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Breast cancer remains the greatest cause of cancer-related death in women
worldwide. Its aggressiveness and progression derive from intricate pro-
cesses that occur simultaneously both within the tumour itself and in the
neighbouring cells that make up its microenvironment. The aim of the pre-
sent work was firstly to study how elevated cholesterol levels increase
tumour aggressiveness. Herein, we demonstrate that cholesterol, by activat-
ing ERRa pathway, promotes epithelium-mesenchymal transition (EMT)
in breast cancer cells (MCF-7 and MDA-MB-231) as well as the release of
pro-inflammatory factors able to orchestrate the tumour microenviron-
ment. A further objective of this work was to study the close symbiosis
between tumour cells and the microenvironment. Our results allow us to
highlight, for the first time, that breast cancer cells exposed to high choles-
terol levels promote (a) greater macrophages infiltration with induction of
an M2 phenotype, (b) angiogenesis and endothelial branching, as well as
(¢) a cancer-associated fibroblasts (CAFs) phenotype. The effects observed
could be due to direct activation of the ERRa pathway by high cholesterol
levels, since the simultaneous inhibition of this pathway subverts such
effects. Overall, these findings enable us to identify the cholesterol-ERR«
synergy as an interesting target for breast cancer treatment.

Introduction

The exact mechanisms underlying the onset, develop-
ment and progression of breast cancer remain poorly

Abbreviations

understood. In fact, there are several signalling path-
ways that contribute to these processes [1-3]. Within
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Cholesterol role in breast cancer aggressiveness

them, of note there are nuclear receptors which act as
transcription factors by regulating the expression of
specific genes involved in pathophysiological processes
[4-6]. In particular, we focused our attention on
oestrogen-related receptor alpha (ERRa), an orphan
nuclear receptor, without a natural ligand in vivo.
Cholesterol was recently identified by Wei et al. [7] as
an endogenous ligand, acting as a agonist to this
receptor. ERRa is structurally related to ERa, but the
typical ligands of the latter, such as 17-p-oestradiol,
are unable to activate it as the ligand binding site is
different. ERRa’s transcriptional activity immediately
attracted considerable attention in the research world
[8-12]. In fact, since the first identification of ERRa, a
growing number of reports have described its function
in important physiological and metabolic processes
such as bone homoeostasis or autophagy [13-15]. At
the same time, in recent years, there have been many
reports in which the ERRa signalling pathway is asso-
ciated with important pathological processes such as
tumorigenesis [16,17], as ERRa expression has been
found to be dysregulated in colon, endometrial, pros-
tate, ovarian and breast carcinoma, while its levels are
negatively correlated with patient survival [18-20].

Recently, we demonstrated that high cholesterol
concentrations increase ERRa expression levels with
further activation of a dense signalling network able to
induce greater development and progression of breast
cancer regardless of molecular subtype [21]. Further-
more, the activation of the ERRa signalling network
was found to be related to metabolic switches which
can cope with both the considerable metabolic require-
ment needed to sustain the marked neoplastic prolifer-
ation and progression, typical of cancer and the
noticeable production of lipid droplets [21]. Taken
together, these features confer greater resistance to the
normal therapeutic regimens currently used for breast
cancer treatment [21].

However, the mechanisms underlying neoplastic
development and progression are not limited only to
cancer cells but also extend to the environment sur-
rounding the tumour, the so-called tumour microenvi-
ronment (TME) [22,23]. Since the seed and soil theory
was proposed by Paget a century ago [24,25], research
has led to a significant increase in our knowledge of
the tumour ‘seed,” but little is still known about the
‘soil,” that is the microenvironment, the stromal cells
surrounding the tumour, in particular with regard to
the exact mechanisms by which once it has been
affected by cancer cells, the microenvironment pro-
motes their progression.

There are numerous reports describing the close
symbiosis that is created between tumour cells and the
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microenvironment [25,26]; indeed, the tumour exploits
this, thus ensuring greater cancer cell progression, as
well as their increased ability to disseminate through-
out the body. Macrophages, endothelial cells and
fibroblasts are the main microenvironment compo-
nents, which are found to actively collaborate with
tumour cells [27,28].

In this regard, once tumour-associated macrophages
(TAMs) are affected by factors released by the
tumour, they induce a pro-tumorigenic inflammation,
subverting the healthy cells that make up the neigh-
bouring tissue [29]. On the other hand, endothelial cell
activation causes strong intratumoral angiogenesis,
giving the tumour itself an advantage in terms both of
development, through the intake of oxygen and nutri-
ents, and dissemination, due to the entry of cancer
cells into the bloodstream [30]. Acting as a ‘glue’
between the two cell types are cancer-associated
fibroblasts (CAFs). They are the major stromal com-
ponent surrounding the tumour, providing it not only
with mechanical support but controlling and coordi-
nating all the other above-mentioned tumour microen-
vironment cells, in order to promote neoplastic
progression [31,32].

Therefore, the study of the metabolic reprogram-
ming of cancer cells cannot disregard the close symbio-
sis between the microenvironment and the tumour in
order to better characterize the phenotype and identify
new and efficient therapeutic targets.

It is precisely by examining the symbiosis between
breast cancer and its microenvironment that in the
present work we sought to unmask how, by activating
the ERRa pathway, high cholesterol levels promote
breast cancer progression. To this purpose, we aimed
both to evaluate whether ERRa pathway activation,
mediated by high cholesterol levels, could induce
epithelial-mesenchymal transition (EMT) in breast can-
cer cells and to assess whether these cells were able to
create a microenvironment that could promote their
progression.

The main goal was to establish that the ERRa sig-
nalling network should be assumed to be a key target
in breast cancer treatment.

Results

Cholesterol contributes to the EMT induction

The effects of high cholesterol levels in promoting
epithelial-mesenchymal transition (EMT) in breast can-
cer cells were evaluated using real-time PCR assay and
immunoblot analysis. Treatment of MCF-7 (ERa+)
and MDA-MB-231 (triple negative) breast cancer cells
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with 10 pm cholesterol, a concentration able to activate
ERRa as previously reported [21,33,34], showed that
several markers typical of the EMT-associated path-
way were over-expressed (Fig. 1).

The markers were evaluated at the transcriptional
level, by quantifying the mRNA levels through qPCR
experiments, as well as at the translational level by
evaluating the protein expression levels with immuno-
blot assay. In detail, the MCF-7 cells treated with
cholesterol showed a marked increase in the expression
levels of vimentin, two-fold compared to the control,
matrix metalloproteinases-9 (MMP-9), about 8-fold
compared to the control, Zinc finger E-box binding
homeobox 1 (ZEB-1), two times with respect to con-
trol and a slight reduction of E-cadherin levels, at a
translational and transcriptional level (Fig. 1 panels A,
D). Similar results were observed in MDA-MB-231
cells, with an increase in the expression levels of
vimentin, three times with respect to control, matrix
metalloproteinases-9 (MMP-9), two-fold compared to
the control, Zinc finger E-box binding homeobox 1
(ZEB-1), about two-fold compared to the control and
a slight reduction of E-cadherin expression observed
just at transcriptional level, since E-cadherin, a protein
already very poorly expressed in this cell line, was not
detectable at translational level. In order to quantify
the secretion levels and activity of MMP-9, the culture
media of the tumour cells treated or not with choles-
terol was used for the zymography assay (Fig. 1 panel
F). Moreover, given the MCF-7 cells’ poor ability to
release MMP-9 into the culture media, in order to
ensure an appreciable basal expression level thereof,
the cells were simultaneously treated with phorbol
12-myristate 13-acetate (PMA), which is known to
increase secretion of matrix metalloproteinase-9. Both
cell lines showed that MMP-9 secretion in the culture
media of cells treated with cholesterol was higher
about 1.5-fold than in the respective baseline controls.
Based on these results and in order to ascribe the abil-
ity to activate EMT processes to the cholesterol-ERRa
synergy, we used 5 pm XCT-790, a known ERRa
inverse agonist. To this end, breast cancer cells were
treated with cholesterol in the presence of XCT-790 in
order to inhibit the signalling induced by ERRa. The
results (Fig. 1 panel A) highlighted that vimentin and
E-cadherin levels remain stable after cholesterol and
XCT-790 co-treatment, confirming dependence on the
ERRa pathway. Conversely, expression levels of ZEB-
1 and MMP-9, albeit to a lesser extent, also increase
in the presence of XCT-790 (Fig. 1), highlighting that
some effects mediated by cholesterol in perturbing
EMT-related pathways may be independent from the
ERRa pathway. XCT-790 is widely used to inhibit
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ERRa signalling, but it is also associated with other
off-target effects such as inhibition of mitochondrial
energy production [35]. On this basis, we checked the
effects of cholesterol on MCF-7 cells silenced for
ESSRA coding for ERRa, in order to confirm choles-
terol effects and to validate the use of XCT-790 as an
ERRa inhibitor in our conditions. Firstly, ERRa
expression levels in two different clones of MCF-7
shERRa were checked by immunoblot analysis
(Fig. 1B), in order to choose for the subsequent experi-
ments the clone that properly featured ERRa suppres-
sion. Then, as performed above, mRNA levels of
EMT markers were evaluated by qPCR experiments.
In detail, MCF-7 shERRa cells treated with choles-
terol showed stable levels of all EMT markers, with a
slight but not significant increasing trend in MMP-9
and ZEB-1 expression levels (Fig. 1C), thus confirming
the outcomes obtained after XCT-790 treatment.

Cholesterol promotes pro-inflammatory factors
secretion in breast cancer cells, by activating
ERRa pathway

Tumour cells, in order to promote their progression,
release several soluble factors able to promote pro-
tumour microenvironment creation into the surrounding
environment [36,37]. To this end, the levels of a large
panel of cytokines and soluble factors released into the
culture media by the cholesterol-treated breast cancer cells
were evaluated using the cytokine array. The results, pre-
sented in Fig. 2, evidenced that the treatment of ERa +
breast cancer cells with 10 pum cholesterol for 48 h signifi-
cantly increases the release of Eotaxin-1 as well as IL-1p,
IL-2, IL-3, IL-6 and IL-7, with an increase ranging from
two- to seven-fold (IL-6) with respect to the control. Simi-
larly, treatment of the triple-negative breast cancer cell
line showed enhanced levels of Eotaxin-2, IL-1p, IL-3, IL-
4, TL-6, IL-11 and IL-12 (p40 and p70 portions), about
two-fold with respect to the control. Besides, the levels of
all these pro-inflammatory mediators remained stable (ex-
cept for a slight increase in Eotaxin-2 level in MCF-7
cells) after concomitant treatment of breast cancer cells
with XCT-790 and cholesterol with respect to cells treated
with XCT-790 alone. (Fig. 2 panels B,D).

Cholesterol promotes M2 polarization and
macrophages chemotaxis, by activating ERRa
pathway

Having highlighted cholesterol’s effects in mediating the
release of pro-inflammatory factors by breast cancer
cells, we next asked whether and how macrophages were
affected by conditioned media, obtained from breast
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Fig. 1. High cholesterol levels promote the epithelial-mesenchymal transition process. (A) Real-time analysis of EMT markers in MCF-7 and
MDA-MB-231 cells treated with EtOH (Control), 5 pm XCT-790 (Control XCT-790), 10 um cholesterol or co-treated with 10 pm cholesterol and
5 pm XCT-790, for 48 h (n = 6). (B) Immunoblot analysis and respective optical density of MCF-7 shERRa clones. (C) Real-time analysis of
EMT markers in MCF-7 shERRa cells treated with EtOH (Control) or 10 pm cholesterol for 48 h (n = 3). (D) Immunoblot analysis and respec-
tive optical density (E) of EMT markers in MCF-7 and MDA-MB-231 cells treated with EtOH (Control), 5 pm XCT-790 (Control XCT-790),
10 pm cholesterol or co-treated with 10 pm cholesterol and 5 pm XCT-790, for 48 h (n = 3). (F) Gel-zymography experiment and respective
optical density (G) of MMP-9 in MCF-7 and MDA-MB-231 cells treated with EtOH (Control), 5 pm XCT-790 (Control XCT-790), 10 pm choles-
terol or co-treated with 10 pm cholesterol and 5 pm XCT-790, for 48 h (n = 3). To ensure appreciable levels of MMP-9, MCF-7 cells were pre-
viously exposed to PMA. Values represent the mean + SD of three independent experiments. Statistical analysis was performed using
Student’s ttest (A, C, E, G) or One-way ANOVA analysis (B). * P-value < 0.05; **P-value < 0.01; ***P-value < 0.001; ****P-value < 0.0001.

cancer cells treated with 10 pm cholesterol for 48 h.
Macrophages are one of the main cell lines involved in
setting up the microenvironment [38-40]. For this pur-
pose, first of all, the THP-1 monocyte cell line was trea-
ted with 100 nm PMA in order to induce MO
polarization (tissue macrophages). The day after PMA
treatment, macrophages were cultured in fresh media
and then, the next day, treated with 10 ng-mL~" LPS or
20 ng-mL_1 IL-4, in order to polarize them into the M1
or M2 state, respectively. As shown in Fig. 3 (panels A,
B), the different polarization stages were evaluated by
assessing the mRNA levels of different markers that
characterize macrophage activation, such as IL-6,
TNFa, CD163 and IL-10 and by morphological analysis
using May-Griinwald-Giemsa staining [41].

The results highlight different transcriptional levels
of tested cytokines as well as clear morphological dif-
ferences between the polarization stages (Fig. 3 panel
B). IL-6 and TNF-a expression were found to be very
high in the M1 stage (thousand- and hundred-fold,
respectively, compared to MO stage), while CD163 and
IL-10 stood out in the M2 stage (ten- and two-fold,
respectively, compared to MO stage; Fig. 3 panel A),
thus defining these markers as representative of stages
M1 and M2, respectively, in accordance with literature
data [42]. Next, THP-1 cells polarized in the MO stage
were treated with the media from untreated breast can-
cer cells revealing their ability to promote heteroge-
neous macrophage activation characterized by a mixed
M1 and M2 population (Fig. 3 panel C,D), as already
highlighted in the literature data [43].

Based on that, we treated THP-1 cells polarized in
the MO stage with conditioned media from breast can-
cer cells exposed to 10 um cholesterol for 48 h, in
order to investigate the role of cholesterol in macro-
phage activation.

After treatment with conditioned media from
MCF-7 and MDA-MB-231 cells previously exposed
to cholesterol, macrophages experienced transcrip-
tional increases of CD163 and IL-10, two markers
which characterize the M2 pro-tumour macrophages
(Fig. 4 panels A,D, respectively). Furthermore, the

The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.

morphological analysis highlighted slight changes typ-
ical of M2 polarization (Fig. 4 panel C,F). Besides,
the culture media from MCF-7 and MDA-MB-231
cells simultaneously treated with cholesterol and
XCT-790 did not induce an increase in M2 markers,
by contrast with what was observed with the media
derived from MCF-7 and MDA-MB-231 exposed to
cholesterol alone (Fig. 4 panels B,E, respectively).
Since macrophage activation could be related to mito-
chondrial activity impairments [44,45], also in this
case, the results obtained after XCT-790 treatment
were confirmed in MCF-7 shERRa, in order to
exclude any off-target effects of XCT-790. As shown
in Fig. 4 panel G, we treated THP-1 cells polarized in
the MO stage with conditioned media from MCF-7
shERRa previously exposed to 10 pm cholesterol for
48 h. In this condition, cholesterol treatment was not
able to induce any increase in M2 markers, exactly as
observed following XCT-790 co-treatment.

The evident M2 activation, induced by the culture
media from tumour cells exposed to cholesterol treat-
ment, prompted us to perform the cell migration
assay, in order to evaluate whether the media from the
treated tumour cells was able to exert a chemotactic
effect on monocytes. To evaluate this, the THP-1 cells
were seeded in the upper part of the polycarbonate
septa with 8 pm pores, while the culture media from
MCF-7 and MDA-MB-231 cells exposed or not to
10 pm cholesterol for 48 h was placed in the lower part
and left to incubate for 6 h.

The results, shown in Fig. 5, revealed that the cul-
ture media from the cells exposed to cholesterol was
able to induce a strong chemotactic effect, as evi-
denced by the higher number of THP-1 cells capable
of invading the septum (1.5-fold for MCF-7 and 3-fold
for MDA-MB-231), compared to their controls (THP-
1 cells cultured in media from untreated breast cancer
cells). Furthermore, even in this case, the culture
media from MCF-7 and MDA-MB-231 cells simulta-
neously treated with cholesterol and XCT-790 did not
induce an increase in the chemotactic effect highlighted
by cholesterol alone.
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Fig. 2. Cholesterol promotes cytokine release through ERRa activation. Cytokine arrays performed on conditioned media from MCF-7 and
MDA-MB-231 treated with EtOH (Control), 10 pm cholesterol (A, C), 5 pm XCT-790 (Control XCT-790) or co-treated with 10 pm cholesterol
and 5 pm XCT-790 (B, D), for 48 h. Values represent the mean + SD of three independent experiments (n = 3). Statistical analysis was per-
formed using Student’s ttest. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001; ****P-value < 0.0001; n.d., not detectable.

6 The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.



[Color |

M. Brindisi et al. Cholesterol role in breast cancer aggressiveness
(A) M1 markers M2 markers
6000" Tkt 15—
- . - fedesedk
g g 4500+ i S g A
g @ 3000 / - 10-
o g, 150 4/ . B MO g :
£ 100 -1 5 2
<5 s0/ <5
> / = © 5-
32 154 m M2 F 2
£ LI‘.‘ 10 £ [
5- = T
0- 0-
IL-6 TNFa CD163 IL-10
(B) MO Ml M2
- - = ¥ o -
£ u g U.' ... . 4 -.
o B, S ? . . : &
.. ) : " o
® v - . P [ 5 A )
¢ N » k] e K .
® — - . f = —
® Q L
¥ {
. " %
3 % 4
e
Q< »: 3 2 2 v
(C) H MO (D) m MO
o kR -
60000 B CM-MCF-7 600004 . B CM-MDA-MB-231
. 40000 . 40000 -
5 £ 20000 i §S 200007
® » AS et » » AS Tkkk
g o 200\ . g 3 200
22 =8
© 8 100 dededede © 8 100
§ G AN ‘z: () AN
z% 10\ m% 10 \ dededesk
Eu 5 wede EL 5 Hekesek
0- 0-
IL-6 TNFa CD163 IL-10 IL-6 TNFa CD163 IL-10
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Real-time analysis of THP-1 (MO stage) exposed, for 48 h, to conditioned media from MCF-7 (C) or MDA-MB-231 (D). Values represent the
mean + SD of three independent experiments (n = 6). Statistical analysis was performed using one-way ANOVA analysis (A) or Student'’s

ttest (C, D). * P-value < 0.05; ** P-value < 0.01; *** P-value < 0.001; **** P-value < 0.0001.

Cholesterol enhances the cancer-associated
fibroblast (CAF) phenotype, through ERRa
pathway activation

Given the results on macrophages, we next evaluated
the effects mediated by the culture media from MCF-7
and MDA-MB-231 cells exposed to cholesterol on the
fibroblasts, another cell component of the environment

The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.

surrounding the tumour. Fibroblasts play very impor-
tant physiological roles as they give stability to differ-
ent tissues, but they also play a pivotal role in
neoplastic progression as they provide advantages for
tumour cells, guaranteeing physical stability as well as
the supply of metabolites useful for its progression
[27,28]. The cultured media, from cholesterol-treated
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Fig. 4. Breast cancer cells exposed to cholesterol treatment induce M2 phenotype in THP-1 cells. Real-time analysis (A, B) and May-
Griinwald-Giemsa staining (C) of THP-1 (MO stage) exposed, for 48 h, to conditioned media from MCF-7 previously treated with EtOH (Con-
trol), 10 um cholesterol, or co-treated with 10 um cholesterol and 5 pm XCT-790, for 48 h. Pictures were taken at 10x or 20x magnification,
and scale bars are 50 or 25 um, respectively. Real-time analysis (D, E) and May-Griinwald-Giemsa staining (F) of THP-1 (MO stage) exposed,
for 48 h, to conditioned media from MDA-MB-231 previously treated with EtOH (Control), 10 pm cholesterol, or co-treated with 10 pm
cholesterol and 5 um XCT-790, for 48 h. Pictures were taken at 10x or 20x magnification and scale bars are 50 or 25 um, respectively. (G)
Real-time analysis of THP-1 (MO stage) exposed for 48 h to conditioned media from MCF-7 shERRa previously treated with EtOH (Control)
or 10 pm cholesterol for 48 h. Values represent the mean + SD of three independent experiments (n = 6). Statistical analysis was performed
using Student's ttest. * P-value < 0.05; ** P-value < 0.01; **** Pvalue < 0.0001.

CM MCF-7
XCT-790

e

CM MCF-7
XCT-790 + cholesterol

3 e ,%‘ S

CM MCF-7
Control

CM MCF-7
cholesterol

CM MDA-MB-231
XCT-790 + cholesterol

CM MDA-MB-231
Control

CM MDA-MB-231
cholesterol

THP-1

>
]

Fhhk

w
1

El Control
P B cholesterol

22 Control XCT-790
cholesterol + XCT-790

a
)
N
N

Migrated macrophages @

(Fold change vs Control)

N NS

CM-MCF-7 CM-MDA-MB-231

o N
L 1
Migrated macrophages
(Fold change vs Control XCT-790)
N
1

CM-MCF-7 CM-MDA-MB-231
Fig. 5. Breast cancer cells exposed to cholesterol treatment promoted macrophage chemotaxis. (A) Chemotaxis effects on THP-1 cells
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790), 10 pm cholesterol, or co-treated with 10 pm cholesterol and 5 pm XCT-790, for 48 h. Pictures were taken at 10x magnification and
scale bars are 50 pm. (B) Migrated macrophage quantification. Results obtained were related to their own control. Values represent the
mean + SD of three independent experiments (n = 6). Statistical analysis was performed using Student’'s ttest. ** P-value < 0.01;
****P.yalue < 0.0001.

breast cancer cell lines, was used to culture the BJ
hTERT human fibroblast cell line.

The mRNA levels of typical fibroblast activation mark-
ers in CAFs were then assessed. The results displayed that
fibroblasts treated with the media from breast cancer cells
exposed to cholesterol showed marked increases in the

The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.

mRNA levels of a-smooth muscle actin (a-SMA), fibrob-
last activation protein (FAP), as well as transforming
growth factor-p (TGF-B) and metalloproteinase-9
(MMP-9), ranging from 2-fold to more than 4-fold for
FAP in MDA-MB-231, with respect to their own control
(Fig. 6 panels A,C). Conversely, these results did not
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Fig. 6. Breast cancer cells exposed to cholesterol treatment induce CAF phenotypes in BJ hTERT cells. Real-time analysis of BJ hTERT cells
treated, for 48 h, with conditioned media from MCF-7 and MDA-MB-231 previously treated with EtOH (Control), 10 pm cholesterol (A, C),
5 pum XCT-790 (Control XCT-790) or co-treated with 10 pum cholesterol and 5 pm XCT-790 (B, D), for 48 h. (E) Real-time analysis of BJ hTERT
cells treated for 48 h with conditioned media from MCF-7 shERRa previously treated with EtOH (Control) or 10 pm cholesterol. Values repre-
sent the mean + SD of three independent experiments (n = 6). Statistical analysis was performed using Student’s t-test. *P-value < 0.05;

**Pvalue < 0.01; ****P-value < 0.0001.

occur after treatment of BJ hTERT with the media from
MCF-7 and MDA-MB-231 cells exposed to XCT-790
alone compared to those exposed to XCT-790 and choles-
terol simultaneously, highlighting again that XCT-790 is
able to prevent the effects induced by cholesterol (Fig. 6
panels B,D). Outcomes were also confirmed on MCF-7
shERRa. As shown in Fig. 6 panel E, after treatment of
BJ hTERT with the media from MCF-7 shERRa cells
exposed to cholesterol, mRNA levels of a-SMA, FAP,
TGF-p and MMP-9 resulted stable as obtained during
XCT-790 co-treatment.

10

The activation of fibroblasts to CAFs is also charac-
terized by metabolic mitochondrial changes and reac-
tive oxygen species (ROS) production [46,47]. For this
purpose, using the MitoTracker Orange fluorescent
probe, the mitochondrial potential was evaluated in BJ
hTERT cells after treatment with the conditioned
media from MCF-7 and MDA-MB-231 cells exposed
or not to cholesterol. The results in Fig. 7 show that
the conditioned media of both treated breast cancer
lines were able to reduce mitochondrial membrane
potential (Fig. 7 panels A,B), indicating reduced

The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.
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mitochondrial function, a metabolic characteristic of
CAFs [48]. The activation of fibroblasts turned out to
be driven by a direct action of cholesterol on ERRa
since this reduction in mitochondrial potential was not
evident after treatment with the media from MCF-7
and MDA-MB-231 cells exposed to XCT-790 and
cholesterol, simultaneously, compared to those
exposed to XCT-790 alone. In addition to this, and
given the fundamental role of ROS, another hallmark
of CAFs, that normally increases in this cell phenotype
[46,47], we evaluated whether the conditioned media of
breast cancer cells exposed to cholesterol was able to
promote ROS production. To this end, the B] hTERT
was treated with the conditioned media from MCF-7
and MDA-MB-231 cells exposed or not to cholesterol,
and ROS levels were evaluated by using the CM-H,-
DCFDA fluorescent probe. The results show that the
treatment is able to increase ROS levels (Fig. 7 panel
C,D) while the treatment of BJ hTERT with the media
from MCF-7 and MDA-MB-231 cells exposed to
XCT-790 alone compared to those exposed to XCT-
790 and cholesterol did not show significant differences
(Fig. 7 panel C,D).

Cholesterol drives angiogenesis, through ERR«a
pathway activation

Tumour endothelial cells (TECs) are significant com-
ponents of the tumour microenvironment [30]. They
are able to coordinate and promote the formation of a
new endothelium, a feature exploited by the tumour to
promote the supply of more nutrients and oxygen as
well as to use the bloodstream in order to disseminate
cells throughout the organism, providing a competitive
advantage over distant metastasis onset [30,49]. Given
the already significant activity shown by the condi-
tioned media from breast cancer exposed to cholesterol
to rearrange the two previous cell lines constituting the
microenvironment, we evaluated whether TECs were
also affected by these treatments in such a way as to
orchestrate a pro-tumoral microenvironment. To do
this, the Ea Hy926 endothelial cell line was used. The
cells were treated with the conditioned media from
MCF-7 and MDA-MB-231 cells treated or not with
10 pm cholesterol for 48 h, and the tube formation
assay was used to assess their ability to determine the
formation of new vessels.

As shown in Fig. 8 (panel A), the conditioned media
from treated breast cancer cells was found to be able
to promote tube formation, which did not occur when
Ea Hy926 cells were treated with the conditioned
media from cells co-treated with cholesterol and
XCT-790.
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Furthermore, the tube formation is driven by intense
glycolytic activity and poor mitochondrial activ-
ity [50,51]. In this regard, the mitochondrial potential
was evaluated by using the MitoTracker Orange fluo-
rescent probe. In detail, the mitochondrial membrane
potential of Ea Hy926 cells was assessed following
treatment with the conditioned media from MCF-7
and MDA-MB-231 cells exposed or not to cholesterol.
The results in Fig. 8 (panels B,C) showed that the cul-
ture media from both breast cancer lines was able to
reduce the mitochondrial membrane potential showing
reduced mitochondrial function, a metabolic feature of
active endothelial cells. However, this reduction in
membrane mitochondrial potential was not evident
after treatment with media from MCF-7 and MDA-
MB-231 cells exposed to XCT-790 alone compared to
those simultaneously exposed to XCT-790 and choles-
terol (Fig. 8 panels B,C).

In addition to the tube formation evaluation, we
also evaluated the ability of endothelial cells to lead to
sprouting, that is the ability of the cell to stretch and
remodel in order to subsequently promote the forma-
tion of new vessels. The results showed a trend compa-
rable to that highlighted in the previous tube
formation experiments (Fig. 9). The sprouting process
of the endothelial cell represents the primary event
which then converges in the formation of a new
endothelium [50,51].

Discussion

Relapses, metastases and tumour resistance are limit-
ing factors in current drug treatments against neo-
plasms [52,53]. Therefore, world scientific research is
focused on identifying the mechanisms driving these
processes in order to establish new and efficient
therapies.

Several current reports underline the key role of
metabolic reprogramming in the processes leading to
both tumour progression and its metastasizing power
[52,53]. This latter, together with greater aggressive-
ness, as well as depending on the metabolic switches
typical of the neoplasm, has also been seen to be due
to various features that the tumour acquires during its
growth, through a process known as epithelial-
mesenchymal transition (EMT) [54,55]. In this scenar-
io, our recent report fits, highlighting how high choles-
terol levels, through ERRa activation, were able to
drive an intense metabolic rearrangement causing
greater breast cancer cell proliferation, metastasizing
power and resistance to the main pharmacological
treatments [21]. In continuity with our previous report,
this study aimed to evaluate, for the first time, the

The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.
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effects mediated by cholesterol in promoting EMT. It
is now widely known that the EMT process is charac-
terized by various distinct protein markers, notably
vimentin, whose overexpression is related to greater
tumour aggressiveness [56,57]. Moreover, decreased
expression levels of E-cadherin, a membrane glycopro-
tein, appear to be linked to noticeable cell motility, as
well as resistance to apoptotic processes [58,59], these
both being features that contribute to greater tumour
aggressiveness. Besides these, the Zinc finger E-box-
binding homeobox 1 (ZEB-1) protein plays a pivotal
role, its expression levels increasing when E-cadherin
expression decreases [60,61]; it is also associated with
marked cell motility, confirming activation of the
EMT process.

Here, we proved that, in MCF-7 and MDA-MB-231
breast cancer cells, by activating the ERRa pathway,
cholesterol excess promotes the induction of the
above-mentioned markers of the EMT process, both

14

at transcriptional and translational level, as well as the
secretion of MMP-9, that is one of the main metallo-
proteinases, dedicated to extracellular matrix remod-
elling [62]. These results support a role for cholesterol
in mediating cancer aggressiveness.

However, the tumour should not be evaluated as a
separate entity from the surrounding environment as it
itself is affected by neighbouring cells and vice versa
[25,63]. According to Paget’s theory and based on sev-
eral reports published in recent years, the tumour tries
to create an almost parasitic relationship between itself
and the cells that make up the microenvironment, in
order to promote the growth, as well as the possible
dissemination of the cancer cells [22,23,64].

In this context, the greater tumour aggressiveness,
as well as its metastasizing power, do not derive only
from internal characteristics of the tumour itself but
also from the surrounding microenvironment, which is
constantly stimulated by the tumour cells [22,64]. In

The FEBS Journal (2022) © 2022 Federation of European Biochemical Societies.
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this context, our findings demonstrated that breast
cancer cells exposed to high cholesterol levels were
able to release a huge amount of inflammatory cytoki-
nes into the surrounding environment, as well as sol-
uble factors which lead to inflammatory processes in
close proximity to the tumour. Additionally, the
release of the soluble factors was ascribed to a direct
effect of cholesterol on the ERRa pathway, as the
simultaneous treatment of tumour cells with choles-
terol and XCT-790, a known inverse agonist of ERRa,
was able to abolish these effects. The massive release
of both soluble factors and pro-inflammatory cytoki-
nes prompted the hypothesis that high cholesterol
levels could induce breast cancer cells to activate cells
adjacent to the tumour, thus generating a pro-tumour
microenvironment.

Therefore, the present work aimed to evaluate, for
the first time, whether high cholesterol levels could
promote the main components that make up the
microenvironment. For this purpose, different stro-
mal cell types, such as macrophages, fibroblasts and
endothelial cells, were exposed to conditioned media
from breast cancer cells previously treated with
cholesterol and their features were assessed. It is
known that the continuous secretion of pro-
inflammatory cytokines by the tumour and the
hypoxic conditions found in the immediate proxim-
ity of the neoplastic tissue promotes the polarization
of macrophages in tumour-promoting M2 macro-
phages (M2 phenotype) which in turn will support
neoplastic progression [65]. Our results displayed
intense M2-type macrophage activation, as evidenced
by the identification, at transcriptional level, of typi-
cal markers of this phenotype, as well as by the
findings of morphological changes. Furthermore, a
notable chemotactic effect produced by the condi-
tioned tumour media against monocyte cells was
highlighted, underlining a greater macrophage com-
ponent in the tumour site, a feature that very often
causes negative prognosis [66]. Furthermore, in our
experimental model, it was observed that fibroblasts,
after treatment with conditioned media from the
breast cancer cells exposed to cholesterol, signifi-
cantly increased mRNA levels of markers character-
izing the activation of fibroblasts in CAFs, such as
a-smooth muscle actin (a-SMA), fibroblast activa-
tion protein (FAP), as well as transforming growth
factor-p (TGF-p) and metalloproteinase-9 (MMP-9).
In addition, the same treatment evidenced both a
lowering of the mitochondrial membrane potential
typical of tumour-associated fibroblasts, as their
metabolism is mainly glycolytic, and an increase in
the production of reactive oxygen species, two
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features peculiar to CAFs [67,68]. Lastly, in accor-
dance with literature evidence highlighting that
tumour angiogenesis plays a critical role during can-
cer progression [69,70], our outcomes displayed a
clear tendency of endothelial cells to organize them-
selves to form new vessels, as evidenced by the tube
formation assay. They also showed a greater ability
to determine endothelial branching, confirmed by
both the sprouting experiments and the intense
reduction in the mitochondrial potential, indicative
of a greater predilection for the glycolytic metabo-
lism peculiar to these processes.

Notably, the present work demonstrates that the
intense effects induced by cholesterol in driving the
EMT process and microenvironment orchestration are
due to a direct effect of cholesterol on the ERRa path-
way of breast cancer cells. This is supported by the
outcomes obtained following co-treatment with XCT-
790, as well as by the results of the experiments per-
formed on MCF-7 shERRa«, in which the direct effect
of cholesterol on ERRa was proved without any exter-
nal perturbation.

Taken together, these results underline that high
cholesterol levels, through ERRa activation, can deter-
mine greater tumour aggressiveness by directly pro-
moting the EMT process of tumour cells, as well as by
inducing an intense microenvironment orchestration.

The results of this report fit into an even broader
context, attempting to give further elucidations about
the role of the mevalonate pathway in driving malig-
nant transformation [71-73]. There are several reports
according to which the inhibition of this pathway
could lead to interesting anti-tumour effects. Statins
are well-established drugs commonly used to reduce
serum cholesterol level by inhibiting the HMGCR
enzyme [74], and they also appeared to be able to exert
antitumor effects in human malignancies, including
breast cancer [75,76]. However, the role of statins is
debatable; indeed, other studies have failed to show
any significant anti-tumour effects [77]. Preclinical and
clinical studies on breast malignancies demonstrated
variable effects of statins, depending on the cell lines
and cohorts [78,79].

The results of this report, on the one hand, highlight
how high cholesterol levels promote greater tumour
aggressiveness, thus confirming the relevance of the
mevalonate pathway in tumour progression; on the
other hand, they suggest ERRa as a possible new
molecular target for the treatment of breast carcinoma,
thus paving the way for a new therapeutic approach
that is not based directly on the reduction of choles-
terol levels, but aims at targeting the main pro-
tumoral targets.
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Materials and Methods

Cell cultures

All cell lines used in this work (MCF-7, MDA-MB-231,
THP-1, BJ hTERT and Ea Hy926) were purchased from
the American Culture Collection (ATCC, Manassas, VA,
USA) and were cultured at 37 °C in 5% CO, in a humidi-
fied atmosphere. For the maintaining purpose, cells were
cultured as follows: MCF-7 and MDA-MB-231 cells were
cultured in DMEM/F12 (Sigma Aldrich, St. Louis, MO,
USA) supplemented with 10% foetal bovine serum (FBS,
Sigma Aldrich), 2 mm L-glutamine (Gibco, Life Technolo-
gies, Waltham, MA, USA), and 1% penicillin/streptomycin
(Gibco, Life Technologies). BJ hTERT and Ea Hy926 cells
were cultured in DMEM-high glucose (Sigma Aldrich)
supplemented with 10% FBS, 2 mm r-glutamine and 1%
penicillin/streptomycin. THP-1 cells were cultured in
RPMI-1630 (Sigma Aldrich) supplemented with 10% Fetal
Bovine Serum, 4 gL' glucose (Sigma Aldrich), 10 mm
HEPES (Sigma Aldrich), 1 mm sodium pyruvate (Sigma
Aldrich), 0.05 mM mercaptoethanol (Sigma Aldrich). Two
millimolar L-glutamine and 1% penicillin/streptomycin.

Real-time analysis

MCF-7 and MDA-MB-231 cells were grown in 10 cm
dishes to 70-80% confluence and exposed for 48 h to the
vehicle (EtOH), 10 pm cholesterol, 5 pm XCT-790 or
co-treated with 10 um cholesterol and 5 pm XCT-790,
Total cellular RNA was extracted using TRIZOL reagent
(Sigma-Aldrich), according to the manufacturer’s instruc-
tions. RNA purity and integrity were assayed both spec-
troscopically and by gel electrophoresis. Complementary
DNA (cDNA) was synthesized by reverse transcription of
2 pg of RNA template, if its OD 260/280 ranged from
1.8 to 2.0. Gene expression analysis was performed using
the Quant Studio7 Flex Real-Time PCR System platform
(Life Technologies) using SYBR Green Universal PCR
Master Mix (Roche, Monza, MB, Italy), as previously
described [80]. Relative mRNA levels were calculated
using the AAC; method and comparing it with the con-
trol group. The 2724¢ was used to calculate the relative
expression of each gene, and the AC, values were deter-
mined by subtracting the average C, values of the
endogenous control gene /8s from the average C; values
of each gene type. All the primers used for amplifications
are listed in Table 1. Real-Time analysis was also per-
formed in THP-1 treated with 100n PMA, 10 ng-mL™!
LPS, 20 ngmL™" TL-4 or with the conditioned media
from MCF-7 and MDA-MB-231 cells previously treated
as described above. Gene expression analysis was also
performed in BJ hTERT treated with the conditioned
media from MCF-7 and MDA-MB-231 cells previously
treated as described above.
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Table 1. gPCR Primers.

Primer name Sequence (5'-3)

AGAACCTGCAGGAGGCAGAAGAAT
TTCCATTTCACGCATCTGGCGTTC

Vimentin Fw
Vimentin Rv

E-cadherin Fw CCCACCACGTACAAGGGTC
E-cadherin Rv ATGCCATCGTTGTTCACTGGA
ZEB-1 Fw GCACAACCAAGTGCAGAAGA
ZEB-1 Rv GCCTGGTTCAGGAGAAGATG
MMP-9 Fw ATTTCTGCCAGGACCGCTTCTACT
MMP-9 Rv CAGTTTGTATCCGGCAAACTGGCT
IL-6 Fw AACCTGAACCTTCCAAAGATGG
IL-6 Rv TCTGGCTTGTTCCTCACTACT
TNF-a Fw ATGAGCACTGAAAGCATGATCC
TNF-a Rv GAGGGCTGATTAGAGAGAGGTC
CD-163 Fw ACTTGAAGACTCTGGATCTGCT
CD-163 Rv CTGGTGACAAAACAGGCACTG
IL-10 Fw ACTTTAAGGGTTACCTGGGTTGC
IL-10 Rv TCACATGCGCCTTGATGTCTG
a-SMA Fw GCAGCCCAGCCAAGCACTGT
a-SMA Rv TGGGAGCATCGTCCCCAGCA
FAP Fw AGAAAGCAGAACTGGATGG
FAP Rv ACACACTTCTTGCTTGGAGGAT
TGF-p Fw GGTTTTCCGCTTCAATGTGT
TGF-p Rv GCTCGATCCTCTGCTCATTC

18S Fw AGTCGGAGGTTCGAAGACGAT
18S Rv GCGGGTCATGGGAATAACG

shRNA lentiviral transduction

Packaging cells (293Ta), reagents and lentiviral plasmids
were purchased from GeneCopoeia (Product ID.
HSHO095573) 293Ta cells were seeded and left in culture for
48 h. Then, packaging cells were transfected with lentiviral
vectors encoding an shRNA clone set of two constructs
against human ESRRA gene, coding for ERRa, in a len-
tiviral psi-LVRInU6TGP vector, with an inducible U6
promoter, CMYV promoter-TetR-SV40 promoter-eGFP-
IRES-puromycin. A scrambled control psi-LVRInU6TGP
vector (Scramble) was transfected in parallel. Two days
post-transfection, the lentivirus-containing culture medium
was filtered through a 0.45 pm filter and added to the tar-
get cells (MCF-7), in the presence of 5 pg-mL~" Polybrene.
Infected cells were selected, with 1.5 pg-mL™" puromycin.
Positive clones were then subjected to immunoblot analysis
in order to confirm the proper silencing of ERRa.

Immunoblot analysis

For the immunoblot analysis performed in this study, cells
were grown to 70-80% confluence and treated with EtOH
(Control), 10 pMm cholesterol, 5 pm XCT-790 (Control XCT-
790) or co-treated with 10 pm cholesterol and 5 pm XCT-790
for 48 h. Then, cells were harvested and lysed in 100 pL of
lysis buffer to produce the total cell lysates (50 mm Tris—
HCI, 150 mm NaCl, 1% NP-40, 0.5% sodium deoxycholate,
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2 mMm sodium fluoride, 2 mm EDTA, 0.1% SDS), as previ-
ously described [81]. The same amounts of proteins, quanti-
fied by the Bradford assay, as previously described [82], from
total lysates, were resolved on SDS-polyacrylamide gel, as
previously described [83], transferred to a nitrocellulose
membrane and probed with anti-Vimentin (sc-6260), anti-E-
cadherin (sc-8426), anti ZEBI (sc-515797), anti-ERRa
(ab76228; Santa Cruz, Biotechnology; Abcam, Cambridge,
UK). The equal loading and transfer was verified by incuba-
tion with the anti-B-actin antibody (Santa Cruz, Biotechnol-
ogy). The antigen and antibody complex was detected by
incubation of the membranes with IR peroxidase-coupled
goat anti-mouse or goat anti-rabbit antibodies and was
revealed using the Li-COR system (Li-COR Biosciences, Lin-
coln, NE, USA). Subsequently, the bands of interest were
quantified using IMAGEJ software.

Gel-Zymography

MCF-7 and MDA-MB-231 cells were grown in 24-well
plates to 70-80% confluence and then washed twice with
PBS and treated (in FBS-free media) for 48 h with vehi-
cle (EtOH), 10 pm cholesterol, 5 pm XCT-790 or co-
treated with 10 pm cholesterol and 5 pm XCT-790. At the
end of treatment, the conditioned media was collected
and centrifuged to eliminate dead cells. Samples were
added with 5x non-reducing sample buffer (4% SDS,
20% glycerol, 0.01% bromophenol blue and 125 mm
TrissHCL, pH 6.8), loaded into gelatin-acrylamide gel
and exposed to a 150 V electrophoresis run. Then, the
gel was washed twice, for 30 min each, in washing buffer
(2.5% Triton X-100, 50 mm TrissHCL, pH 7.5, 5 mm
CaCly, 1 pm ZnCly). At the end of the washing proce-
dures, the gel was rinsed with incubation buffer (1% Tri-
ton X-100, 50 mm Tris-HCL, pH 7.5, S mm CaCl,, 1 pm
ZnCly) and left at 37 °C, for 24 h. After 24 h of incuba-
tion, gel was stained in Coomassie blue solution and
then destained until bands could be clearly seen. The gel
was then scanned, and band densities were quantified
using software. Data were normalized to cell mass deter-
mined by using the Sulforhodamine B (SRB) assay.

Cytokine arrays

Cytokine production was assessed in the culture media
using the RayBio® Human inflammation array kit, follow-
ing the manufacturer’s instructions. Briefly, MCF-7 and
MDA-MB-231 cells were grown in 6-well plates to 80%
confluence and then treated for 48 h with vehicle (EtOH),
10 pm cholesterol, 5 pm XCT-790 or co-treated with 10 pm
cholesterol and 5 pm XCT-790. At the end of treatment,
the conditioned media was collected and centrifuged to
eliminate dead cells. Simultaneously, the antibody array
membranes were incubated in blocking solution for 30 min
at room temperature. The blocking solution was then
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replaced with the breast-cancer conditioned media and
incubated for 3 h at room temperature, under gentle rock-
ing. Membranes were washed twice with wash buffer I and
then twice with wash buffer II, for 5 min each. At the end
of the washing procedures, the membranes were incubated
with biotinylated antibody cocktail at room temperature
for 2 h. The membranes were then subjected to the washing
procedures described above and incubated with HRP-
streptavidin for 2 h. The membranes were then washed,
incubated with detection buffer for 2 min and then exposed
to a chemiluminescence imaging system. Spot densities were
quantified using IMAGEJ software. Data were normalized to
cell mass, determined by using the Sulforhodamine B
(SRB) assay.

Macrophage differentiation and polarization

In order to obtain differentiated macrophages, THP-1 cells
were seeded in 6-well plates in complete media and treated
with 100 nm PMA for 24 h. At the end of treatment, the
media was replaced and then left for 1 day of rest to reach
the MO stage. The day after, MO macrophages were stimu-
lated for 6 h with 10 ng-mL~! LPS or with 20 ng-mL~"! IL-4
for 72 h to generate M1 or M2 macrophages, respectively.
Characteristic morphologic changes of monocyte-to-
macrophage differentiation were observed and photographed
at 10x or 20x, after May-Griinwald-Giemsa staining, by
using phase-contrast microscopy.

Chemotaxis assay

Chemotaxis assays were carried out, using Boyden
chambers, on THP-1 cells exposed to conditioned media
from MCF-7 and MDA-MB-231 cells. Briefly, 2 x 10°
of MCF-7 or MDA-MB-231 cells were grown in 24-well
plates to 80% confluence and then treated for 48 h with
vehicle (EtOH), 10 pm cholesterol, 5 pm XCT-790 or co-
treated with 10 pm cholesterol and 5 pm XCT-790. At
the end of treatment, the conditioned media was col-
lected and centrifuged to eliminate dead cells. Then,
THP-1 cells were seeded in the top portion of the
chamber (BD, Bioscience). The lower portion of the
chamber contained the previously-prepared conditioned
media, used as a chemoattractant. Chambers were incu-
bated at 37 °C for 6 h, washed three times with PBS
and stained with May-Griinwald-Giemsa solution. Pho-
tographs were taken at 10X magnification using phase-
contrast microscopy and are representative of three
independent experiments.

Mitochondrial membrane potential analysis

To measure the mitochondrial membrane potential, cells
were stained with the CM-H,TMRos (Thermo Fisher)
probe, as previously described [21]. The accumulation of
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the CM-H,TMRos probe in mitochondria is dependent
upon the membrane potential. Briefly, BJ-hTERT and Ea
Hy926 exposed were seeded in 6-well plates at 1 x 10°
cells/well density and treated, for 48 h, with conditioned
media from MCF-7 and MDA-MB-231 cells previously
treated with 10 pm cholesterol, EtOH, 5 pm XCT-790 or
co-treated with 10 pm cholesterol and 5 pm XCT-790, for
48 h. After treatment, cells were harvested, rinsed and incu-
bated in 10 nm MitoTracker Orange solution in PBS for
30 min at 37 °C. Samples were then subjected to cytofluori-
metric analysis using the SONY SH800 Cell Sorter (Sony
Corporation, Minato, Tokyo, Japan).

Reactive oxygen species (ROS) assessment

Intracellular ROS were quantified using CM-H,DCFDA
(Thermo Fisher Scientific, Waltham, MA, USA), as pre-
viously described [84]. Briefly, 2 x 10> BJ-hTERT cells/
well were seeded in 6-well plates and treated for 48 h
with the conditioned media coming from MCF-7 or
MDA-MB-231 previously treated with vehicle (EtOH),
10 pm  cholesterol, 5 pm  XCT-790 or co-treated with
10 pm cholesterol and 5 pm XCT-790. At the end of
treatment, cells were washed with PBS, collected and
then resuspended in 5Spm CM-H,DCFDA (Thermo
Fisher Scientific), a fluorescent dye useful as an indicator
for reactive oxygen species, and incubated for 45 min at
37 °C. Stained cells were collected by centrifugation, and
resuspended in fresh media. Sample fluorescence was
quantified with a fluorimeter (Synergy HI1 microplate
reader, BioTek, Winooski, VT, USA), and fluorescence
intensity normalized by viable cell number.

Tube formation assay

Angiogenesis power was assessed by tube formation assay,
as previously described, using conditioned media from
MCF-7 or MDA-MB-231 [81]. Briefly, 2 x 10° of MCF-7
or MDA-MB-231 cells were grown in 24-well plates to
80% confluence and then treated for 48 h with vehicle
(EtOH), 10 pm cholesterol, 5 pm XCT-790 or co-treated
with 10 pm cholesterol and 5 pm XCT-790. Simultaneously,
Geltrex (Thermo Fisher Scientific) was thawed at 4 °C
overnight and used to coat a 96-well plate, which was then
incubated at 37 °C for 30 min to solidify. At the end of
treatment, conditioned media from MCF-7 and MDA-MB-
231 was collected and centrifuged to eliminate dead cells.
Then, Ea HY926 cells were trypsinized, washed with PBS
to remove trypsin and resuspended in conditioned medium
previously obtained from MCF-7 and MDA-MB-231 cells.
Thereafter, Ea HY926 cells were plated on the Geltrex
(4 x 10* cells/well) and left for 6-8 h, at 37 °C. were pho-
tographed. Photographs of the newly formed vascular
tube networks were taken at 10x magnification using
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phase-contrast microscopy and are representative of three
independent experiments.

Spheroid-based sprouting assay

Angiogenesis power was assessed by sprouting assay in Ea
Hy926 exposed to conditioned media from MCF-7 or MDA-
MB-231. Briefly, 2 x 10° of MCF-7 or MDA-MB-231 cells
were grown in 24-well plates to 80% confluence and then
treated for 48 h with vehicle (EtOH), 10 um cholesterol, 5 pm
XCT-790 or co-treated with 10 uM cholesterol and 5 pm
XCT-790. The day before the sprouting assay, Ea Hy926
cells were trypsinized and then counted. 8 x 10* Ea Hy926
cells were transferred to 15 mL tubes and resuspended in
fresh media. Then, methylcellulose solution was added and
using a 12-channel pipette, 25 pL drops of this solution were
seeded onto a 10 cm square Petri dish and then incubated
upside-down at 37 °C for 24 h. The day after, spheroids were
collected, centrifuged and then resuspended in methylcellu-
lose solution supplemented with 20% FBS. The collagen
solution was added to the spheroids and then plated in a
24-well plate. Thereafter, 200 pL of the previously obtained
conditioned media were placed on the collagen matrix drop-
wise and left for 24 h to stimulate sprouting. The sprouting
assay was stopped by adding 10% paraformaldehyde for
15 min. Then, photographs at 20X magnification using
phase-contrast microscopy were acquired and are representa-
tive of three independent experiments.

Statistical analysis

Data are presented as mean values & standard deviation,
obtained from > 3 independent experiments, with > 3 repli-
cates per experiment, unless otherwise stated. Statistical anal-
ysis was performed by using Student’s r-test or analysis of
variance (one-way ANOVA). Normality of each distribution
was confirmed by Shapiro-Wilk’s test, while equality of vari-
ance was verified by Welch’s or Brown-Forsythe test. Differ-
ences between groups were evaluated by using Bonferroni’s
post hoc test. A P-value < 0.05 was considered statistically
significant. Data were evaluated using GRAPHPAD PRISM 9.2
(GraphPad Software, Inc., San Diego, CA, USA).
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Direct activation of the ERRa pathway by high cholesterol levels promotes greater breast cancer aggressiveness with fur-
ther activation of EMT process and pro-inflammatory cytokines release. Such effects drive greater macrophages infiltra-
tion with induction of an M2 phenotype, angiogenesis and endothelial branching, as well as a cancer-associated
fibroblasts (CAFs) phenotype. These findings suggest the cholesterol-ERRa synergy as an interesting target for breast
cancer treatment.
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