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Simple Summary: Targeting receptor activator of nuclear factor-«B ligand (RANKL) with the mon-
oclonal antibody Denosumab decreases osteoclast-mediated bone resorption and is approved for
the treatment of postmenopausal osteoporosis. Since RANKL is also implicated in mammary gland
homeostasis and breast tumorigenesis, Denosumab is being currently pursued as a candidate for
drug repurposing in oncology, including breast cancer, while its efficacy remains controversial. In
this study, by developing a humanized transgenic mouse model of human RANKL overexpression,
we demonstrated that RANKL mediated hormone-induced mammary carcinogenesis, while its
prophylactic inhibition by Denosumab prevented tumorigenesis. Our humanized transgenic mice
provide a unique genetic tool for investigating the involvement of human RANKL in breast cancer
pathogenesis and can serve as a preclinical platform for anticancer therapies.

Abstract: Receptor activator of nuclear factor-«B ligand (RANKL) is critically involved in mammary
gland pathophysiology, while its pharmaceutical inhibition is being currently investigated in breast
cancer. Herein, we investigated whether the overexpression of human RANKL in transgenic mice
affects hormone-induced mammary carcinogenesis, and evaluated the efficacy of anti-RANKL treat-
ments, such as OPG-Fc targeting both human and mouse RANKL or Denosumab against human
RANKL. We established novel MPA /DMBA-driven mammary carcinogenesis models in TgRANKL
mice that express both human and mouse RANKL, as well as in humanized humTgRANKL mice
expressing only human RANKL, and compared them to MPA /DMBA-treated wild-type (WT) mice.
Our results show that TgRANKL and WT mice have similar levels of susceptibility to mammary
carcinogenesis, while OPG-Fc treatment restored mammary ductal density, and prevented ductal
branching and the formation of neoplastic foci in both genotypes. humTgRANKL mice also devel-
oped MPA /DMBA-induced tumors with similar incidence and burden to those of WT and TgRANKL
mice. The prophylactic treatment of humTgRANKL mice with Denosumab significantly prevented
the rate of appearance of mammary tumors from 86.7% to 15.4% and the early stages of carcinogenesis,
whereas therapeutic treatment did not lead to any significant attenuation of tumor incidence or tumor
burden compared to control mice, suggesting the importance of RANKL primarily in the initial
stages of tumorigenesis. Overall, we provide unique genetic tools for investigating the involvement
of RANKL in breast carcinogenesis, and allow the preclinical evaluation of novel therapeutics that
target hormone-related breast cancers.
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1. Introduction

Breast cancer is considered a global disease since one out of eight women will develop
this form of cancer during their lifetime. Even though survival rates of patients have been
improved in the last few decades due to more effective therapies and mostly due to early
diagnosis, breast cancer still remains the second leading cause of cancer-related death in
women [1]. Breast cancer development has been associated with continuous hormone
exposure, mostly progesterone and estrogen, during the luteal phase of the menstrual cycle
that is characterized by intense epithelial proliferation [2,3]. A significant increase in breast
cancer risk has been reported for women receiving estrogen plus synthetic progesterone
(progestins) hormone replacement therapy (combined HRT) as compared with women
treated with estrogen-only HRT [4,5]. In particular, the use of medroxyprogesterone acetate
(MPA) in HRT and contraceptives has been shown to increase the risk of developing breast
cancer [6,7].

Receptor activator of nuclear factor-«B ligand (RANKL) is a member of the tumor
necrosis factor (TNF) superfamily and constitutes a key regulator in osteoclast develop-
ment [8,9], inducing physiological and pathological bone resorption in osteolytic diseases,
such as osteoporosis and arthritis [10]. RANKL functions through its cognate receptor
RANK, and can be inhibited by the decoy soluble receptor osteoprotegerin (OPG). Deno-
sumab, a human monoclonal antibody targeting human RANKL, has been approved for
the treatment of postmenopausal osteoporosis since 2010 [11]. In addition to its role in
bone resorption, RANKL also plays an essential role in the dynamic morphogenesis of
the mammary gland, acting as a paracrine mediator of progesterone for the expansion
of mammary progenitor cells during the physiological estrous cycle [12,13]. RANKL is
produced by luminal cells that express progesterone receptor (PR) and signals to mammary
stem (MaSC) and/or luminal progenitor subsets that express RANK [14]. In a similar
manner, RANKL also drives the proliferation of mammary progenitors required for the
development of lobulo-alveolar structures during the course of pregnancy [15]. Thus,
RANKTL-deficient mice fail to form lobulo-alveolar structures during pregnancy, resulting
in the death of newborns [15].

RANKL has also been implicated in breast tumorigenesis, while RANKL expression
has been confirmed in human breast cancer specimens [16]. RANKL has been implicated
in the development of progestin-induced breast cancer in mice, through a mechanism
similar to the physiological progesterone-mediated epithelial cell proliferation occurring
in the mammary gland [17,18]. More specifically, the treatment of female mice with MPA
resulted in the profound upregulation of RANKL expression in the mammary epithelium,
leading to increased epithelial cell proliferation, which was abolished in RANK-deficient
mice [17]. Similarly, the induction of breast cancer by the co-administration of MPA and
the carcinogenic agent 7,14-dimethylbenz[a]anthracene (DMBA) in RANK-deficient mice
resulted in the delayed onset of mammary tumor development and increased survival
rates [17]. On the other hand, RANK overexpression in the mammary gland of transgenic
mice resulted in accelerated pre-neoplasia and tumors following MPA /DMBA treatment,
an effect that was attenuated with the pharmacological inhibition of RANKL [19].

In this study, we have developed novel preclinical tools and provided further evidence
that supports the potential therapeutic effect of established anti-RANKL agents (OPG-Fc,
Denosumab) in attenuating the development of progesterone-dependent and RANKL-
mediated mammary carcinogenesis. More specifically, we induced hormone-dependent
(MPA/DMBA) breast carcinogenesis in transgenic mice expressing human RANKL (hu-
RANKL) [20], and established a pre-clinical platform to evaluate the efficacy of therapeutics
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targeting huRANKL. Our work provides evidence that supports the beneficial effects of
RANKL inhibition in breast cancer tumorigenesis.

2. Materials and Methods
2.1. Mouse Husbandry

TgRANKL (Tg5519 line) [20], humTgRANKL (Tg5519/RANKLYes/tes) [21], and WT
control female mice (all in C57BL/6 background) were maintained and bred in the animal
facility of Biomedical Sciences Research Center (B.S.R.C.) “Alexander Fleming” (regis-
tered code EL09BIOO05) under specific pathogen-free conditions. All animal work was
approved by the Institutional Protocol Evaluation Committee and was licensed by the
Veterinary Authorities of Attica Prefecture (registered codes: 533 /13 February 2019 and
105612/6 February 2020) in compliance with the animal welfare guidelines of the PD
56/2013 and the European Directive 2010/63/EU.

2.2. MPA/DMBA-Induced Mammary Carcinogenesis

Treatment with MPA and DMBA was performed as previously described [17]. Briefly,
6-week-old female mice were subcutaneously implanted in the upper back area with 90-day
slow-release pellets containing 50 mg medroxyprogesterone acetate (MPA) (Innovative
Research of America). In total, 200 pL of a 5 mg/mL solution of DMBA (Sigma-Aldrich,
St Louis, MO, USA) in cottonseed oil was administered by oral gavage according to the
scheme shown in Figure 1B. Mammary tumors were detected by palpation and mice were
sacrificed either when tumor size exceeded 10-15 mm in diameter or when the overall
condition of the mice fell in humane endpoint criteria.

2.3. Administration of OPG-Fc and Denosumab

TgRANKL and WT mice were treated twice weekly either intraperitoneally with
10 mg/kg OPG-Fc (supplied by Amgen Inc., Thousand Oaks, CA, USA) or subcutaneously
with 10 mg/kg Denosumab (Amgen Inc.) until the end of the protocol. Prophylactic
treatment was initiated one day before MPA implantation, while treatment was initiated
on the last day of DMBA administration.

2.4. In Vivo Imaging

In vivo imaging for the detection of tumors was performed using the (3-eye benchtop
system with Positron Emission Tomography (PET) isotopes with an artificial intelligence-
based X-ray system (BIOEMTECH, Athens, Greece). The tracer of choice was 2-deoxy-
2—[18F]ﬂu0r0—D—glucose ['8F]FDG, the gold standard for tumor investigation, which is
also used in routine clinical practice [22]. Animals were anesthetized with isofluorane
(3-5% for induction and 1-3% for maintenance) and were kept warm during all imaging
scans. In total, 25-35 uCi/100 pL of [!8F]JFDG [23] was administered intravenously via the
retro-orbital vein. Dynamic screening was performed for the first hour post-injection, while
10 min-long static imaging was performed at later time points (2 and 3 h post-injection),
to identify the best time point at which maximum tumor uptake would be observed.
The 2 h post-injection point was selected as the optimal time point for screening such
mammary tumors with ["®FJFDG. Post-processing was performed using the accompanying
eyes software tool (visual | eyesTM, Version 3, BIOEMTECH, Athens, Greece) and smoothing
using a Gaussian filter (1.4 mm, isotropic).

2.5. Whole-Mount Analysis, Carmine-Alum Staining of Mammary Glands

Mammary glands and tumors were isolated and fixed overnight at 4 °C with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The preparation and whole-
mount staining with carmine-alum was performed as previously described [24].
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2.6. Histology and Immunohistochemistry

Mammary glands and tumors were fixed overnight at 4 °C with 4% PFA in PBS. For
histological analysis, the tissues were embedded in paraffin and 5 um tissue sections were
obtained. Tissue sections were stained with hematoxylin and eosin (H/E) and histology
images were acquired using a Nikon E800 upright widefield /fluorescence microscope. For
immunohistochemical staining (IHC), antigen retrieval was first performed by heating
for 5 min at 120 °C in a sodium citrate buffer at pH 6, followed by blocking for 1 h at
RT with 3% BSA in PBS and staining overnight at 4 °C with anti-Cytokeratin 8 at 1:250
(rabbit, Abcam, Cambridge, UK, ab53280) and anti-Cytokeratin 5 at 1:250 (rabbit, Abcam,
ab52635). Endogenous peroxidase activity was inhibited by incubating with 3% hydrogen
peroxide for 10 min. In a final step, sections were incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at
RT, washed and treated with the substrate 3,3’-Diaminobenzidine (DAB) for 2-5 min in the
dark. Hematoxylin was used for counterstaining.

2.7. MicroCT Tomography of Mammary Glands

Inguinal mammary glands were stained with phosphotungstic acid (PTA) to enhance
imaging performed by microcomputed tomography (microCT) as previously described [24].

2.8. MicroCT Tomography Analysis of Femurs

Femurs were fixed overnight in 10% formalin, washed with water and stored in PBS.
The microarchitecture of the distal femurs from all examined mice was evaluated through
microCT (SkyScan1172, Bruker, Billerica, MA, USA). Images were acquired at 50 KV, 100 A
with a 0.5 mm aluminum filter and 6 pm voxel size. Three-dimensional reconstructions
(8.8 mm cubic resolution) were generated using NRecon software, version 1.7.4.6 (Bruker)
as previously described [25]. For the trabecular area of the distal femur, we assessed the
bone volume fraction (BV/TV, %), the trabecular number (Tb.N, mm~!) and the trabecular
separation (Tb.S, mm).

2.9. RNA Isolation and gPCR Analysis

Total RNA was extracted from tissues (TRI Reagent, MRC), and after DNase I treatment
(Sigma-Aldrich), first-strand cDNA was synthesized using 2 ug of total RNA and M-MLV
(Invitrogen, Carlsbad, CA, USA). Templates were amplified with HOT FIREPol® EvaGreen
Master Mix (Solis Biodyne) on the CFX96 Connect real-time PCR instrument (Bio-Rad
Laboratories, Hercules, CA, USA). Data analysis was performed following the 2~ #4¢T
method [26]. The primers were purchased from Eurofins Genomics and are listed in
Table S1. The PCR was performed in a 20 uL reaction using 58 °C as the annealing
temperature for 40 cycles. PCR using primers specific to the B2M gene was also carried out
as an internal control, using the same cDNA samples and the same conditions. For each
experiment at least four biological and two technical replicates were used.

2.10. Multiplex ELISA

Mammary tumors and mammary glands were ground to powder in liquid nitrogen
using a pestle and mortar and were solubilized in 150 uL lysis buffer containing 100 mM
Tris-HCl, pH 7.6, 4% SDS and freshly made 100 mM DTT, protease inhibitors cocktail
(Protavio, Athens, Greece, PR-PIC), and phenylmethylsulfonyl fluoride 1M (PMSF, Sigma-
Aldrich). Samples were homogenized, followed by 3-fold sonication in order to shear the
DNA. Finally, the samples were centrifuged at 17,000x g for 15 min at 4 °C twice and
the supernatants were transferred to new tubes. The total protein content of lysates was
estimated (Pierce™ BCA Protein Assay Kit, Thermo Scientific, Waltham, MA, USA) and
absorbance was measured at 560 nm on a Varioskan LUX Multimode Microplate Reader
(Thermo Scientific). The protein concentration was adjusted to 250 pg/mL or 300 ug/mL
using Protavio lysis buffer (Protavio, Athens, Greece, PR-LYSB) prior to sample analysis.
The samples were transferred into flat-bottom 96-well plates containing bead mix, pre-
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washed with Assay Buffer (Protavio, Athens, Greece, PR-ASSB pH 7.4) for multiplex ELISA
experiments. Bead-based multiplex ELISA assays utilize color-coded microspheres to
attain distinct fluorescent signatures for each assay combination. Antibodies recognising
specific protein targets are coated on the bead surface, and a bead mix containing the
different coated beads was used to analyze protein levels. Bead regions were uniquely
identified and differentiated by the Luminex instrumentation based on their unique color
classification [27].

A custom-developed 19-plex assay panel (10-plex: PR-PHOS-1-KIT, 9-plex PR-PHOS-2-
KIT, Protavio, Athens, Greece) was used to determine the levels of selected phosphorylated
proteins. Target protein assays and the phosphorylation residues detected are demonstrated
in Table S2. Control cell lysates were prepared by Protavio (Athens, Greece) using several
cell lines and stimuli to monitor the assay performance of the phospho-panels in each run.
Signals were reported as Median Fluorescence Intensities (MFI) and samples with bead
counts > 20 for each bead region were included in the analysis. Multiplex ELISA assays
were performed on a Luminex FLEXMAP 3D platform (Luminex, Austin, TX, USA).

2.11. Statistical Analysis

All results are presented as scatter dot-plots showing each data point as a mean
value =£ standard deviation (SD). Statistical significance was assessed by one-way analysis
of variance (ANOVA) with the Tukey post-hoc test to compare means of multiple groups,
while the t-test was used for the comparison of two groups. For all tests, p < 0.05 was
considered statistically significant.

3. Results
3.1. Comparison of MPA/DMBA-Driven Mammary Carcinogenesis between Wild-Type Mice and
Transgenic Mice Overexpressing Human RANKL

We have previously generated transgenic mice carrying a 200 kb genomic fragment
containing both the coding and regulatory regions of the human Rankl (huRankl) gene [20].
These mice overexpress huRankl and spontaneously develop osteoporosis pathology. In the
current study, we examined whether these mice also overexpress huRankl in their mammary
glands, as it is known that in this tissue endogenous mouse, Rankl (muRankl) expression is
induced by progesterone [28]. Using a pair of primers that can detect total Rankl (human
and mouse), we found that the mammary glands of TgRANKL mice expressed signifi-
cantly higher levels of Rankl compared to WT (Figure 1A). Since the mammary glands of
TgRANKL and WT mice exhibit comparable expression levels of muRankl (Figure 1A), the
increased expression of total Rankl in TgRANKL mammary glands is attributed to the high
expression levels of huRankl transgene.

Then, we investigated whether TgRANKL mice were more susceptible than WT
mice to hormone-induced mammary carcinogenesis. For this purpose, we established
an MPA /DMBA carcinogenesis protocol that involved an 8-week-long treatment scheme
with DMBA, starting just after the implantation of the MPA-releasing pellets with a total
duration of 20 weeks (Figure 1B). The treatment of both WT and TgRANKL females with
MPA /DMBA led to the development of mammary tumors that had similar tumor latency
and progression (Figure 1C). Through in vivo PET scan imaging we managed to detect
early-stage tumors in abdominal and inguinal mammary glands in MPA /DMBA-treated
WT and TgRANKL mice (Figure 1D). No differences were observed between TgRANKL
and WT mice in terms of tumor burden, including tumor weight, the percentage of mice
bearing from zero to five tumors, and the number of tumors per mouse (Figure 1E-G).

Once the tumors reached a size of 10-15 mm in diameter, the mice were euthanized
and the tumors as well as the adjacent mammary glands were harvested for histological
and molecular analysis. Histopathological analysis of the MPA /DMBA-induced tumors
confirmed the previously reported heterogeneity of tumors detected in this model [29],
and highlighted as a prevalent tumor type the adenosquamous carcinoma with sporadic
neoplastic glands and keratin pearls (Figure S1A). Tumors were primarily stained for
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the luminal marker cytokeratin 8 and, to a lesser extent, for the myoepithelial marker

cytokeratin 5 (Figure S1B,C).
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Figure 1. Comparison of MPA /DBMA-induced mammary tumorigenesis between WT and TgRANKL
mice. (A) Comparative expression analysis for total Rankl (mu + hu) or only for endogenous muRankl
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in the mammary glands of WT and TgRANKL mice (n = 5/group). Statistical analysis was performed
with Mann-Whitney unpaired ¢-test. (B) Carcinogenesis scheme induced by MPA and DMBA. Six-
week-old female mice were implanted subcutaneously with MPA pellets and orally received 6 doses
of DMBA during a period of eight weeks. OPG-Fc was administered twice weekly for the whole
duration of the experiment, starting one day before MPA implantation. (C) Onset kinetics of palpable
MPA /DMBA-induced mammary tumors in WT, TgRANKL either with or without treatment with
OPG-Fc (n = 10-17/group). Percentage of tumor-free mice is presented for the period after the
last DMBA challenge to the end of the experiment. (D) Representative images from planar PET
scanning. Yellow arrows indicate tumor signal. (E) Tumor weight, (F) % of mice bearing from 0
to 5 tumors per experimental group and (G) number of tumors per mouse in each experimental
group. Comparison in G was performed between WT untreated and WT treated with OPG-Fc as
well as between TgRANKL untreated and TgRANKL treated with OPG-Fc using Mann-Whitney
unpaired t-test (* p < 0.05, *** p < 0.001). (H) Comparative expression analysis for Rankl(mu + hu),
Rank, Opg, Pr, Era, Lgr5, Sox2, and Sox9 in mammary glands and tumors from WT and TgRANKL
mice (n = 4/group). (I) Multiplex ELISA analysis for phospho-proteins p-AKT1, p-STAT3, p-SMAD3,
p-CREB]I, p-p38, p-PTN11 and p-ERK1 in mammary glands and tumors from WT and TgRANKL
mice (n = 5-6/group). Comparison was performed with one-way ANOVA and Tukey’s post hoc test
(* p < 0.05,* p < 0.01, *** p < 0.001).

At the molecular level, the expressions of total Rankl, Rank, and Opg were found
significantly increased in mammary tumors compared to mammary glands, both in WT
and TgRANKL mice (Figure 1H). Tumors also displayed increased expression for genes
encoding progesterone receptor (Pr), estrogen receptor « (Era), and the stem cell markers
Lgr5, Sox2 and Sox9 in both genotypes (Figure 1H). The phosphorylation analysis of signal-
ing proteins through multiplex ELISA demonstrated increased phosphorylation in AKT1,
STAT3, SMAD3, CREB1, p-38, PTN11, and ERK1 in tumors compared to mammary glands
in both genotypes (Figures 11 and S2). The above results demonstrate that TgRANKL mice
overexpressing huRANKL in the mammary glands have similar levels of susceptibility to
MPA /DBMA-induced mammary carcinogenesis with WT mice.

3.2. Treatment with OPG-Fc Prevents MPA/DMBA-Induced Mammary Carcinogenesis

To examine whether the MPA /DMBA-induced mammary carcinogenesis model is
RANKL-dependent, we treated WT and TgRANKL mice with OPG-Fc, an inhibitor of both
human and mouse RANKL [30-32]. Treatment with OPG-Fc was initiated one day before
MPA implantation and continued throughout the study (Figure 1B). The efficacy of the
OPG-Fc treatment was confirmed with the reversal of RANKL-mediated bone resorption in
femurs through microCT analysis (Figure S3). OPG-Fc led also to an increase in the tumor
latency both in WT and TgRANKL mice (Figure 1C). In vivo imaging using planar PET scan
detected tumors in WT and TgRANKL mice, but not in the groups treated with OPG-Fc
(Figure 1D). Moreover, OPG-Fc treatment led to a reduction in the tumor burden both
in WT and TgRANKL mice, as it prevented the formation of multiple tumors per mouse
(Figure 1FE,G). However, once formed, the tumors had similar weights and characteristics
compared to mice that had not received OPG-Fc treatment (Figure 1E), suggesting the
involvement of RANKL mainly at the early stages of mammary tumorigenesis.

We also investigated the morphology of the mammary glands adjacent to tumors
in the presence of prophylactic OPG-Fc treatment. Whole-mount carmine alum staining
and histological analysis revealed a dense epithelial ductal network with prominent side-
branching and neoplastic epithelial foci in MPA /DMBA-treated WT and TgRANKL mice
(Figure 2A-C). Treatment with OPG-Fc restored the mammary ductal density and prevented
the formation of ductal branching and mammary neoplastic foci, maintaining the normal
ductal tree structure (Figure 2A-C). Altogether, these results indicate that the MPA /DMBA-
induced tumors are largely RANKL-dependent.
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TgRANKL

WT +OPG-Fc  TgRANKL +OPG-Fc

2

Figure 2. RANKL inhibition with OPG-Fc prevented side-branching and neoplastic epithelial foci
in the mammary glands of MPA /DMBA-treated mice. Representative images of mammary glands
adjacent to tumors from mice either treated with OPG-Fc or not, stained with (A) carmine alum and
(B,C) hematoxylin and eosin. Blue arrows indicate mammary neoplastic foci (n = 5-8/group). Scale
bars, 150 um and 80 um for H&E ((B) and (C), respectively).

3.3. Generation of a Humanized RANKL Transgenic Mouse Model of Mammary Carcinogenesis

The induction of mammary carcinogenesis through the administration of MPA/DMBA
in the TgRANKL mice includes the involvement of both mouse and human RANKL. To
investigate whether the huRankl transgene can independently mediate hormone-induced
mammary carcinogenesis, we generated a humanized (humTgRANKL) transgenic mouse
model exclusively expressing huRankl. Humanized mice were generated by breeding the
osteoporotic TgRANKL mice with the osteopetrotic RANKL!5/1°s mice carrying a missense
mutation that abolishes the function of muRANKL [21]. gPCR analysis showed that the
mammary glands of TgRANKL and humTgRANKL mice had comparable expression levels
of huRankl (Figure 3A).

Interestingly, in humTgRANKL mice, the introduction of the huRankl transgene in
the muRankl-deficient genetic background not only reversed the osteopetrotic phenotype
of RANKL!es/tles mice, but also allowed the development of an osteoporotic phenotype
similar to the one observed in TgRANKL mice (Figure 54). Humanized mice developed
MPA /DMBA-induced tumors with similar latency, weight, and number per mouse to
those observed in WT and TgRANKL mice (Figure 3B-E). Whole-mount carmine alum
staining and histological analysis of the mammary glands adjacent to tumors showed that
humTgRANKL mice developed a ductal structure with high density, epithelial hyperplasia,
and neoplastic epithelial foci comparable to the ones observed in WT and TgRANKL mice
(Figure 3EG).
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Figure 3. MPA /DMBA-induced mammary carcinogenesis in humTgRANKL mice. (A) Comparative
expression analysis for huRankl in TgRANKL and humTgRANKL mammary glands (n = 4/group).
Statistical analysis was performed with unpaired t-tests. (B) Onset kinetics of palpable MPA /DMBA-
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induced mammary tumors in WT, TgRANKL and humTgRANKL females (n = 7-10/group). (C) Tu-
mor weight, (D) % of mice bearing from 0 to 3 tumors per experimental group, and (E) number of
tumors per mouse in each experimental group. Adjacent mammary glands of WT, TgRANKL and
humTgRANKL mice were stained with (F) carmine alum and (G) hematoxylin and eosin. Blue arrows
indicate mammary neoplasia. Scale bar, 80 um for histology. (H) Comparative expression analysis
for Rankl(mu+hu), Rank, Opg, Pr and Era in MPA /DMBA-induced tumors from WT, TgRANKL and
humTgRANKL mice (n = 5/group). (I) Multiplex ELISA analysis for phospho-proteins p-AKT1,
p-ERK1, p-STAT3, p-SMAD3, p-MEK, and p-EGER (n = 5/group). Data are shown as mean + SD.
One-way ANOVA and Tukey’s post hoc test were performed (* p < 0.05).

The expression level of total Rankl in tumors was higher in genotypes expressing
huRankl compared to WT mice, whereas no significant differences were identified for
the expression levels of Rank, Opg, Pr, and Era among the three genotypes (Figure 3H).
Quantification of the phosphorylated proteins downstream of the RANK signaling cascade
showed similar levels for p-AKT1, p-STAT3, p-SMAD3, p-ERK1, p-MEK]1, and p-EGFR in
the tumors from all genotypes, confirming also at the molecular level that the humanized
mice respond to MPA /DMPA-induced carcinogenesis similarly to WT and TgRANKL mice
(Figure 3I).

3.4. Prophylactic Denosumab Treatment Attenuates the Development of MPA/DMBA-Induced
Mammary Carcinogenesis in HumTgRANKL Mice

To examine whether the tumors developed in humTgRANKL mice were huRANKL-
dependent, we treated such mice with Denosumab (Dmab), a human monoclonal IgG2
antibody that binds huRANKL with high affinity, preventing its interaction with the
RANK receptor. Dmab was administered in humTgRANKL mice either prophylactically
before MPA /DMBA treatment (Dmab-P) or therapeutically after the last dose of DMBA
(Dmab-T), while control humanized mice were left untreated (Figure 4A). The efficacy
of Dmab treatment was assessed through the microCT analysis of femurs, revealing that
the prophylactic treatment prevented both trabecular and cortical bone loss, while the
therapeutic treatment was less effective as it restored only the cortical bone structure
(Figure S5).

In MPA /DMBA-treated humTgRANKL mice, prophylactic treatment with Dmab sig-
nificantly attenuated the occurrence of mammary tumors (15.4% incidence) in comparison
to untreated mice (86.7% incidence). More specifically, from the thirteen mice of the Dmab-P
group, only two developed small-size tumors in a single mammary gland throughout the
whole duration of the study (Figure 4B-E). The therapeutic treatment of humTgRANKL
mice with Dmab did not lead to any significant attenuation of the tumor incidence and
tumor burden compared to control mice (Figure 4B-E). Planar PET scanning detected
mammary tumors in the untreated and Dmab-T groups (Figure 4F), which histologically
had similar characteristics, exhibiting the aberrant formation of keratin pearls. Instead,
the tumors developed in the Dmab-P group had limited sizes, with sparse keratin foci
(Figure 4G).

We then examined the mammary glands of MPA /DMBA-treated mice to investigate the
effects of Dmab in early carcinogenesis stages. Whole-mount carmine staining (Figure 5A)
as well as measurements of ductal parameters in 3D microCT images (Figures 5B and 56)
showed that increased mammary density, ductal side-branching, and neoplastic areas were
prevented by Dmab treatment. Histological analysis of mammary gland sections showed
that prophylactic Dmab treatment fully restored normal mammary density and prevented
epithelial hyperplasia and neoplasia, while the therapeutic administration of Dmab also
prevented neoplasia, but not ductal hyperplasia (Figure 5C,D).
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Figure 4. Dmab attenuates MPA /DMBA-induced mammary tumor formation in humTgRANKL
mice. (A) Carcinogenesis scheme by MPA/DMBA in humTgRANKL mice. Dmab was adminis-
tered at 10 mg/kg subcutaneously twice weekly, either prophylactically (Dmab-P) or therapeutically
(Dmab-T). (B) Onset kinetics of MPA /DMBA-induced mammary tumors in humTgRANKL mice
treated with Dmab. (C) Tumor weight, (D) % of mice bearing from 0 to 3 tumors per experimen-
tal group, and (E) number of tumors per mouse in each experimental group. Data are shown as
mean + SD. Comparison was performed with one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001).
(F) Representative images from planar PET scanning. Yellow arrows indicate tumor signal. (G) Repre-
sentative sections of MPA /DMBA-induced tumors stained with hematoxylin/eosin (n = 2-8/group).
Black arrows show keratin pearls. Scale bar: 100 um.
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Figure 5. Dmab restores mammary gland density and prevents neoplastic lesions in MPA /DMBA-
induced carcinogenesis in humTgRANKL mice. Mammary gland density was evaluated in (A) whole-
mounts stained with carmine alum and (B) reconstructed PTA-enhanced microCT images of the
mammary gland ductal tree. (C,D) Mammary sections stained with hematoxylin/eosin (Scale bar,
150 um for (C) and 80 um for (D)). (E) Relative expression analysis with qPCR for Rankl, Rank, Lgr4,
Pr, Cyclind1 (Ccnd1), Sox2, Sox9 and Slug in abdominal mammary glands from MPA /DMBA-treated
humTgRANKL mice in the presence or absence of Dmab treatment (n = 5/group). Data are shown
as mean £ SD. One-way ANOVA was performed for statistical analysis (* p < 0.05, ** p < 0.01,
*** p < 0.001). Blue arrow indicates mammary hyperplastic foci.

Molecular analysis confirmed the histological findings in mammary glands, showing
decreased expressions of Rankl, Rank, Lgr4, Pr and Ccnd1, while the mammary stem cell
markers Sox2, Sox9, and Slug were also significantly decreased in Dmab-treated groups
compared to control humTgRANKL mice (Figure 5E). These results indicate that the
MPA /DMBA-induced tumors in humTgRANKL mice were dependent on huRANKL, and
prophylactic Dmab treatment was superior to therapeutic since it resulted in a markedly
delayed onset and decreased tumor incidence and progression.
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4. Discussion

RANKL is implicated in breast physiology, mediating the paracrine effects of pro-
gesterone in the expansion of mammary progenitor cells during the estrous cycle and
pregnancy. Moreover, RANKL is also critical in the development of hormone-induced
(MPA/DMBA) mammary carcinogenesis in mice [17,19]. It has already been shown
that MPA promotes the expression of RANKL in the mammary epithelial cells, prevent-
ing apoptosis induced by the DNA-damaging agent DBMA. The pro-survival effect of
RANKL/RANK signaling in the damaged epithelium is proposed to cause mammary
carcinogenesis in the MPA/DMBA model [17]. Apart from its cognate receptor RANK,
RANKL also interacts with the leucine-rich repeat containing G protein-coupled receptor 4
(LGR4) that stimulates breast cancer initiation and metastasis through Wnt signaling [33].
Such evidence provided a link between RANKL and breast carcinogenesis, suggesting
RANKL as a target for the prevention of breast cancer. Therefore, the blockade of RANKL
via Dmab could inhibit the promitogenic role of progesterone, rationalizing its use as a can-
didate for drug repurposing in oncology, including breast cancer, beyond skeletal-related
event (SREs) prevention.

However, the clinical relevance of RANKL as a target in breast cancer remains enig-
matic. In a large population-based cohort study of postmenopausal women with a history
of oral bisphosphonate exposure, the use of Dmab was associated with a modestly sig-
nificant 13% decreased risk of subsequent breast cancer, suggesting a potential protective
effect of Dmab use on breast cancer risk in older women previously treated with bis-
phosphonates [34]. Accumulating evidence points to the amplification of progesterone
responsiveness in precancerous tissue from BRCA1 mutation carriers that is mediated
by RANKL signaling promoting the expansion of RANK-positive mammary progenitor
cells [35,36]. The genetic deletion of RANK in the mammary epithelium or the inhibition of
RANKL in Brcal-deficient mice substantially delayed hyperplasia and tumor onset [35,36].
Thus, Dmab is currently evaluated in the BRCA-P trial as a preventive option in healthy
BRCA1 mutation carriers who have not undergone prophylactic mastectomy [37]. More-
over, the effect of Dmab on early breast cancer has been investigated. Even though data
from the ABCSG-18 study revealed that the combinatorial use of Denosumab with stan-
dard neoadjuvant therapy (aromatase inhibitor) significantly improved the disease-free
survival (DFS) of postmenopausal women with hormone receptor-positive early breast
cancer [38], another clinical trial, the D-CARE study, demonstrated that adjuvant Dmab did
not improve either bone metastasis-free survival or disease-free survival in women with
early breast cancer [39], while bone-related outcomes were improved [40].

Since contradictory data emerge from clinical trials addressing the anticancer prop-
erties of Dmab, it cannot yet be endorsed as a standard therapeutic agent against breast
cancer [41]. There is, therefore, an imperative need for more preclinical and clinical studies
that can further explore the role of Dmab as an anticancer treatment in either a prophylactic
or a therapeutic manner.

In the current study, we investigated whether the expression of huRankl in the mam-
mary glands of transgenic mice (TgRANKL) affects their susceptibility to MPA /DMBA-
induced mammary carcinogenesis. Even though we would expect higher susceptibility in
TgRANKL mice, our results demonstrate that TgRANKL mice overexpressing huRANKL
in the mammary glands show similar susceptibility to MPA /DBMA-induced mammary
carcinogenesis to WT mice. The prevalent tumor type was adenosquamous carcinoma, pos-
sibly derived from squamous metaplasia, which is frequently observed in chemical-induced
carcinogenesis in mice [29]. Since both genotypes express the endogenous muRANKL,
we could speculate that its levels are sufficient to induce carcinogenesis through RANK
signaling. Given that the expression levels of the Rank gene are similarly upregulated in
the mammary glands of WT and TgRANKL mice upon treatment with MPA /DMBA, it
is possible that the RANK levels are the limiting factor that determines disease burden,
even when RANKL is overexpressed in TgRANKL mice. Indeed, the genetic modula-
tion of RANK levels affected the MPA /DMBA-driven carcinogenesis, as shown by the



Cancers 2023, 15, 4006

14 of 17

mammary-specific RANK deletion that markedly delayed the onset of tumors, while RANK
overexpression in the mammary gland increased susceptibility in mammary tumors [17,19].
Nevertheless, as shown in our results, the prophylactic treatment of WT and TgRANKL
mice with OPG-Fc, a dual inhibitor of mouse and human RANKIL, led to a reduction in
the tumor burden both in WT and TgRANKL mice, restored mammary ductal density and
prevented the formation of ductal branching and neoplastic foci in adjacent mammary
glands, indicating that the MPA /DMBA-induced tumors are RANKL-dependent. However,
once formed, the tumors had similar weights and characteristics compared to mice that had
not received OPG-Fc treatment, thus raising concerns over the efficacy of OPG-Fc treatment
in preventing MPA /DMBA-induced mammary carcinogenesis.

It is well known that the preclinical evaluation of Dmab is unfeasible in mice because,
due to species specificity, it cannot bind to endogenous muRANKL. To investigate the
exclusive effect of huRANKL in hormone-induced mammary carcinogenesis and to develop
a preclinical tool for Dmab evaluation, we generated a humanized transgenic mouse model
(humTgRANKL) expressing only huRANKL by breeding the TgRANKL mice with the
RANKLYes/tes mice carrying a functional mutation in the endogenous muRankl gene [21].
Humanized mice developed tumors with similar latency and burden compared to WT
and TgRANKL mice. To examine whether the tumors developed in humTgRANKL mice
were huRANKL-dependent, we treated such mice with Dmab, either prophylactically or
therapeutically. Prophylactic treatment with Dmab significantly attenuated the latency of
mammary tumors and prevented the early stages of carcinogenesis, including hyperplasia
formation and preneoplastic lesions. However, the therapeutic treatment of humanized
mice with Dmab did not lead to any significant attenuation of tumor incidence or the tumor
burden compared to control mice. Therefore, humTgRANKL mice constitute a unique
genetic system to preclinically evaluate novel drugs targeting RANKL-mediated signaling.

RANKL stimulates mammary cells through its binding to RANK and LGR4 recep-
tors, which are expressed in breast cancer and are implicated in mammary pathophysiol-
ogy [33,42]. Herein, we have demonstrated that the expression levels of genes encoding
RANK and LGR4 were significantly reduced in mammary glands of MPA /DMBA-treated
humanized mice when they received Dmab, either prophylactically or therapeutically. The
blockade of the expression of these receptors in the mammary epithelial cells could prevent
downstream proliferative signaling. In mammary epithelial cells, the cyclin D1 pathway
is an essential signaling pathway activated downstream of RANKL/RANK interaction
that promotes mammary cell proliferation, expansion, and survival [43]. The treatment
of humTgRANKL mice with Dmab decreased the expression levels of the ccnd1 gene en-
coding cyclin D1, supporting the antiproliferative effects of Dmab in the mammary gland
during MPA /DMBA-induced carcinogenesis. To investigate further the signaling cascade
activated downstream of RANKL, we developed a multiplex for phosphoproteins, and
detected them in mammary glands and tumors. We identified an increased presence of
phosphoproteins such as p-AKT1, p-STAT3, p-SMAD3, p-CREB1, p-p38, p-PTN11, and
p-ERK1 in mammary tumors compared to the mammary gland, which should be further
investigated as potential novel biomarkers in mammary carcinogenesis.

Since progesterone is essential for the maintenance and expansion of mammary gland
stem cells (MaSCs), which could serve as a target for transformation and progression to breast
carcinogenesis [12], we investigated whether the blockade of RANKL could result in the loss
of mammary cells expressing stem cell markers. Indeed, MaSC markers such as Sox2, Sox9
and Slug were significantly reduced in adjacent mammary glands of humanized mice treated
with Dmab either prophylactically or therapeutically, highlighting the importance of RANKL
signaling in the expansion of MaSCs during hormone-induced carcinogenesis.

5. Conclusions

In conclusion, by developing a humanized transgenic mouse model of huRANKL
overexpression, we demonstrated that huRANKL mediated the MPA /DMBA-induced
mammary carcinogenesis, while its prophylactic inhibition by Dmab prevented tumorige-
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nesis. Since the effect of Dmab in breast cancer is promising for BRCA mutation carriers
and a subgroup of patients in early breast cancer, though inconsistently [38,39,44], our
humTgRANKL mice provide a unique genetic tool for investigating the involvement of
huRANKL as a driver gene in breast cancer pathogenesis, and can serve as a preclinical
platform for anticancer therapies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15154006/s1, Figure S1: Histological analysis of MPA /DMBA-
induced mammary tumors in WT and TgRANKL mice; Figure S2: Additional multiplex ELISA analysis
for phospho-proteins; Figure S3: OPG-Fc treatment prevented bone resorption in WT and TgRANKL
mice; Figure S4: Humanized TgRANKL mice developed an osteoporotic phenotype similar to TgRANKL
mice; Figure S5: Effect of either prophylactic or therapeutic treatment of humTgRANKL mice with
denosumab in bone architecture; Figure S6: Denosumab restores MPA /DMBA-induced mammary
gland density in humTgRANKL mice; Table S1: Primer sequences used in qPCR; Table S2: Protein
assays of the custom-developed 19-plex assay panel and their phosphorylation residues.
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