
Citation: Al-Nasrallah, H.K.;

Al-Ansari, M.M.; Aboussekhra, A.

Osteoprotegerin (OPG) Upregulation

Activates Breast Stromal Fibroblasts

and Enhances Their Pro-Carcinogenic

Effects through the STAT3/IL-6

Signaling. Cells 2022, 11, 3369.

https://doi.org/10.3390/

cells11213369

Academic Editors: Yi Huang and

Qun Zhou

Received: 21 September 2022

Accepted: 17 October 2022

Published: 25 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

Osteoprotegerin (OPG) Upregulation Activates Breast Stromal
Fibroblasts and Enhances Their Pro-Carcinogenic Effects
through the STAT3/IL-6 Signaling
Huda K. Al-Nasrallah 1, Mysoon M. Al-Ansari 1,2 and Abdelilah Aboussekhra 1,*

1 Department of Molecular Oncology, King Faisal Specialist Hospital and Research Center,
Riyadh 11211, Saudi Arabia

2 Department of Microbiology, Faculty of Science and Medical Studies, King Saud University,
Riyadh 11451, Saudi Arabia

* Correspondence: aboussekhra@kfshrc.edu.sa

Abstract: Breast carcinomas are composed of cancer cells surrounded by various types of non-cancer
cells such as fibroblasts. While active cancer-associated fibroblasts (CAFs) support tumor initiation
and progression, quiescent breast stromal fibroblasts (BSFs) inhibit these effects through various
cytokines such as osteoprotegerin (OPG). We showed here that OPG is upregulated in CAFs as
compared to their adjacent normal tumor counterpart fibroblasts. Interestingly, breast cancer cells
can upregulate OPG in BSFs in an IL-6-dependent manner through the IL-6/STAT3 pathway. When
upregulated by ectopic expression, OPG activated BSFs through the NF-κB/STAT3/AUF1 signaling
pathway and promoted their paracrine pro-carcinogenic effects in an IL-6-dependent manner. In
addition, this increase in the OPG level enhanced the potential of BSFs to promote the growth of
humanized orthotopic tumors in mice. However, specific OPG knock-down suppressed active CAFs
and their paracrine pro-carcinogenic effects. Similar effects were observed when CAF cells were
exposed to the pure recombinant OPG (rOPG) protein. Together, these findings show the importance
of OPG in the activation of stromal fibroblasts and the possible use of rOPG or inhibitors of the
endogenous protein to target CAFs as precision cancer therapeutics.
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1. Introduction

Breast carcinoma is the most common cancer in women worldwide [1]. Cancer cells
are present in the tumor microenvironment (TME), which is composed of acellular as
well as different cellular components such as extracellular matrix (ECM) and various
types of cells, including fibroblasts, immune cells, inflammatory cells, and endothelial
cells. Cancer-associated fibroblasts (CAFs) are the most active type of cells in the stromal
compartment [2]. During breast tumorigenesis, normal fibroblasts are affected by many
factors from cancer cells, which generate active pro-tumorigenic fibroblasts [3–5].

In contrast to quiescent fibroblasts, which have potent anti-neoplastic activities, acti-
vated CAFs exhibit enhanced proliferative and migratory properties [6–9]. Breast CAFs are
heterogeneous and divided into subsets characterized with distinct properties and levels of
activation, with α-SMA and FAP-α being the main markers [10–12]. CAFs play critical roles
in tumor initiation, angiogenesis, dissemination, and metastasis through the production of
multiple ECM proteins and regulatory molecules [3–5,13].

Osteoprotegerin (OPG), also known as FDCR-1, TR1, and OCIF, is a decoy receptor
for Receptor Activator of NF-κB Ligand (RANKL) and a member of the TNF receptor
superfamily [14,15]. The OPG protein is encoded by the TNFRSF11b gene and has both
intra and extracellular functions [14]. Besides being a key regulator of bone metastasis,
OPG is also associated with breast tumorigenesis [16]. Indeed, OPG has been found to be
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highly expressed in more than 50% of primary breast cancer cells, and in invasive and in-
flammatory breast cancer tissues [17,18]. Interestingly, while OPG has autocrine oncogenic
functions, it has tumor suppressive functions when secreted or used as recombinant pure
protein [19]. Furthermore, we have recently shown that the secreted OPG from normal
breast stromal fibroblasts as well as the recombinant protein inhibit breast carcinogenesis
both in vitro and in vivo [6]. Strikingly, OPG expression seems to be associated with both
good and poor patient survival [20]. In the present report, we investigate the role of OPG in
the activation and the treatment of breast stromal fibroblasts (BSFs). We show that OPG is
upregulated in CAFs relative to their adjacent normal tumor counterpart fibroblasts (TCFs)
isolated from the same patients, and ectopic expression of OPG activates BSFs. Interestingly,
recombinant human OPG (rOPG) normalized the active features of breast CAFs.

2. Materials Methods
2.1. Cells, Cell Culture and Reagents

Breast fibroblast cells were obtained and used as previously described [21]. NBFs
(normal breast fibroblasts) are cultures obtained from tissues derived from reduction mam-
moplasty, CAFs (cancer-associated fibroblasts), and TCFs (tumor counterpart fibroblasts)
are from histologically normal parts of tumors. Fibroblasts were cultured in M199 medium
(Gibco, Grand Island, NY, USA ) and Ham’s F12 (Gibco) mixed 1:1 and supplemented with
20% Heat Inactivated Fetal Bovine Serum (FBS) (Gibco) and 1% Antibiotic-Antimycotic
100X (Gibco). Breast cancer cells MDA-MB-231 and MCF-7 were obtained from ATCC
and were cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS and 1%
Antibiotic-Antimycotic, while Human Mammary Luminal Epithelial (HMLE) cells were
a generous gift from Dr. Hazem Ghebeh (KFSHRC) and were maintained in DMEM/F12
(Gibco) supplemented with 0.5% Bovine Pituitary Extract (Gibco) and 1% HuMEC supple-
ment (Gibco) in addition to 2% FBS and 1% Antibiotic-Antimycotic. Cells were maintained
at 37 ◦C in humidified incubator with 5% CO2. For long storage, cells were kept in freezing
media (Gibco). Recombinant IL-6 was purchased from GenWay Biotech. Recombinant OPG
was purchased from Sigma-Aldrich.

2.2. RNA Purification and qRT-PCR

Total RNA was purified using RNeasy Mini Kit (Qiagen, Manchester, UK) according
to the manufacturer’s instructions. RNA was quantified using Thermo Scientific NanoDrop
ND-1000 Spectrophotometer and 1 µg was used for reverse-transcription using random
primers (Clontech Laboratories-Advantage RT-for-PCR Kit) (Clontech Laboratories, Moun-
tain View, CA, USA) to make the cDNA following the manufacturer protocol. For qRT-PCR,
the FastStart essential DNA Green Master 2X (Roche, New York, NY, USA) and specific
primers were used and the amplifications were performed on the LightCycler 96 Real-Time
PCR System (Roche). Primer sequences are as shown in Supplementary Table S1.

2.3. siRNA Transfection

STAT3 siRNA was obtained from Qiagen, OPG siRNA and control siRNA were ob-
tained from (Santa Cruz, Santa Cruz, CA, USA). The transfections were carried out using the
Lipofectamine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA) following
the protocol recommended by the manufacturer.

2.4. Transfections with Plasmids

Plasmid transfection was carried out using OPG-ORF and the corresponding con-
trol (Origene, Rockville, MD, USA) at a final concentration of 3 µg using Lipofectamine
3000 Transfection Kit (Invitrogen) following the protocol recommended by the manufac-
turer. Transfected cells were selected by puromycin (3 µg/mL).
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2.5. Cell Lysate Preparation and Immunoblotting

This has been performed as previously described [22]. The list of used antibodies is
shown in Supplementary Table S2.

2.6. Cell Invasion, Migration, and Proliferation Assays

Cell invasion, migration and proliferation were evaluated using the Real-Time Cell
Analyzer—Dual Plat (RTCA-DP) xCELLigence System as per the manufacturer guidelines.
In brief, 100 µL of serum-free medium containing 10,000 cells were loaded into the upper
wells of CIM-Plate (AGILENT, Santa Clara, CA, USA), while 200 µL of complete media
were added to the lower chamber. 20 µL of Matrigel (BD Biosciences, Franklin Lakes,
NJ, USA) basement membrane matrix was used to coat the microporous membrane for
invasion or without for migration. For the proliferation assay, E-plate (AGILENT) was
used and 100 µL of complete medium containing 10,000 cells was loaded into each well.
The plates were incubated for 30 min and then was inserted into the RTCA-DP instrument
inside a humidified, 37 ◦C, 5% CO2 incubator. The obtained data were analyzed by RTCA
software (1.2.1).

2.7. 3D Spheroid Assay

Cells were seeded in an ultra-low attachment 96-well plate in stem cell culture medium
(171 medium supplemented with 1% ABM, 2% B-27, 20 ng/mL EGF, 500 ng/mL HC, 4%
FBS and 5 µg/mL insulin) at a density of 2000 cells/well. Spheres were allowed to form
for at least 7 days in a humidified, 37 ◦C, 5% CO2 incubator. Spheres larger than 50 µm
in diameter were counted using inverted microscope (FLoid Cell Imaging Station from
OPTICA, Washington, DC, USA).

2.8. Three-Dimensional Cell Culture

MCF-7 cells (3 × 106) were seeded on Biotek 3D Insert scaffold in 6-well plate according
to the manufacturer’s instructions. Briefly, cells were re-suspended in 300 µL complete
medium and carefully placed onto the center of the scaffold surface. After 3 h, 1700 µL of
fresh medium was added into each well. Cell growth was monitored for 2 days to allow for
3D structure formation. The medium was changed, and cells were treated for 24 h. Cells
were harvested from the scaffolds for further analysis.

2.9. Serum-Free Conditioned Media Preparation

Newly seeded cells were cultured in serum-free medium (0.5% FBS). After 24 h, media
were collected and briefly centrifuged. The resulting serum-free conditioned medium
(SFCM) was frozen at −80 ◦C until use.

2.10. ELISA Assays

Serum-free conditioned media were collected to be used for ELISA assay after nor-
malizing to cell number. All experiments were performed according to the manufac-
turer’s instructions. Human Osteoprotegerin/TNFRSF11B DuoSet ELISA (DY805), Human
CXCL12/SDF-1 alpha Quantikine ELISA Kit (SSA00), Human TGF-β1 Quantikine ELISA
Kit (DB100B), and Human IL-6 Quantikine ELISA Kit (9S6050) were purchased from R&D
Systems, Minneapolis, MN, USA.

2.11. Human Cytokine Antibody Array

Human Cytokine Array C5 kit (RayBiotech, Georgia, GA, USA) was used according to
the manufacturer’s instructions.

2.12. Orthotopic Tumor Xenografts

Animal experiments were approved by the KFSH&RC Institutional Animal Care
and Use Committee (ACUC) and were conducted according to relevant national and
international guidelines. Orthotopic breast tumor xenografts were created by co-injecting



Cells 2022, 11, 3369 4 of 18

MDA-MB-231 breast cancer cells (2.106) with (1.5.106) TCF64-OPG-ORF (TCF64-ORF-T) or
TCF64-Ctl cells (TCF64-Ctl-T) under the nipple of each mouse (n = 6). Tumor volumes were
measured using a caliper and were calculated according to the prolate ellipsoid formula:
Tumor volume = length × (width)2 × 0.5. Tumors were surgically retrieved and were
snap-frozen in liquid nitrogen.

2.13. Statistical Analysis and Quantification

Statistical analysis was performed using student’s t-test and Ordinary one-way ANOVA
using Excel and GraphPad Prism software. p-values less than 0.05 were considered as
statistically significant. Quantification was performed using ImageJ.

3. Results
3.1. OPG Is Upregulated in Active Breast Cancer-Associated Fibroblasts

To address the role of OPG in breast stromal fibroblasts, the basal level of this protein
was first examined in CAFs and their corresponding tumor counterpart fibroblasts (TCFs)
isolated from adjacent histologically normal tumor tissues. In addition, two normal breast
fibroblasts (NBFs) were used for comparison. CAF/TCF pairs and NBFs were always used
simultaneously at similar passages. Whole cell lysates were prepared for immunoblotting
analysis and antibodies directed against OPG and GAPDH (used as internal control) were
used. Figure 1A shows that the OPG protein level is higher in CAFs compared to their
corresponding TCFs, which exhibited a level similar to that observed in NBFs (Figure 1A).

Further, the secreted levels of OPG were also evaluated in CAFs, TCFs and NBFs. To
this end, serum-free conditioned media (SFCM) from CAF-64, CAF-87 (CAFs), TCF-64,
TCF-87 (TCFs) and NBF-6, NBF-1, NBF-20, NBF-25 (NBFs) were collected after 24 h of
incubation in the presence of serum-free medium (SFM), and then the level of the secreted
OPG protein was determined by ELISA. Figure 1B shows that the OPG secretion level
significantly differs between CAFs, TCFs and NBFs, with the highest level observed in
CAFs relative to their TCFs, while NBFs secrete the lowest level of OPG. These results
confirm the immunoblotting analysis data shown in Figure 1A, and indicate that OPG is
upregulated in the active breast cancer-associated fibroblasts.

3.2. Breast Cancer Cells Upregulate OPG in Breast Stromal Fibroblasts in a Paracrine Manner
through the IL-6/STAT3 Pathway

The high level of OPG in CAFs could be due to the presence of these cells in close
vicinity with cancer cells. To test this hypothesis, NBF-6 cells were treated with SFCM
collected from MDA-MB-231 (MDA-SFCM) or with SFM used as a negative control for
24 h, and then whole cell lysates were prepared and used for immunoblotting analysis.
The obtained results show increase in the level of the CAF biomarkers, α-SMA and IL-6
accompanied with a 5.7-fold increase in the level of the OPG protein (Figure 1C). Since
breast cancer cells mediate their paracrine pro-carcinogenic effects through the IL-6/STAT3
pathway [23], we tested the effect of exogenous recombinant human IL-6 (rIL-6). Therefore,
NBF-6 cells were treated with SFM containing or not containing rIL-6 for 24 h, and then the
level of OPG was assessed by immunoblotting. As expected, rIL-6 upregulated IL-6 and
also OPG (2.3-fold) (Figure 1D).

We have previously shown that OPG is under the control of the STAT3 transcription
factor in breast cancer cells [6]. To test the possible role of STAT3 in OPG upregulation
in breast stromal fibroblasts, STAT3 was knocked-down in NBF-6 cells with a specific
STAT3-siRNA (STAT3si), while a scrambled sequence was used as the control (Ctrl). The
immunoblotting analysis confirmed the downregulation of STAT3 in NBF-6 STAT3si cells
as compared to their controls (Figure 1E). STAT3 knockdown was accompanied with a
3.3-fold reduction in the OPG protein level (Figure 1F). This confirms that STAT3 positively
controls the expression of OPG in breast stromal fibroblasts. Next, STAT3si and Ctrl cells
were treated with MDA-SFCM for 24 h. Interestingly, STAT3 knockdown abolished MDA-
SFCM-dependent upregulation of OPG in NBF-6 cells (Figure 1F). This indicates that breast
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cancer cells upregulate OPG in breast stromal fibroblasts through the IL-6 protein and its
canonical STAT3 pathway.

Figure 1. Breast cancer cells and IL-6 upregulate OPG in CAFs through the IL-6/STAT3 pathway.
(A) Whole cell lysates were prepared from the indicated cells and were used for immunoblotting
analysis. The numbers below the bands represent OPG relative expression after correction against the
internal control GAPDH. (B) Serum-free conditioned media from CAF-64, CAF-87 (CAFs), TCF-64,
TCF-87 (TCFs) and NBF-1, NBF-6, NBF-20, NBF-25 (NBFs) were collected after 24 h of incubation with
SFM and the levels of the OPG protein were determined by ELISA. Error bars represent mean ± SEM,
*p < 0.05; **** p < 0.0001 by Ordinary one-way ANOVA. (C) NBF6 cells were cultured either in SFM
or in MDA-MB-231 SFCM (MDA-SFCM) for 24 h, and then whole cell lysates were prepared for
immunoblotting using specific antibodies for the indicated proteins. (D) NBF6 cells were cultured
either in SFM or SFM containing 3.5 ng/mL of the rhIL-6 protein for 24 h. Whole cell lysates
were prepared for immunoblotting analysis using specific antibodies for the indicated proteins.
All values were determined by densitometry relative to GAPDH and presented as fold change
relative to the respective controls. (E,F) NBF6 cells were transfected with STAT3 siRNA (STAT3si)
or a scrambled sequence (Ctrl). Ctrl and STAT3si cells were either not treated (E) or exposed to
MDA-MB-231 SFCM (MDA-SFCM) for 24 h (F). Cell lysates were then prepared for immunoblotting
using specific antibodies for the indicated proteins. The numbers below the bands represent fold
change relative to the control (SFM) after correction against the internal control GAPDH. The level of
the phosphorylated-STAT3 was normalized against the non-phosphorylated form of the protein.

3.3. Ectopic Expression of OPG Activates Breast Stromal Fibroblasts through the
NF-κB/STAT3/AUF1 Signaling Pathway

To elucidate the role of OPG upregulation in the activation of breast stromal fibroblasts,
a plasmid bearing the OPG-open reading frame (ORF) was introduced into TCF-64 and NBF-
1 cells (TCF64-ORF and NBF1-ORF, respectively), while the corresponding empty vector
was used as a control (TCF64-Ctl and NBF1-Ctl, respectively). As expected, the mRNA
level of the OPG coding gene (TNFRSF11B) was increased in TCF64-ORF and NBF1-ORF
as compared to their respective controls (Figure 2A). This increase was accompanied with a
significant upregulation of ACTA2 (α-SMA) and IL-6 in both cell cultures (Figure 2A). The
OPG protein level was also increased 3.5-fold and 10.9-fold in TCF64-ORF and NBF1-ORF
as compared to their respective controls (Figure 2B). OPG upregulation was accompanied
in both cell cultures with a strong increase in the level of the active fibroblast biomarkers
α-SMA, FAP-α, CD10, and GPR77 relative to the controls (Figure 2B). CD44, which has
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been shown to be upregulated in active stromal fibroblasts [24], was also upregulated in
OPG-expressing cells (Figure 2B). This indicates that OPG upregulation can lead to different
subtypes of active breast stromal fibroblasts.

Figure 2. Ectopic expression of OPG activates breast stromal fibroblasts.TCF-64 and NBF-1 cells
were transfected with a plasmid expressing OPG-ORF (TCF64-ORF and NBF1-ORF) or an empty
vector (TCF64-Ctl and NBF1-Ctl), respectively. (A) Total RNA was extracted from the indicated
cells, and the mRNA levels of the indicated genes were assessed by qRT-PCR using specific primers
for the indicated genes. Error bars represent mean ± S.D. * p < 0.05, ** p < 0.005. (B) Whole cell
lysates were prepared from the indicated cells, and then were used for immunoblotting analysis
using specific antibodies against the indicated proteins. The numbers below the bands represent
fold change relative to the control (SFM) after correction against the internal control GAPDH. The
levels of phosphorylated proteins were normalized against the total amount of their relative non-
phosphorylated forms. (C) Cell invasion, migration, and proliferation abilities were assessed using
the Real-Time Cell Analyzer-Dual Plate (RTCA-DP) xCELLigence System. Data are representative
of different experiments performed in triplicate. (D) SFCM from the indicated cells were collected
after 24 h and were applied on the RayBiotech Human Cytokine Array C5. The spots correspond
to cytokines. (E) The intensities of the spots in the cytokine array were quantified by densitometric
analysis and normalized to the density of the positive controls of each membrane (POS) and were
presented as fold change in the single gradient heatmap. (F) SFCM from the indicated cells were
collected after 24 h and the levels of the indicated proteins were determined by ELISA and presented
in the respective histograms. Error bars indicate mean ± S.D. (n = 3). * p < 0.05, ** p < 0.005.

To confirm OPG-dependent activation of BSFs, the effect of OPG upregulation on the
invasion, migration, and proliferation abilities of TCF and NBF cells were evaluated using
the Real-Time Cell Analyzer-Dual Plate (RTCA-DP) xCELLigence System. The invasion,
migration, and proliferation abilities of TCF64-ORF and NBF1-ORF cells were higher
than their respective controls (Figure 2C). The increase in the invasiveness ability was
accompanied with clear upregulation of the pro-invasive MMP-2 protein (Figure 2B).

Next, SFCM collected from NBF1-ORF or NBF1-Ctl cells were applied on the Human
Cytokine Antibody Array as shown in Figure 2D. The cytokine array analysis showed an
increase in the pro-carcinogenic cytokines (more than 3-fold increase); MCP-3, G-CSF, IL-13,
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ENA-78, FGF-7, IFN-γ, TARC, GCP-2, GM-CSF, TGF-β1, PDGF-BB, SCF, IL-1β, IL-7, and
IL-5 in the NBF1-ORF cells as compared to the controls (Figure 2E). ELISA showed that
the secreted levels of the OPG protein were increased 2.0- and 1.7-fold in TCF64-ORF and
NBF1-ORF cells as compared to their respective controls (Figure 2F). OPG upregulation
also increased the secretion levels of the IL-6 and SDF-1α proteins (Figure 2F). These results
indicate that OPG upregulation in NBFs and TCFs increases the expression/secretion levels
of several cancer-promoting proteins/cytokines.

To understand the molecular basis of the OPG-dependent activation of NBFs, the
effect of OPG upregulation was first tested on the important NF-κB pathway, a target of the
OPG/RANKL signaling pathway [16]. Interestingly, OPG upregulation in both cell cultures
promoted the activation/phosphorylation of NF-κB (p65) at Ser536 (Figure 2B). This was
confirmed by showing the upregulation of IL-6 at both the protein and mRNA levels,
and the non-active form of IL-1β, the pro IL-1β (Figure 2B). The presence of functional
interaction between the NF-κB and STAT3 pathways prompted us to check the effect of
OPG upregulation on this transcription factor. Figure 2B shows OPG-dependent activa-
tion/phosphorylation of STAT3 at Tyr705 a site that has been found to be phosphorylated
in CAFs and in IL-6-dependent activation of breast stromal fibroblasts [23]. STAT3 regulates
IL-6 at the post-transcriptional level through AUF1, which controls also other CAF markers
such as α-SMA and SDF-1 [23]. Interestingly, OPG upregulation increased the expression
of AUF1 relative to the control cells (Figure 2B). This indicates that OPG could activate
BSFs through the activation of STAT3 and the consequent upregulation of AUF1, a major
regulator of several active CAF biomarkers.

3.4. OPG Upregulation Promotes the Paracrine Pro-EMT Effect of Breast Stromal Fibroblasts in an
IL-6-Dependent Manner

In order to demonstrate the active status of BSFs that express high level of OPG, we
tested their paracrine effects on normal breast luminal cells (cancer initiation) as well as
on breast cancer cells (cancer promotion). Therefore, SFCM from NBF1-ORF and NBF1-
Ctl cells were used to treat HMLE cells for 24 h. The immunoblotting analysis shows a
slight but significant decrease in the epithelial markers, E-cadherin and EpCAM, in NBF1-
ORF-SFCM treated HMLE cells as compared to the controls (Figure 3A,B). Interestingly,
HMLE cells treated with NBF1-ORF-SFCM showed a clear increase in the mesenchymal
markers N-cadherin, Twist1, Snail, and Vimentin relative to their levels in the control cells
(Figure 3A,B). To confirm this epithelial-to-mesenchymal transition (EMT) induction, the
Real-Time Cell Analyzer was used to show that the proliferation, invasion, and migration
capacities of HMLE cells were increased in the presence of NBF1-ORF-SFCM as compared
to their controls (Figure 3C). This indicates that OPG upregulation in BSFs enhances their
paracrine abilities to induce the EMT process in breast epithelial cells, with a marked effect
on the mesenchymal biomarkers as compared to the epithelial ones.
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Figure 3. OPG upregulation in NBFs promotes the EMT process in BC cells in a paracrine fashion.
(A) Immortalized human mammary epithelial cells (HMLE) were treated for 24 h with SFCM collected
from NBF1-ORF-SFCM or NBF1-Ctl-SFCM. Whole cell lysates were prepared, and immunoblotting
analysis was performed using antibodies against the indicated proteins. (B) Quantification of the
immunoblots shown in (A) was performed by densitometry relative to GAPDH and presented as fold
change relative to the control. Error bars represent mean ± SD (n = 3). * p < 0.05, ** p < 0.005. (C) The
proliferation, invasion, and migration capabilities of HMLE cells treated with the indicated SFCM
were assessed using the RTCA-DP xCELLigence system. Data are representative of different experi-
ments performed in triplicate. (D) MCF-7 cells were seeded on 3D Insert™ scaffold in a 6-well cell
culture plate for 48 h. Three-dimensional (3D) aggregates and rounded cell structures on PS scaffold
pores are shown. Scale bar = 50 µm. (E) 3D MCF-7 cells were treated for 24 h with SFCM collected
from TCF64-ORF-SFCM and TCF64-Ctl-SFCM. Whole cell lysates were prepared, and immunoblot-
ting analysis was performed using antibodies against the indicated proteins. (F) Quantification of the
immunoblots shown in (E) relative to GAPDH and presented as fold change relative to the control.
Error bars represent mean ± SD (n = 3). * p < 0.05, ** p < 0.005. (G) The proliferation, invasion
capabilities of the indicated cells were assessed using the RTCA-DP xCELLigence system. (H) The
proliferation capabilities of the indicated cells were assessed using the RTCA-DP xCELLigence system.
Data are representative of different experiments performed in triplicate.

Next, the paracrine effects of OPG upregulation in BSFs were tested on breast cancer
cells grown in 3D. To this end, MCF-7 cells were seeded on the 3D Insert™ scaffold and
monitored for 48 h until 3D structures were formed as shown in Figure 3D. MCF-7 cells
grown in 3D were treated for 24 h with SFCM collected from TCF64-ORF and TCF64-Ctl,
and then whole cell lysates were prepared for immunoblotting. Figure 3E and F shows
that TCF64-ORF-SFCM slightly decreased the level of the epithelial marker E-cadherin and
upregulated the mesenchymal markers N-cadherin, Twist, Snail, and Vimentin relative to
their levels in the control cells. Furthermore, TCF64-ORF-SFCM enhanced the proliferative
and the migratory potential of MCF-7 cells grown in 3D culture (Figure 3G). This shows
that breast stromal fibroblasts that express a high level of OPG can promote EMT in breast
cancer spheroids.
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Recently, OPG was found to play a role in the NBF-related paracrine inhibition of
breast carcinogenesis and this effect was suppressed by the addition of the IL-6 protein [6].
Therefore, the paracrine pro-carcinogenic effect of OPG expressing cells could be due to
the upregulation of IL-6 rather than to an increase in the secreted level of OPG. To test this
hypothesis, IL-6 was neutralized in NBF1-ORF-SFCM as well as in TCF64-ORF-SFCM using
a specific neutralizing anti-IL-6 antibody (1 µg/mL), while IgG was used as a negative
control. These SFCM were used to treat MCF-7 cells for 24 h, and then cellular proliferation
was analyzed. Interestingly, the proliferation of MCF-7 cells treated with TCF64-ORF-
SFCM+IL-6 nAb was reduced to a rate similar to that of control cells (Figure 3H). Similar
result was obtained for MCF-7 cells treated with NBF1-ORF-SFCM+IL-6 nAb. These results
indicate that IL-6 specific inhibition suppresses the paracrine pro-proliferative effect of
OPG expressing BSFs (Figure 3H). Thus, the paracrine pro-carcinogenic effects of OPG-
expressing BSFs are mediated through pro-carcinogenic proteins, such as IL-6.

3.5. OPG Upregulation Promotes the Paracrine Pro-Stemness Effect of Breast Stromal Fibroblasts
in an IL-6-Dependent Manner

In addition to EMT, TCF64-ORF-SFCM also increased the expression level of the
stemness markers CD44, ALDH1 and Nanog, while there was a clear decrease in the level
of CD24 as compared to their levels in the control cells (Figure 4A,B). Similar results were
obtained for MCF-7 cells grown in 3D and treated with TCF64-ORF-SFCM or TCF64-Ctl-
SFCM (Figure 4C,D).

To confirm the induction of cancer stem cells features, we tested the effect of TCF64-
ORF-SFCM on sphere formation ability of MCF-7 cells. Therefore, MCF-7 cells treated with
TCF64-ORF-SFCM or TCF64-Ctl-SFCM for 24 h were seeded in ultra-low attachment 96
well plate in stem cell culture medium at a density of 2000 cells/well. Primary mammo-
pheres were allowed to form for 10 days (Figure 4E). Interestingly, the number of spheres
larger than 100 µm in diameter in MCF-7 cells treated with TCF64-ORF-SFCM was signifi-
cantly higher than the number of spheres formed in MCF-7 treated with TCF64-Ctl-SFCM
(Figure 4F). Moreover, sphere sizes of MCF-7 treated with TCF64-ORF-SFCM was signif-
icantly larger than the spheres formed in the control cells as shown in Figure 4G. These
results indicate that OPG upregulation in BSFs induces their paracrine pro-carcinogenic
effects through the promotion of EMT and stemness.

It has also been shown that OPG suppresses the stemness characteristics of BC cells [6].
This means that the OPG-dependent paracrine induction of stemness in BC cells could
be IL-6-dependent. To confirm this possibility, IL-6 was neutralized in TCF64-ORF-SFCM
and NBF1-ORF-SFCM before treatment of MCF-7 and the assessment of sphere formation
ability. Subsequently, cells were seeded in ultra-low attachment 96-well plates in stem
cell culture medium at a density of 2000 cells/well, and primary mammopheres were
allowed to form for 15 days (Figure 4H). Interestingly, the number of tumorspheres formed
in MCF-7 cells treated with NBF1-ORF-SFCM+IL-6 nAb was significantly lower than
the number of spheres formed in MCF-7 treated with NBF1-ORF-SFCM+IgG as shown
in Figure 4H,I. A similar result was obtained for MCF-7 cells treated with TCF64-ORF-
SFCM+IL-6 nAb (Figure 4H,I). These results indicate that the paracrine pro-stemness effect
of OPG expressing BSFs is IL-6-dependent.
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Figure 4. OPG upregulation in NBFs promotes stemness in BC cells in a paracrine manner.
(A–D) Figure legends are as in Figure 3A,B. (E) MCF-7 cells were treated with the indicated SFCM,
and then were seeded in ultra-low attachment 96 well plate in stem cell culture medium at a density
of 2000 cells/well. Spheres were allowed to form for 10 days, and representative ones are shown.
Scale bar = 100 µm. (F) Spheres (>100 µm) of MCF-7 treated with the indicated SFCM were counted
under an inverted microscope and presented as histogram. Error bars indicate mean ± SD (n = 3).
** p < 0.005. (G) MCF-7 spheres (>100 µm) treated with the indicated SFCM were measured using Im-
ageJ. Error bars indicate mean ± SD (n = 3). *** p < 0.0005. (H) MCF-7 cells treated with the indicated
SFCM were seeded in an ultra-low attachment 96 well plate in stem cell culture medium at a density
of 2000 cells/well. Representative MCF-7 spheres were imaged using an inverted microscope (FLoid
Cell Imaging Station). Scale bar = 100 µm. (I) Spheres (>100 µm) were counted and the numbers were
presented as histogram. Error bars indicate mean ± SD (n = 3). * p < 0.05, ** p < 0.005.

3.6. OPG Upregulation in Breast Stromal Fibroblasts Enhances Their Paracrine Pro-Carcinogenic
Effects In Vivo

Next, we sought to assess the paracrine pro-carcinogenic effects of BSFs expressing
high level of OPG in vivo. To this end, nude mice were randomized into two groups
and orthotopic breast tumor xenografts were created by co-injecting MDA-MB-231 breast
cancer cells (2 × 106) with 1.5 × 106 TCF64-OPG-ORF (TCF64-ORF-T) or TCF64-Ctl cells
(TCF64-Ctl-T) under the nipple of each mouse (n = 6). Interestingly, tumors bearing TCF64-
OPG-ORF cells (TCF64-ORF-T) grew significantly faster relative to those having control
cells (TCF64-Ctl-T) (Figure 5A). Next, tumors were excised and a picture of one tumor from
each group was depicted showing the bigger size of the tumor bearing TCF64-OPG-ORF
cells as compared to the control (Figure 5B). This indicates that OPG upregulation in BSFs
enhance their ability to promote tumor growth in vivo. Next, whole cell lysates were
prepared and were used for immunoblotting analysis. The level of the epithelial marker
EpCAM was significantly lower in TCF64-ORF-T as compared to TCF64-Ctl-T (Figure 5C,D).
On the other hand, the levels of the mesenchymal markers N-cadherin and Twist1 were
much higher in TCF64-ORF-T as compared to the control (Figure 5C,D). Additionally,
TCF64-ORF-T expressed higher levels of the stemness markers, CD44 and ALDH1, but
lower level of CD24 as compared to the control tumor TCF64-Ctl-T (Figure 5C,D). Therefore,
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TCF64-OPG-ORF cells induced EMT and stemness in breast cancer cells in vivo as well.
These results indicate that OPG upregulation in BSFs enhances their ability to promote
breast carcinogenesis in orthotopic tumor xenografts.

Figure 5. OPG upregulation in breast stromal fibroblasts promotes orthotopic tumor growth. Breast
cancer orthotopic xenografts were created in female nude mice by co-injecting MDA-MB-231 cells
(2.106) with 1.5 × 106 TCF64-OPG-ORF (TCF64-ORF-T) or TCF64-Ctl cells (TCF64-Ctl-T) under the
nipple of each mouse (n = 6). (A) Tumor volumes were measured at the indicated periods of time
and were depicted as histogram. Error bars represent mean values (±SEM). (B) Pictures of one
excised tumor from each group are shown. (C) Whole cell lysates were prepared from the excised
tumors and were utilized for immunoblotting analysis using antibodies against the indicated proteins.
(D) Quantification of the immunoblots shown in (C) was performed by densitometry relative to
GAPDH and presented as fold change relative to the control. Error bars represent mean ± SEM
(n = 3). * p < 0.05, ** p < 0.005.

3.7. OPG Downregulation Suppresses Active Breast Stromal Fibroblasts

To further show the role of OPG in the activation of breast stromal fibroblasts (BSFs),
OPG was knocked-down using specific OPG siRNA in CAF-64 and CAF-87 cells, while
a scrambled sequence was used as a control. Significant knockdown of the OPG gene
(TNFRSF11B) (5 fold) was observed at the mRNA level for both CAF64-OPGsi and CAF87-
OPGsi as compared to their respective control cells (Figure 6A). This decrease was accom-
panied with a decrease in the mRNA levels of the active fibroblast biomarkers ACTA2
(α-SMA), TGF-β1, CXCL12 (SDF-1), and IL-6 in OPG-defective cells (CAF64-OPGsi and
CAF87-OPGsi) as compared to their corresponding controls. Figure 6B shows that the OPG
protein level was also declined 50-fold and 10-fold in CAF64-OPGsi and CAF87-OPGsi as
compared to their respective controls. This was accompanied with a strong decrease in the
levels of the important active fibroblast biomarkers, α-SMA and FAP-α, to a level similar to
that observed in TCF cells (TCF-64 and TCF-87) (Figure 6B). While silencing OPG in both
cell cultures did not alter the basal expression of NF-κB, the level of the phospho-NF-κB S536

was decreased, in addition to a decrease in its downstream target, IL-6 (Figure 6B). On the
other hand, OPG downregulation increased the level of the tumor suppressor protein p16
(2.5- and 1.6-fold) in CAF64-OPGsi and CAF87-OPGsi, respectively (Figure 6B). Therefore,
OPG downregulation normalizes the expression level of the biomarkers of active BSFs.
Furthermore, a clear decrease was noticed in the proliferation and the migration abilities of
CAF64-OPGsi and CAF87-OPGsi cells as compared to their respective controls (Figure 6C).
This indicates that OPG downregulation decreases the proliferation and the migration
abilities of active CAFs.
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Figure 6. OPG downregulation suppresses active CAFs. CAF-64 and CAF-87 cells were transfected
with specific OPG-siRNA (CAF64-OPGsi and CAF87-OPGsi) and a scrambled sequence was used as
a control (CAF64-Ctl and CAF87-Ctl), respectively. (A) Total RNA was extracted from the indicated
cells, and the mRNA levels of the indicated genes were assessed by qRT-PCR using specific primers
for the indicated genes. Error bars represent mean ± S.D. * p < 0.05, ** p < 0.005. (B) Whole cell
lysates were prepared from the indicated cells, and then were used for immunoblotting analysis
using specific antibodies against the indicated proteins. The numbers below the bands indicate band
intensity normalized to GAPDH, while phospho-proteins were further normalized to the total protein
and presented as fold change as compared to the control. (C) Exponentially growing cells were
seeded in E-plate for proliferation and CIM-plate for migration, and cell proliferation/migration
were assessed using the Real-Time Cell Analyzer-Dual Plate (RTCA-DP) xCELLigence System. Data
are representative of different experiments performed in triplicate. (D) SFCM from the indicated
cells were collected after 24 h and the levels of the indicated proteins were determined by ELISA
and presented in the respective histograms. Error bars indicate mean ± SEM (n = 3). * p < 0.05,
** p < 0.005.

Additionally, we assessed the effect of OPG downregulation on the secretion of some
important cytokines by ELISA. Figure 6D shows that the secreted levels of the OPG pro-
tein were decreased 7.0- and 1.5-fold in CAF64-OPGsi and CAF87-OPGsi, respectively.
OPG downregulation also reduced the secretion levels of the IL-6, TGF-β1 and SDF-1α
proteins (Figure 6D). These results indicate that OPG knockdown suppresses the expres-
sion/secretion of the cancer-promoting proteins in CAF cells.

3.8. OPG Downregulation Suppresses the Paracrine Pro-Carcinogenic Effects of Active CAFs

Next, we sought to investigate the paracrine effects of OPG downregulation in active
CAFs on normal breast as well cancerous epithelial cells. To this end, SFCM collected from
CAF64-OPGsi and CAF64-Ctl were first used to treat HMLE cells for 24 h. The immunoblot-
ting analysis shows that CAF64-OPGsi-SFCM increased the level of the epithelial markers
E-cadherin and EpCAM, while it downregulated the mesenchymal markers N-cadherin,
Twist, Snail, and Vimentin, relative to their levels in the control cells (CAF64-Ctl-SFCM)
(Figure 7A,B). To confirm this pro-EMT inhibitory effect, we showed that the proliferation,
invasion, and migration capacities of HMLE cells were lower in the presence of CAF64-
OPGsi-SFCM as compared to their controls. This indicates that OPG downregulation in
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active CAFs reduces their paracrine pro-carcinogenic EMT process in breast epithelial cells.
Moreover, CAF64-OPGsi-SFCM decreased the expression of the stemness markers CD44
and ALDH1, while it increased the level of CD24, as compared to their levels in the control
cells (Figure 7A,B). These results show that OPG downregulation in active CAFs suppresses
their paracrine pro-carcinogenic effects.

Figure 7. OPG downregulation suppresses the paracrine pro-carcinogenic effects of active breast
stromal fibroblasts. (A) Cells were treated with SFCM collected from CAF64-OPGsi or CAF64-Ctl
for 24 h. Whole cell lysates were prepared, and immunoblotting analysis was performed using
antibodies against the indicated proteins. (B) Quantification of the immunoblots shown in (A) were
determined by densitometry relative to GAPDH and presented as fold change relative to the control.
Error bars represent mean ± SD (n = 3). * p < 0.05, ** p < 0.005. (C) The proliferation, invasion,
and migration capabilities of HMLE cells treated with the indicated SFCM were assessed using
the RTCA-DP xCELLigence system. Data are representative of different experiments performed in
triplicates. (D) MCF-7 cells were seeded on 3D Insert™ scaffold in a 6-well cell culture plate for 48 h.
Three-dimensional (3D) aggregates and rounded cell structures on PS scaffold pores are shown. Scale
bar = 50 µm. (E) MCF-7 spheroids were treated for 24 h with SFCM collected from CAF87-OPGsi
and CAF87-Ctl cells. Whole cell lysates were prepared, and immunoblotting analysis was performed
using antibodies against the indicated proteins. (F) Quantification of the immunoblots shown in
(E) relative to GAPDH and presented as fold change relative to the control. Error bars represent
mean ± SD (n = 3). * p < 0.05, ** p < 0.005.

Moreover, we decided to use 3D cell culture in order to mimic the in vivo cellular
structure. Therefore, MCF-7 were seeded on the 3D Insert™ scaffold and monitored for 48 h
until 3D structures were formed as shown in Figure 7D. MCF-7 spheroids were treated for
24 h with SFCM collected from CAF87-OPGsi and CAF87-Ctl, and then whole cell lysates
were prepared for the immunoblotting assay. Figure 7E,F shows that CAF87-OPGsi-SFCM
did not affect the protein level of the epithelial marker E-Cadherin, while there was a
significant increase in the epithelial marker EpCAM. On the other hand, CAF87-OPGsi-
SFCM downregulated the mesenchymal markers N-cadherin, Snail, and Vimentin relative
to their levels in the control cells (Figure 7E,F). Furthermore, while CAF87-OPGsi-SFCM
didn’t affect the expression of CD44, there was a significant decrease in the expression
of ALDH1 and increase in the level of CD24 protein as compared with their respective
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levels in the control cells (Figure 7E,F). These results were confirmed by showing that the
self-renewal capacity and the ability of MCF-7 cells to form tumorspheres was significantly
reduced in the presence of CAF87-OPGsi-SFCM relative to the controls (Figure 7G). These
results indicate that OPG downregulation in active CAFs suppresses their ability to promote
EMT and stemness in normal and cancer epithelial cells.

3.9. Human Recombinant OPG Suppresses the Paracrine Pro-Carcinogenic Effects of Active CAFs

We have recently shown that the human recombinant OPG protein (rOPG) inhibits
the invasive capacity of breast cancer cells [6]. Thus, we sought to study the effect of
rOPG on active breast stromal fibroblasts and the possible normalization of these cells.
To this end, CAF-64 cells were either sham-treated of exposed to rOPG 10 ng/mL for
24 h. Figure 8A shows strong inhibition of the invasiveness capacity of CAF-64 cells
when exposed to rOPG. In addition, we showed that SFCM from rOPG-treated CAF-64
cells suppressed the paracrine pro-invasive/migratory and proliferative effects of control
cells on breast epithelial cells as well as MDA-MB-231 cells (Figure 8B). These results
indicate that rOPG can normalize the autocrine and paracrine features of active breast
cancer-associated fibroblasts.

Figure 8. rOPG normalizes the active features of CAFs and suppresses their paracrine pro-
carcinogenic effects. (A) CAF-64 cells were either sham-treated (CTL) or challenged with rOPG
(10 ng/mL), and then the invasion capability of cells was assessed using the RTCA-DP xCELLi-
gence system. Data are representative of different experiments performed in triplicates. (B) The
invasion/migration and proliferation capabilities of HMLE and MDA-MB-231 cells treated as indi-
cated were assessed using the RTCA-DP xCELLigence system. Data are representative of different
experiments performed in triplicates.

4. Discussion

In the present study, we sought to delineate the role of OPG in BSFs. We have first
shown that OPG is highly expressed in CAFs as compared to their adjacent TCFs or normal
breast fibroblasts. This suggests that breast cancer cells can enhance the expression of OPG
in the surrounding stromal fibroblasts. Indeed, triple-negative BC cells upregulated OPG in
BSFs in an IL-6-dependent manner through the activation of the STAT3 pathway. Similarly,
rhIL-6 was found to increase the OPG level in vascular smooth muscle cells (VSMCs) [25]. In
addition to IL-6, TGF-b1 and IL-1b have been found to enhance the expression and secretion
levels of OPG in mouse stromal cells and breast cancer cell lines, respectively [26,27]. Thus,
the expression of OPG can be modulated in response to various cytokines. Furthermore,
we showed that IL-6-related upregulation of OPG is STAT3-dependent. Similarly, it has
been recently shown that STAT3 positively controls OPG expression in BC cells [6]. Since
STAT3 is persistently active in active fibroblasts, it might be responsible for the persistent
expression of OPG in these cells.

To elucidate the effect of OPG upregulation on BSFs, the expression of the gene was
increased through ectopic expression in TCF and NBF cells. This led to the activation of
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these normal fibroblasts and increases in their paracrine pro-carcinogenic effects. Indeed,
OPG upregulation enhanced the expression of the major biomarker of active fibroblasts,
a-SMA. Consistent with this, it has been previously shown that OPG positively regulates
a-SMA in VSMC [28]. Likewise, OPG upregulation enhanced the expression of other active
fibroblast biomarkers, namely, FAP-a, CD10, GPR77, and CD44. While FAP-a-expressing ac-
tive fibroblasts promote breast tumorigenesis and are implicated in an immunosuppressive
environment [29], CD10+ GPR77+ as well as CD44+ active breast fibroblasts promote breast
cancer stemness and chemoresistance [11,24,30]. Therefore, OPG upregulation in BSFs
can induce various subtypes of active fibroblasts with different pro-carcinogenic effects.
These findings raised an important question on how OPG controls all these genes and
physiological processes. Since these processes are under the control of two important and
interconnected pathways, NF-κB and STAT3, we sought to investigate the link between
OPG and these two pathways. We found that OPG positively controls NF-κB (p65). Indeed,
while OPG upregulation activated p65, OPG knockdown with specific siRNA inhibited
this transcription factor. Previous studies have shown that NF-κB positively regulates
a-SMA and FAP-a in active fibroblasts [31,32]. Furthermore, NF-κB signaling is responsi-
ble for the phenotype and function of CD10+GPR77+ active fibroblasts [11]. In addition,
NF-κB was found to regulate CD44 expression in BC cells [33]. Therefore, OPG could
upregulate these CAF biomarkers in BSFs through the activation of NF-κB. We have also
shown that OPG positively regulates STAT3 and its downstream effector AUF-1, which
stabilizes the expression of the active fibroblast biomarkers, a-SMA, SDF-1, TGF-b1, and
IL-6 [23]. Therefore, OPG could also activate BSFs through the STAT3/AUF1 pathway.
These findings indicate that endogenous OPG plays a major role in the activation of BSFs
through the pro-carcinogenic STAT3/NF-κB signaling, which positively regulates OPG
through a feedback loop.

OPG-related activation of BSFs was confirmed by showing that OPG upregulation
in BSFs enhanced their proliferation and invasion abilities and the production of the pro-
invasive protein MMP-2, as well as the secretion of multiple pro-carcinogenic cytokines,
including IL-6, SDF-1 and TGF-b1. The increase in the secretion of these cytokines is one
of the main features of active BSFs and play major roles in tumor-promoting function of
CAFs. CAF-derived IL-6, SDF-1 and TGF-b1 promote cancer progression through induction
of EMT, stemness and angiogenesis in a paracrine manner [3]. Consequently, ectopic
expression of OPG significantly enhanced the migration/invasion abilities and increased
the expression of several mesenchymal markers (N-cadherin, Vimentin, Snail, and Twist1),
and reduced the expression of the epithelial markers (E-cadherin and EpCAM) in mammary
luminal cells as well as BC cells grown as 3D. Furthermore, OPG expressing fibroblasts
promoted stem-like features (CD24low/CD44high and ALDHhigh) and the formation of
mammospheres in primary luminal cells and BC cells. These results were confirmed
in vivo in orthotopic tumor xenografts generated in mice. Therefore, OPG upregulation
in breast fibroblasts promotes EMT and stemness as well as tumor growth in a paracrine
manner. Interestingly, these pro-carcinogenic effects were shown to be IL-6-dependent.
Indeed, anti-IL-6 neutralizing antibody suppressed the paracrine pro-carcinogenic effects of
OPG-expressing fibroblasts, which secrete a high level of the anti-carcinogenic factor OPG
as well as several other pro-carcinogenic factors such as IL-6 and SDF-1. This indicates that
while active breast fibroblasts secrete pro- and anti-carcinogenic cytokines, they promote
carcinogenesis due to the dominance of the pro-carcinogenic cytokines. Together, these
results show that OPG upregulation activates BSFs and enhances their pro-carcinogenic
effects in an IL-6-dependent manner.

On the other hand, OPG downregulation promoted quiescence in active CAF cells
and inhibited their paracrine pro-EMT and -stemness/self-renewal processes in human
luminal cells as well as in breast cancer cells. These data demonstrated the important role
of OPG in the active state of BSFs and their cancer-promoting potential. Therefore, OPG
downregulation in active CAFs could constitute an effective CAF-targeting therapeutic
approach for breast cancer patients. We showed here that rOPG strongly inhibited their
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invasive capacity as well as their paracrine pro-carcinogenic effects on primary normal
human luminal cells and breast cancer cells. This shows the possible use of rOPG to target
both breast cancer cells and their supportive active stromal fibroblasts. It is noteworthy
that while only 10 ng/mL is sufficient to normalize active CAFs and inhibits their pro-
carcinogenic effects, 1 µg/mL was needed to target breast cancer cells [6]. Therefore, using
rOPG at low concentration could be utilized to target tumors or prevent their recurrence
and spread through normalization of their microenvironment. The possibility to use rOPG
for the treatment of breast tumors and the prevention of bone metastasis was previously
proposed and tested with conflicting results. This is mainly due to limited knowledge
on the exact role of OPG in breast carcinogenesis, since it has a pro-carcinogenic function
when intracellular, and suppresses carcinogenesis when extracellular [16,34]. The fact
that secreted OPG and the recombinant form of the protein repress the expression of the
endogenous protein through inhibition of the NF-κB pathway could explain some of the
observed differences [6].

5. Conclusions

In this study, we showed that breast cancer cells can upregulate OPG in stromal
fibroblasts in an IL-6/STAT3-dependent manner. This increase in the OPG level activates
these adjacent fibroblasts and transforms them to pro-carcinogenic cells, which can promote
tumor growth in vivo. Importantly, rOPG can normalize the active features of CAF cells,
which suggests the possible use of this cytokine to target active breast stromal fibroblasts.
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