoff>2.5, I and downregulated (Fold cutoff < 2.5, L proteins identified in the comparison between NFs and CAFs. The colors of the arrows indicate
positive (green), negative (red) or unknown (gray) effects of the different network items represented with different symbols (reported in the legend).
DIN upregulated proteins: c-Jun, AP-1, Stromelysin-1, HGF receptor (Met), Sequestosome 1(p62); DIN downregulated proteins: RelA (p65 NF-kB

subunit), NF-kB, HGF, HSF1, IL-6
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an increase in the number of cells in the G2/M phase to a
similar extent (Fig. 4 D). Both the exposure of fibroblasts
to CM obtained from MCEF-7 P and YS breast cancer cells
revealed that both CM were able to increase the growth
rate of NFs and CAFs, even though in a greater extent
upon exposure to MCF-7 YS-CM (Fig. 4 E). Interest-
ingly, only mutant-derived CM enhanced the cell viabil-
ity of both fibroblasts (Fig. 4 F). In addition, exposure to
CM-derived from MCE-7 P cells and to a higher extent
CM-derived from mutant-expressing cells enhanced the
motility of both NFs and CAFs (Fig. 4 G). Boyden cham-
ber transmigration assays confirmed that only mutant
cells promoted fibroblast migration (Fig. 4 H).

Thus, we demonstrated, for the first time, that the
MCE-7 YS mutant cells might switch the NF functional
properties towards those featuring CAF phenotype.

Despite the not substantial changes in proteomic pro-
file of NFs in presence of MCF-7P CM, a cluster of pro-
teins appeared to be specifically deregulated in NFs
exposed to MCF-7YS CM overlapping CAF phenotype
(Supplementary Fig. 7), as also emphasized in volcano
plot (Fig. 5 A). Interestingly, among the 1432 identi-
fied proteins (FDR 1% and Fold Change+2.5 we found
that there was an overlap of 193 deregulated proteins
shared between NFs treated with YS-CM and CAFs as
evidenced by Heatmap (Fig. 5 B). For instance, Princi-
pal Component Analysis (PCA) plot of NFs-CM YS, NFs
and CAFs samples showed that PC1 dimension high-
lights similarity between NF-CM YS and CAF groups,
which are clearly separated from the NF group. The sec-
ond dimension explains a lower portion of total variance
and is mainly related to differences between NF-CM YS
group and the remaining two groups (NFs and CAFs)
(Suppl. Figure 6 A). Particularly, out of the deregulated
proteins: 113 proteins were upregulated and 80 pro-
teins were downregulated shared between NFs exposed
to the MCF-7 YS-CM and CAFs with respect to NFs
alone. The upregulated proteins enriched particularly GO

(See figure on next page.)
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"process network" analyzed by Metacore and appeared to
be involved in several processes, such as inflammation,
angiogenesis and cytoskeleton interaction/ECM remod-
eling (Fig. 5 C). Here we reported the expression of pro-
teins well representative of these mentioned processes
as such as inflammation (e.g. CXCLS8, PTGS2, PTGES5),
angiogenesis (e.g. AMOTL2, EREG) and cytoskeleton
interaction/ECM remodeling (e.g. PLOD, MXRA7, CTN-
NALI1, CDC42EP4 and YAP1) shared between the two
proteomes of NFs-treated with YS CM and CAFs respec-
tively (Fig. 5 D). The Direct Interaction Network (DIN)
of upregulated proteins analyses revealed the protein
YAP1 as the main central hubs, which was 5 fold increase
in NFs exposed to CM YS and 3.7 fold in CAFs respect
to NFs (Fig. 5 E). Among the 80 downregulated proteins
shared between NFs-CM YS and CAFs with respect to
NFs alone we evidenced how these proteins enriched the
GO Process Network and are mostly related to the pro-
teinase inhibitors (Supplementary Fig. 8).

Evidence that MCF-7 YS BC modulates YAP1 expression

in fibroblasts

YAP1 and its paralog transcriptional coactivator with
PDZ-binding motif (TAZ) are key factors in the Hippo
pathway. YAP1 is known to respond to and influence
matrix stiffening, cancer invasion, angiogenesis, stem cell
properties and metastasis. In particular, its intrinsic abil-
ity to modulate ECM stiffness makes YAP1 as a CAF sig-
nature [29].

It is widely acknowledged that YAP/TAZ co-activates
Tead 1-4, which in turn regulates the expression of sev-
eral genes by binding to MCAT elements located in their
promoter or enhancer regions [30]. Intriguingly the
luciferase activity of the MCAT element-driven lucif-
erase reporter construct was strongly increased in NFs
exposed to MCF-7 YS-CM (Fig. 6 A), concomitantly
with an enhanced protein expression of YAP1 working
as an active transcriptional factor (Fig. 6 B). The latter

Fig. 4 Biological effects of MCF-7 P and MCF-7 YS CM on NFs and CAFs. A Representative SEM images of NFs and CAFs treated without (-)

or with (+) CM derived from MCF-7 P and YS for 5 days. Scale bar=40 um (500x) and 6 um (4000x). B Immunofluorescence staining of phalloidin
staining of F-actin (stress fibers, green) in NFs and CAFs treated without (-) or with CM derived from MCF-7 P and MCF-7 YS for 5 days.
4',6-Diamidino-2-phenylindole (DAPI) was used for nuclei detection (inset). C Representative images of a gel contraction assay. The histogram
represents the gel area of NFs treated without (-) or with (4) CM derived from MCF-7 P and YS at 24 h. CAFs have been included as positive
control. D NFs and CAFs treated without (-) or with (+) CM derived from MCF-7 P and YS 5 days were stained with propidium iodide and analyzed
by using a FACScan flow cytometer. The percentage of cells in the GO/G1, S, and G2/M phases is reported. E Viability assay in NFs and CAFs
treated without (-) or with (+) CM derived from MCF-7 P and YS for 5 days. Live cells were counted after 5 days of treatment. F Clonogenic assay
in NFs and CAFs treated without (-) or with (+) CM derived from MCF-7 P and YS for 5 days. Colonies were stained with 0.01% (w/v) crystal violet,
solubilized and measured the absorbance at 570 nm through the microplate reader. G Wound healing assay in NFs and CAFs treated without (-)
or with (+) CM derived from MCF-7 P and YS with images captured at time O (inset) and after 12 h. H Transmigration assays in NFs and CAFs treated
without (-) or with CM derived from MCF-7 P and MCF-7 YS for 24 h. The migrated cells were DAPI-stained, counted and images were captured

at 10x magnification. Each circle represents one independent experiments. Data were analyzed using one-way ANOVA with Tukey’s multiple
comparisons post hoc test. Data are presented as mean values+SD. *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001
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event was confirmed by the concomitant upregulation of
canonical YAP]1 target genes such as CYR61 and CTGF
(Fig. 6 B). All this fits with the immunofluorescence assay
demonstrating that YAP1 mostly localizes to the nuclear
region of NFs exposed to the MCF-7 YS-CM (Fig. 6 C). In
the same circumstances, we observed that the enhanced
expression of YAP1 in NFs exposed to MCF-7 P-CM and
in a higher extent to MCF-7 YS-CM was concomitant
with an increased cell motility [31]. The latter event was
reversed in the presence of Verteporfin, a FDA-approved
drug inhibitor of YAP/TAZ transcriptional activity. This
recalls the role of YAP/TAZ cotranscription factor to
guarantee the cytoskeletal/focal adhesion equilibrium
enabling persistent cell motility Fig. 6 D).

All these data highlight the crucial role of YAP1 in con-
ferring the characteristics of activated fibroblasts to NFs
after their exposure to mutant CM.

The potential role of IGF-1 derived from MCF-7 YS-CM

in modulating YAP1 expression in NFs

YAP1 signaling does not have a unique extracellular
hippo specific link. Thus, it has been suggested that its
activation may depend on the crosstalk with other onco-
genic drivers and signaling contributing to YAP/TAZ
activity, such as receptor tyrosine kinase signaling, even
though the detailed mechanisms involved remain to be
clarified [32]. Recently, insulin-like growth factor recep-
tor (IGF-1R) signaling has been reported to be a negative
regulator of Hippo-YAP signaling resulting in increased
YAP1 expression [33]. Here we reported in a serum free
medium how IGF-1 treatment for 5 days is able to per
se upregulate YAP expression in a dose related manner
(Supplementary Fig. 9). This led us to investigate whether
the upregulation of YAP1 observed in the NFs exposed
to MCE-7 YS-CM could be influenced by the content of
IGF-1 present in the same CM. Thus, we treated NFs with
MCE-7 P-CM and YS-CM immunodepleted of IGF-1
as confirmed by ELISA assay (Fig. 7 A). Our data clearly
showed that the immunodepletion of IGF-1 reduced

(See figure on next page.)
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YAP1 expression in NFs and to a greater extent when
they were exposed to MCF-7 YS-CM, concomitantly
with the reduced expression of classical YAP1-dependent
genes CYR61 and CTGE, suggesting the involvement of
IGF-1 in the paracrine regulation of YAP1 expression and
transcriptional activity in fibroblasts (Fig. 7 B).

These data sound also relevant in the clinical setting
since high levels of both IGF-1/CTGF and IGF-1R/CTGF
are associated with poorer clinical outcomes in breast
cancer patients in terms of post-progression survival
(PPS) (Supplementary Fig. 10).

Evidence that MCF-7 YS BC cells potentiate their own
intrinsic aggressive properties upon exposure to fibroblast
conditioned media

The same experimental coculture condition were used
to investigate how the CM from fibroblasts influence
the morphology, cell cycle, proliferation, migration
and invasion of mutant cells. Upon exposure to the
NFs- and CAFs-CM, both MCEF-7 cell lines exhibited
elongated or spindle-like morphology with lamellipo-
dia. These latter effects were more evident in the pres-
ence of CAFs-CM conferring to the MCF-7 YS cells a
more pronounced EMT morphology with fewer globu-
lar shaped cells, a less cell-cell contacts and acquired
elongated form with lamellipodia (Fig. 8 A). Cytofluo-
rometric analysis revealed that compared to NFs-CM,
CAFs-CM reduced the percentage of YS-expressing
cells in the GO/G1 phase of the cell cycle and increased
the percentage of cells in the S and G2/M phases,
whereas these effects were no longer observed in
MCE-7 P cells (Fig. 8 B). Compared with those of the
parental cells, the growth rate of the mutant YS cells
increased in an anchorage-dependent manner and an
anchorage-independent manner (Fig. 8 C and D) in the
presence of both NFs-CM and CAFs-CM with respect
to the parental cells. Moreover, our results showed
that compared with NFs-CM, CAFs-CM increased the

Fig.5 Proteomic analysis revealed proteomic similarity between NFs exposed to YS-CM and CAFs. A Volcano plot of representing all detected
proteins in the comparison CAFs vs NFs. The significant proteins are localized on the right (red dots, upregulated proteins) and on the left (blue
dots, downregulated proteins). Gray dots correspond to not significantly proteins, accordingly with selected parameters. This Volcano plot includes
among the up (light green dots) and downregulated proteins (brown dots) those shared with NFs following their exposure to MCF-7 YS-CM
reflecting in such condition their transition into CAF phenotype. B Heatmap representing supervised hierarchical clustering of the differentially
expressed proteins (Fold cutoff +2.5) between NFs treated with CM derived from MCF-7 YS for 5 days and CAFs vs NFs identified by LC-MS/

MS analysis. The heatmap is shown in red for the degree of upregulated proteins and in green for the degree of downregulated proteins (C). C

GO enrichment in Process Networks of upregulated proteins (Fold cutoff > 2.5) was shown. D Heatmap of the most representative upregulated
proteins (Fold cutoff > 2.5) of the different functional categories reported in the GO “process network”. E Direct interaction network constructed

by processing the upregulated proteins identified in the comparison between NFs treated with CM derived from MCF-7 YS vs NFs (Fold cutoff>2.5).
The colors of the arrows indicate positive (green), negative (red) or unknown (gray) effects of the different network items represented with different
symbols (reported in the legend). DIN (orange boxes): YAP1 (YAp65), SLC7AS5, CSDA, Maff, AMOTL2
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number of migrated and invaded cells in both cell lines
but to a greater extent in mutant cells (Fig. 8E and F).

These data suggest a potential role of CAFs in poten-
tiating the aggressive phenotype of mutant cells.

All this led us to ascertain in vivo the major capabil-
ity of CAFs in potentiating the aggressive phenotype of
mutant cells with respect of NFs. To this aim MCEF-7
P and MCEF-7 YS were co-implanted, respectively, with
CAFs (ratio 1:3) in the mouse orthotopic region and
tumor growth was monitored. Our data demonstrated
a significant early increase in relative tumor growth
only in mutant cells co-implanted with CAFs (Fig. 9
A and B). A histological and morphological evaluation
was conducted using hematoxylin and eosin staining,
particularly for cytokeratin 18, to confirm the epi-
thelial origin of implanted human breast cancer cells,
while the immunostaining of a-smooth muscle actin
(a-SMA) utilized a specific sma human antibody was
performed to identify the implanted human cancer-
associated fibroblasts (Supplementary Fig. 11 A). How-
ever, it was intriguing to observe a significant increase
in alpha-SMA immunoreactivity in MCF-7 YS cells
co-implanted with CAFs, suggesting that an increase
of CAF cell number occurred following the start of
implantation (Supplementary Fig. 11 B). In the same
experimental conditions, we observed an increase of
Ki-67, a widely used marker of proliferative human
tumor cells, in mice co implanted with MCF-7 YS and
CAFs compared to their parental counterparts (Supple-
mentary Fig. 12).

Then we moved to assess how the CAFs may influence
the intrinsic metastatic potential of mutant cells com-
pared to parental cell as previously described [8]. To this
aim, the mutant and parental cells where pre-treated for
5 days with CM derived from NFs and CAFs, respectively,
and then injected into nude mice via the median tail vein
for assessment of lung metastatic colonization. H&E
staining showed that MCE-7 P cells display a significant
increased number of metastases only when treated with
CAFs-CM for lung sections. On the contrary, MCF-7 YS
mutant cells display an intrinsic a higher metastatic bur-
den with respect parental counterpart, which was further

(See figure on next page.)
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augmented upon NFs-CM and markedly increased upon
CAFs-CM (Fig. 10 A and B).

Discussion

It is well documented how aggressiveness of somatic
mutations in the ESRI gene is a major contributor to
endocrine resistance and worst clinical outcome in meta-
static breast cancer patients [34—37].

Previously MCE-7 Y537S breast cancer cells have been
widely investigated for their intrinsic tumorogenic prop-
erties without considering their functional interactions
with TME. Now, we became aware that Y537S-mutant
expressing breast cancer cells may potentially reprogram
their surrounding ecosystem. Here, for the first time, we
demonstrated how Y537S-expressing cells drastically
modify fibroblasts behavior, converting normal fibro-
blasts into cancer-associated fibroblasts, wherein the
YAP/TAZ system raises as a crucial mediators of this
phenotypic transition.

Fibroblast biology is deeply connected to the extra-
cellular matrix (ECM) because fibroblasts are the main
cell type responsible for ECM production. In the con-
nective tissue in several fibrotic pathologies, fibro-
blasts are found in an activated form and drive ECM
cross linking and stiffening [38]. In turn, a stiffer ECM
activates a fibrotic positive feedback loop by sustain-
ing fibroblast activation which maintains or amplifies
the disease [39]. Activated fibroblasts or CAFs play
an active role in remodeling the TME and producing
soluble factors ultimately conspiring with cancer cells
to promote migration and metastatic behavior. Our
present findings demonstrate that normal fibroblasts
exposed to the conditioned medium of Y537S appear
clearly more stretched on their ECM assuming a more
expanded leaf of a similar shape instead of the spindle
shape observed in the fibroblast controls. In the same
condition, they acquired highly contractile phenotype
exhibiting a myogenic differentiation of actin bubbles
and stress fibers quite similar to those observed in can-
cer-associated fibroblasts reinforcing the most broadly
accepted hypothesis that the majority of CAFs likely
originate from the activation of local tissue resident

Fig.6 YAP1 is a potential mediator of fibroblast/MCF-7 YS interplay. A NFs were transiently transfected with an MCAT-driven luciferase promoter
and treated (+) or not (-) with MCF-7 P and YS-CM for 24 h. B Immunoblotting showing YAP1 and its canonical target genes CYR61 and CTGF in NFs
treated (+) or not (-) with MCF-7 P and Y5375-CM for 5 days. The histograms represent the mean =+ SD of three separate experiments in which band
intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as percentage of NF untreated cells (-) which were assumed
to be 100%. C Immunofluorescence analysis of YAP1 in NFs treated (+) or not (-) with MCF-7 P and YS-CM for 5 days. DAPI was used for nuclear
staining. Nuclear Yap was quantified in six different fields per condition using ImageJ as described in material and methods. D Wound healing assay
in NFs treated without (-) or with (+) CM derived from MCF-7 P and YS, in the presence of verteporfin (VPF) 100 nm with pictures captured at time

0 (inset) and after 12 h. Each circle represents one independent experiments. Data were analyzed using one-way ANOVA with Tukey's multiple
comparisons post hoc test. Data are presented as mean values+SD. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001
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fibroblasts. The proteomic profile reveals that a cluster
of protein which in NFs upon MCF7 P-CM exposure
did not exhibit any substantial change, appear to be up
regulated upon YS-CM displaying a pattern of expres-
sion similar to that revealed by CAFs with respect to
NFs. These upregulated proteins are mostly involved
in inflammatory, neoangiogenesis and in ECM remod-
eling and cytoskeleton organization signaling. The
direct interaction network (DIN) analysis of the pro-
teins upregulated in NFs exposed to YS-CM according
to Metacore gives the major relevance to YAP protein,
which enhanced expression is confirmed in terms of
protein content and also coincides with its enhanced
cotranscriptional activity. YAP1 and TAZ are the main
effectors of Hyppo signaling which are an evolutionarily
conserved regulatory factor of tissue growth related to
cell fate and is regulated mainly by the actin cytoskel-
eton and cellular tension [40-42]. YAP/TAZ are nega-
tively regulated when phosphorylated by LATS1/2,
which are in turn regulated by MST1/2. Phosphoryla-
tion of YAP1 and TAZ is associated with their accu-
mulation in the cytoplasm, blocking their binding to
TEAD and other proteins, thus impairing their co-
transcription activity [29]. YAP/TAZ are thought to be
somehow redundant and similarly regulated by Hippo
signaling. However, even though the main Hippo path-
way effector YAP1 and TAZ are master regulators for
multiple cellular processes, several evidences address
that YAP1 has a stronger influence than TAZ. In the
same vein, the DIN of deregulated proteins in CAFs
vs NFs places YAP/TAZ and c-Jun proto-oncogene of
AP-1 transcriptional factor as central hub also con-
firmed within the net of upregulated proteins in CAFs
vs NFs. All this recalls the well-known functional inter-
actions between YAP/TAZ and AP-1 in controlling cell
cycle and cell proliferation [43] as well as in the regula-
tion of the activity ROCK-RAC/CDC42 complex driv-
ing cell migration and invasion [44]. YAP/TAZ when
phosphorylated by LATS1/2, that are in turn regulated
by MST1/2, accumulates in the cytoplasm, blocking
their binding to TEAD and other proteins, thus impair-
ing the activation of transcription [29]. YAP1 is pre-
dominantly cytoplasmic in fibroblasts but accumulates
in the nucleus in the CAFs [45]. Immunofluorescence

(See figure on next page.)
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revealed how the exposure of NFs to MCF-7 YS-CM,
compartmentalizes YAP1 mostly in the nucleus sus-
taining its transcriptional activity thus regulating cell
adhesion.

Cellular mechanosensing relays on the interplay
between cell-generated traction forces and resisting
forces within the ECM. Integrins bind the ECM at their
extracellular site and the f-actin site cytoskeleton with
other adapter protein at their intracellular site. Actin-
myosin contractions of the integrin adhesion on the
resistant attached matrix bring to the alteration of inte-
grin adhesion, their size, strength, and dynamics [46].
Thus, YAP1 seems to “tune” fibroblast actin-myosin
contractility maintaining contractile fibroblasts into a
self-sustaining and persistent feed-forward loop. All
this would ensure a YAP1 mediated fibroblasts tuning,
sustaining ECM remodeling and stiffening which drives
tumor progression. So, cells tension tuned to the stiff-
ness of the ECM engage actin-myosin contractility path-
ways and fosters the assembly of integrin focal adhesions
[47-49].

In response to extracellular forces the integrin-Rho-
RAC-/ROCK/Actin core engine also appears to be
involved in the conversion of NFs into CAFs in the tumor
stroma [50]. It was highlighted that when the YAP1
expression is increased in NFs they were converted into
CAFs as confirmed by their specific markers [49, 50].

It is worth to remark how the reported enhanced
expression of YAP1 in NFs exposed to MCF-7 Y537S-
CM was concomitant with that of two classical depend-
ent genes CCN1 and CCN2 [51]. Both genes are involved
in modulating ECM production and themselves respon-
sive in mechanotrasduction signaling generating isomet-
ric tension within the cells and actin-rich structure called
invadosome that are composed of invadopodes and
podisomy [29, 49]. All this indicates how YAP1 is fully
involved in promoting CAF invasiveness.

YAP1/TAZ also, in breast cancer, sustains the pro-
duction of laminin511 cotranscriptional activity, which
results in autocrine activation of integrins that feedback
on YAP1/TAZ to sustain breast cancer cell motility [52].
However, a direct role of YAP1 cotranscriptional activ-
ity in modulating cell motility raised by the fact that it
controls gene expression involved in cytoskeleton/focal

Fig. 7 Paracrine effects of IGF-1 on YAP1 expression in fibroblasts. A Enzyme-linked immunosorbent assay (ELISA) for IGF-1 protein secretion

in MCF-7 P and YS cancer cells. BImmunoblotting showing YAP and its canonical target genes CYR61 and CTGF in NFs treated (+) or not (-)

with MCF-7 P and YS-CM immunodepleted or not of IGF-1. The histograms represent the mean+SD of three separate experiments in which band
intensities were evaluated in terms of optical density arbitrary units (OD) and expressed as percentage of NF untreated cells (-) which were assumed
to be 100%.. Each circle represents one independent experiments. Data were analyzed using one-way ANOVA with Tukey’s multiple comparisons
post hoc test. Data are presented as mean values+SD. *p < 0.05; **p <0.01; **p <0.001; ***p <0.0001
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adhesion equilibrium enabling in such way persistent cell
motility [31]. Indeed, when we used an inhibitor of YAP1
transcriptional acitivity, verterporfin, in fibroblasts upon
exposure to MCF-7 YS-CM, the observed increased cell
motility was no longer noticeable. Given that the Hyppo-
YAP1 signaling pathway does not have a unique extracel-
lular “hyppo” specific ligand [32] as a specific membrane
receptor, its activation may depend on cross-talk with
other oncogenic drivers contributing to YAP1/TAZ activ-
ity, such as receptor tyrosine kinase (RTK) signaling [41].
Recently, several transmembrane proteins, including EGF
and G protein-coupled receptor (SPCRS) and G protein
complex receptor (SPCK) have been reported to partici-
pate in the regulation of Hyppo-YAP1 signaling; however,
the detailed mechanism involved remains to be clarified
[53, 54]. IGF1-R acts as an upstream negative regulator
of Hyppo-YAP1 signaling resulting in increased YAP1
expression [32, 33]. Within the proteomic profile the
GO enrichment analysis of up-regulated proteins of YS
human mutant breast cancer cells displays an intrinsic
potentiated IGF-1/IGF-1R signaling, ranked at the sec-
ond position of Pathway Maps fitting with an enhanced
protein content and phosphorylated status of IGF-1R
and confirming previous data obtained by us and other
authors [8, 11, 13]. The involvement of IGF-1 in the
regulation of YAP expression raises in the present study
by the evidence that in NFs exposed to MCF-7 YS-CM
the upregulation of YAP1 expression together with the
expression of its classical target genes CYR61 and CTGF
was reversed when the same medium was immunode-
pleted of IGF-1. It has been reported that the depletion of
IGF-1R by shRNA or specific inhibitors decreases YAP1
expression. In contrast, the addition of IGF-1 upregu-
lated and enhanced its nuclear localization [55]. Data
mining of clinical breast cancer specimens revealed that
basal-like breast cancer patients with high level of IGF-1
and YAP1 have been associated with poorer overall sur-
vival [55]. The activation of normal fibroblasts into CAFs
can result in the generation of abundant tumor pro-
moting factors and facilitate the malignant behavior of
tumor cells through a complicated paracrine network.
Indeed, the proteomic analysis of significantly downreg-
ulated proteins in fibroblasts exposed to MCF-7 YS CM

(See figure on next page.)
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revealed a significant decrease in the expression of pro-
tease inhibitors, similar to what was observed in CAFs
in basal conditions. The activities of metalloproteinases
are regulated by proteolytic activation and inhibition via
their natural inhibitors TIMPs. An imbalance of activa-
tion and inhibition may hamper ECM equilibrium and
is responsible for the progression of cancer [56]. Indeed,
it is well known that the metalloproteinases (MMPs)
directly regulate angiogenesis through MMP-2, MMP-9
and MMP-14, which are fundamental steps of tumor
growth [56]. All this addresses how in such circum-
stances proteases released by fibroblasts upon MCF-7 YS
exposure and by CAFs may be dismissed in an amount
exceeding their homologous inhibitors enhancing in such
way the burden malignancy of tumor microenvironment.
All these are in accordance with the findings of the pre-
sent study evidencing the capability of NFs exposed to
the MCF-7 YS CM to contract a collagen gel reproduc-
ing the ECM in vitro, a typical functional feature of acti-
vated fibroblasts. Moreover, the important role of CAFs
in sustaining the aggressive behavior of mutant-express-
ing cells came from the evidence that CAFs when co-
implanted with YS in nude mice significantly increased
tumor growth with respect to that observed in the pres-
ence of YS alone. In the same vein, we demonstrated how
the intrinsic metastatic properties of mutant cells were
drastically increased following the exposure to the con-
ditioned medium of CAFs with respect to that observed
following the exposure to CM of normal fibroblasts.

Conclusions

1- Thus, in the present study, we demonstrated that
Y537S mutant cells, which are mostly present in
metastatic breast cancers induces a strong increase of
the number of CAFs in the TME as a consequence
of their enhanced proliferation and increased con-
version from NFs “reprogrammed upon their condi-
tioned media”

2- The Y537S-induced conversion of NFs into CAFs
is crucially mediated by the activated intrinsic YAP1
trasduction pathway, which is recognized as the main
regulator of fibroblast stretching as well as of their

Fig. 8 Biological effects of NFs-CM and CAFs-CM on MCF-7 P and MCF-7 YS cells. A SEM images of MCF-7 P and YS cells treated

with NFs- and CAFs-CM for 5 days. Scale bar: 20 um. B MCF-7 P and YS cells treated without (-) or with (+) CM derived from NFs and CAFs for 5 days
stained with propidium iodide and analyzed by using a FACScan flow cytometer. The percentages of cells in the GO/G1, S, and G2/M phases

are reported. C Viability of MCF-7 P and YS cells treated without (-) or with NFs- and CAFs-CM for 5 days. Live cells were counted after 5 days

of treatment. D Soft agar growth assays in MCF-7 P and YS cells treated with NFs- and CAFs-CM. After 14 days of growth, colonies>50 um

in diameter were counted. Transmigration (E) and invasion (F) assays of MCF-7 P and YS cells treated without (-) or with NFs- and CAFs-CM for 24 h.
Each circle represents one independent experiments. Data were analyzed using one-way ANOVA with Tukey’s multiple comparisons post hoc test.

Data are presented as mean values+SD. *p < 0.05; **p <0.01; ***p < 0.001; ****p <0.0001
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Fig. 9 Effects of CAFs on the growth of MCF-7 P and YS xenograft tumors. MCF-7 P (A) and YS (B) cells were injected alone or coinjected with CAFs
(MCF-7/CAFs) orthotopically into nude mice (5 mice/group). The relative tumor volume (RTV) was calculated from the following formula: RTV = (Vx/
V1), where Vx is the tumor volume on day X and V1 is the tumor volume at initiation of the treatment for each group. Y axis: the mean and +SD
of the RTV. Data were analyzed using student t test. Data are presented as mean values+SEM. *p <0.05; **p < 0.001

cytoskeleton adaptation, their cell shape spread and 4- Our present results call back accumulating evi-
cell motility. dence showing how the enhanced expression of
3- The YAP1-mediated transition of NFs into CAFs YAP1 promotes proliferation and epithelial mes-
appears to involve IGF-1 present in the MCEF-7 enchymal transition in different solid tumors [57,
Y537S CM. 53]. Here we demonstrated that YAP/TAZ TEAD

(See figure on next page.)

Fig. 10 Impact of NFs- and CAFs-CM on breast cancer metastasis in vivo. A Representative images of hematoxylin and eosin stained lung tissues

of mice after 28 days from injection with MCF-7 P and MCF-7 YS untreated (-) or treated with NFs-CM and CAFs-CM for 5 days. Scale bars: 3 mm. B
The histogram represents the number of metastatic lesions per lung section. Each circle represents the number of lung sections analyzed for each
animal. Data were analyzed using one-way ANOVA with Bonferroni's multiple comparisons test. Data are presented as mean values +SD. *p < 0.05;
*5 <0.001; ***p <0.0001
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complex in fibroblasts is a crucial modulator of
the stimulatory effects of mutant cells on CAF
proliferation. In such circumstances, it emerges
how the block of YAPI signaling may break down
the bidirectional functional interaction between
mutant cells and fibroblasts, weakening markedly
breast tumor burden malignancy. Thus, the latter
approach could be reasonably implemented in the
novel therapeutic strategies of a subset of MBC
patients carrying the frequent Y537S mutation.
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