Bone Reports 18 (2023) 101693

Contents lists available at ScienceDirect o
- W
Bone
Bone Reports Reports

Editor: Bente Lomholt Langdahi

journal homepage: www.elsevier.com/locate/bonr

ELSEVIER

Eribulin mesylate induces bone mass loss by promoting osteoclastic bone
resorption in mice

Takahiro Ishizaka *, Keisuke Horiuchi ™, Shinya Kondo ?, Masashi Isaji °, Takahiro Nakagawa *,
Masahiro Inoue ?, Hajime Rikitake °, Eiko Taguchi“, Michiro Susa®, Masaki Yoda ",
Takeshi Ono ¢, Yusuke Kozai ¢, Kazuhiro Chiba?

@ Department of Orthopedic Surgery, National Defense Medical College, Namiki 3-2, Tokorozawa, Saitama 359-8513, Japan

Y Department of Orthopaedic Surgery, Keio University School of Medicine, 35 Shinanomachi, Shinjuku, Tokyo 160-8582, Japan

¢ Department of Global Infectious Diseases and Tropical Medicine, National Defense Medical College, Namiki 3-2, Tokorozawa, Saitama 359-8513, Japan
4 Department of Education Planning, Kanagawa Dental University, 82 Inaokacho, Yokosuka, Kanagawa 238-8580, Japan

ARTICLE INFO ABSTRACT

Keywords:
Cancer treatment-induced bone loss
Eribulin mesylate

Over the past few decades, the clinical outcomes of patients with cancer have significantly improved mostly
owing to the development of effective chemotherapeutic treatments. However, chronic health conditions such as
bone mass loss and risk of fragility fractures caused by chemotherapy have also emerged as crucial issues in

gisstek‘:glsas}:onate patients treated for cancer. In this study, we aimed to understand the effect of eribulin mesylate (ERI), a
RAII:IKLP microtubule-targeting agent currently used to treat metastatic breast cancer and certain subtypes of advanced
Osteoprotegerin sarcomas, on bone metabolism in mice. The administration of ERI reduced bone mass in mice, mainly by pro-

moting osteoclast activity. Gene expression analysis of skeletal tissues revealed no change in the expression levels
of the transcripts for RANK ligand, one of the master regulators of osteoclastogenesis; however, the transcript
levels of osteoprotegerin, which neutralizes RANK ligand, were significantly reduced in ERI-treated mice
compared with those in vehicle-treated controls, indicating a relative increase in RANK ligand availability after
ERI treatment. In line with the increased bone resorption in ERI-treated mice, we found that zoledronate
administration effectively suppressed bone loss in these mice. These results reveal a previously unrecognized
effect of ERI on bone metabolism and suggest the application of bisphosphonates for patients with cancer un-
dergoing treatment with ERI.

1. Introduction

The clinical outcomes of patients with cancer have improved
significantly over the past few decades owing to the development of
effective treatments and diagnostic measures. However, as the number
of cancer survivors increases, various chronic health conditions,
including physical and mental disorders, have emerged as crucial clin-
ical issues (Neo et al., 2017; Couzin-Frankel, 2019). Cancer survivors
have been recently found to be at a greater risk of developing osteopenia
and osteoporosis among various other health conditions, which could
ultimately lead to fragility fractures (Kommalapati et al., 2017; Hand-
forth et al., 2018; Guise, 2006; Kanis et al., 1999; Saad et al., 2008). This
condition, also referred to as cancer treatment-induced bone loss
(CTIBL), can be attributed to various factors including immobilization
due to long-term hospitalization, radiation, malnutrition, and

chemotherapy.

Hitherto, CTIBL has mostly been investigated in patients with breast
and prostate cancer who underwent anti-hormonal therapy, such as
aromatase inhibitor-based and androgen deprivation therapies (Hand-
forth et al., 2018; Guise, 2006; Saad et al., 2008; Rachner et al., 2018).
Given that skeletal homeostasis is highly susceptible to fluctuations in
gonadal hormone levels and that anti-hormonal therapy often spans
years, it may not be surprising that patients with breast cancer and
prostate cancer have been the focus of clinical research on CTIBL.
Nonetheless, in vivo and in vitro studies have shown that cytotoxic
chemotherapeutic agents such as epirubicin (Huang et al., 2018),
methotrexate (Georgiou et al., 2012; Shandala et al., 2012), doxorubicin
(DOX) (Fan et al., 2017; Yao et al., 2020; Rana et al., 2013), cyclo-
phosphamide (Fan et al., 2017), and melphalan (Chai et al., 2017) can
induce bone loss through multiple mechanisms that do not involve
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hormone deprivation. While it is not yet clear to what extent these
cytotoxic agents contribute to CTIBL in cancer survivors, a recent cohort
study revealed that older cancer survivors who received chemotherapy
had a higher risk of fragility fractures than older adults without cancer
(Rees-Punia et al.,, 2023). The results of this study indicate that
chemotherapy has a significant impact on long-term bone health in
cancer survivors and underlines the importance of understanding the
effects and mechanisms of chemotherapeutic agents on CTIBL.

Eribulin mesylate (ERI) is a microtubule-targeting agent currently
used to treat metastatic breast cancer and advanced liposarcoma (Dyb-
dal-Hargreaves et al., 2015; Swami et al., 2012; Mougalian et al., 2021).
Although patients with breast cancer (primarily middle-aged and older
women) as well as those with liposarcoma (mostly elderly) are likely to
face an increased risk of lower bone mass, the potential effect of ERI on
long-term bone health conditions remains uninvestigated.

Thus, in the present study, we aimed to elucidate the potential effects
of ERI on the bone microstructure and metabolism. We found that the
administration of ERI reduced bone mass, mainly by promoting osteo-
clastic bone resorption. Gene expression analysis of skeletal tissues
revealed no change in the expression levels of the transcripts for RANK
ligand, a membrane-bound molecule critically involved in the regula-
tion of osteoclastogenesis (Xing et al., 2005); however, the transcript
levels of osteoprotegerin (OPG), a decoy receptor of RANK ligand, were
significantly reduced in ERI-treated mice compared with the vehicle
(VCL)-treated controls, indicating that there was a relative increase in
RANK ligand availability after ERI treatment. In accordance with the
increased osteoclast activity in ERI-treated mice, we found that a single
administration of zoledronate (ZOL), a potent anti-osteoclastic agent,
completely prevented bone loss induced by the administration of ERIL
Taken together, our data reveal a previously unrecognized effect of ERI
on bone metabolism and suggest that patients with cancer who need to
be treated with ERI may benefit from the prophylactic administration of
bisphosphonates.

2. Materials and methods
2.1. Cell line and agents

The mouse macrophage-like cell line RAW264.7 was obtained from
Riken Bioresource Center (Ibaraki, Japan). RAW264.7 cells were
cultured in alpha-modified Eagle's minimal essential medium (Sigma-
Aldrich, St. Louis, MO) supplemented with 10 % fetal bovine serum,
penicillin-streptomycin (100 U/ ml), and 1 % non-essential amino acids
at 37 °C under 5 % CO,. ERI, DOX, trabectedin (TBD), and ZOL were
purchased from Eisai (Tokyo, Japan), Aspen (Tokyo, Japan), Taiho
Pharmaceutical (Tokyo, Japan), and Novartis Pharma (Tokyo, Japan),
respectively. All agents were dissolved in phosphate-buffered saline and
stored at —20 °C until use. Serum testosterone levels were determined
using the Testosterone Parameter Assay Kit KGE010 (R&D Systems,
Minneapolis, MN). The antibodies used for flow cytometry were pur-
chased from BioLegend (San Diego, CA).

2.2. Mice

10-week-old C57BL/6N male mice were purchased from Japan SLC
(Shizuoka, Japan) and maintained under specific pathogen-free condi-
tions at constant temperature and humidity. Mice were randomized into
four groups: VCL-, ERI-, DOX-, and TBD-treated groups. The doses of the
chemotherapeutic agents used in the present study were decided based
on the protocols of previous studies (Yao et al., 2020; Taguchi et al.,
2021; Inoue et al., 2022), as 5 mg/kg, 0.1 mg/kg, and 1 mg/kg for DOX,
TBD, and ER], respectively. The agents were intravenously administered
every 7 days for three cycles. One week after the final injection, the mice
were euthanized by cervical dislocation, and the serum, lumbar verte-
brae, tibiae, and femurs were collected for analysis. In certain experi-
ments, mice were intraperitoneally injected with ZOL (0.1 mg/kg,) once
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on the day of the first ERI injection. All animal experiments were
approved by the Animal Care Committee of National Defense Medical
College (Approval Number:19055).

2.3. Micro-computed tomography (uCT) analysis

Scanning was performed using a pCT system (ScanXmate-D090S105)
and Xsys software (Comscantecno, Kanagawa, Japan) with a voxel size
of 10 pm. Three-dimensional microstructural image data were recon-
structed using ConeCT express software (White Rabbit, Tokyo, Japan),
and the structural indices were computed using Analyze 14.0 software
(Analyze Direct, Overland Park, KS). The region of interest was set at
200-1200 pm, distal to the proximal growth plate of the tibia.

2.4. Peripheral quantitative computed tomography analysis

Cross-sections of the proximal and midshaft of the tibia (1.7 and 7.0
mm distal to the proximal growth plate, respectively) were scanned
using a Stratec XCT Research SA+ Small Animal QCT system (Stratec
Medizintechnik, Pforzheim, Germany) with a tube voltage of 50.4 kV,
tube current of 236 pA, X-ray power of 11.9 W, and voxel size of 80 x 80
x 460 pm. Cut-off values of 267 and 690 mg/cm® were applied to the
trabecular and cortical bone, respectively. Bone mineral density (BMD)
values at 1.7 and 7.0 mm distal to the proximal growth plate were
defined as trabecular BMD and cortical BMD, respectively.

2.5. Mechanical property analysis

The mechanical properties of the femur were assessed using a three-
point bending test with an MZ-500S instrument (Maruto, Tokyo, Japan).
The femurs were secured on the two lower supports separated by 6 mm.
The bending load was applied at the center of the femoral shaft in the
anteroposterior direction at a speed of 10 mm/min. The following me-
chanical indices were recorded: ultimate force (maximal force supported
by the bone before fracture, N), breaking force (work required to frac-
ture the bone, N), and stiffness (extrinsic rigidity of the femur, N/mm).

2.6. Histomorphometric analysis

Mice were subcutaneously injected with 10 mg/kg calcein 5 and 2
days before euthanasia. Lumbar vertebrae were removed and fixed with
70 % ethanol for three days. The fixed specimens were stained with
Villanueva bone stain solution for sixdays, embedded in methyl meth-
acrylate resin, and sectioned at 5 pm thickness.

2.7. Quantitative PCR

Both ends of the femurs were severed and the bone marrow was
removed by centrifugation as previously described (Amend et al., 2016).
Bone specimens devoid of bone marrow were homogenized in ISOGEN II
RNA Extraction Reagent (Nippon Gene, Tokyo, Japan) using a pT-12
bead crusher (Taitec, Saitama, Japan) to collect RNA. cDNA was syn-
thesized using the PrimeScript RT Reagent Kit (TaKaRa Bio, Shiga,
Japan) as instructed by the manufacturer. Semi-quantitative PCR was
performed using TB Green Premix Ex Taq II (TaKaRa Bio) on a ViiA 7
Real-Time PCR System (Life Technologies, Carlsbad, CA). Gene expres-
sion levels were normalized to the expression levels of Gapdh transcripts.
The expression levels of the transcripts of each gene in VCL-treated mice
were set to 1. All analyses were performed in duplicate. The nucleotide
sequences of the oligonucleotides used in this study are listed in Sup-
plementary Table S1.

2.8. Flow cytometry

Femurs and tibiae were collected one week after ERI or VCL injec-
tion. The bone marrow was flushed with RPMI-1640 medium (Sigma-
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Aldrich) from the femurs and tibiae and filtered through a cell strainer
(70 pm; BD Falcon, Franklin Lakes, NJ) to remove debris. Mononuclear
cells were isolated by centrifugation from total bone marrow cells using
Histopaque-1083 (Sigma-Aldrich), following the manufacturer's in-
structions. Cells were incubated with the following antibodies to detect
osteoclast precursors (Arai et al., 1999): FITC-conjugated anti-CD11b
(clone M1/70), phycoerythrin-conjugated anti-CD115 (c-Fms; clone
AFS98), and APC-conjugated anti-CD117 (c-Kit; clone 2B8). Flow
cytometric analysis was performed using a NovoCyte flow cytometer
and the NovoExpress software (ACEA Biosciences, San Diego, CA).

2.9. Osteoclast formation and gene expression assay

RAW264.7 cells and primary bone marrow cells were used. Bone
marrow cells were harvested from the femurs and tibiae of 8-week-old
mice. The cells were cultured with 50 ng/ml recombinant murine M-
CSF (Peprotech, Cranbury, NJ) for 3 days on petri dishes. The adherent
cells were used as bone marrow macrophages. RAW264.7 cells were
plated on 96-well plates at 1 x 10 cells per well in the presence of 100
ng/ml recombinant human soluble RANK ligand (Peprotech) for 6 days.
Bone marrow macrophages were plated in 96-well plates at 1.25 x 10*
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cells per well and further incubated in the presence of 50 ng/ml M-CSF
and 100 ng/ml soluble RANKL for 5 days. The cells were exposed to
different concentrations of ERI (0, 1, 10, or 50 nM) during incubation.
Subsequently, cells were fixed with 4 % paraformaldehyde and stained
for tartrate-resistant acid phosphatase (TRAP) using a TRAP Staining Kit
(Cosmo Bio, Tokyo, Japan). The number of osteoclasts, defined as TRAP-
positive multinucleated cells with more than three nuclei, was counted
under a microscope (BZ-X710; Keyence, Osaka, Japan). Nine micro-
scopic fields were randomly evaluated and the total sum was calculated
for each specimen. For gene expression analyses, cells were collected 48
h after stimulation with soluble RANK ligand. Semi-quantitative PCR
was performed as previously described.

2.10. Statistical analysis

Statistical analyses were performed using one-way analysis of vari-
ance followed by Dunnett's post-hoc test for multiple comparisons or
two-tailed Student's t-test for a comparison of two groups using Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA). Data are expressed as
the mean =+ standard error of the mean. P values <0.05 were considered
statistically significant.
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Fig. 1. ERI, DOX, and TBD induce bone mass loss in mice. A. Time-course changes in the body weight of mice in each treatment group. Black arrowheads indicate the
administration of chemotherapeutic agents. B. Representative reconstructed pCT images of the proximal tibia of each treatment group. C, D, and E. Structural indices
(C), BMD (D), and mechanical properties (E) of mice in each treatment group. Five mice per each treatment group were analyzed. *, P < 0.05; **, P < 0.01; ***, P <

0.001; **** P < 0.0001 (compared with those in the VCL-treated group).
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3. Results
3.1. ERI induces bone mass loss in mice

10-week-old wild-type male mice were intravenously administered
either VCL, DOX (5 mg/kg), TBD (0.1 mg/kg), or ERI (1 mg/kg) once a
week for three times and euthanized for analysis 4 weeks after the first
injection as described in the Materials and Methods. DOX is one of the
most widely used chemotherapeutic agents in the treatment of malig-
nant tumors including breast cancer, lymphoma, soft tissue sarcomas,
and osteosarcoma. TBD is a novel chemotherapeutic agent that has been
approved as a second-line agent for treating liposarcoma and leiomyo-
sarcoma (Demetri et al., 2016). Both DOX and TBD have been shown to
induce bone mass loss in mouse models (Fan et al., 2017; Yao et al.,
2020; Rana et al., 2013; Sinder et al., 2017) and were included in the
present study for comparison. Treatment with DOX and TBD resulted in
significant body weight loss at the dose and frequency prescribed in the
present study (Fig. 1A). In contrast, body weight loss in ERI-treated mice
was markedly lower than that in DOX- or TBD-treated mice.

Structural analysis of the proximal tibia using pCT revealed that
treatment with ERI resulted in comparable levels of bone mass loss in the
trabecular bone (decrease in the volume of mineralized bone per unit
volume (BV/TV), number of trabeculae per unit volume (Tb/N), and an
increase in the space between trabeculae (Tb/Sp)) as seen after DOX or

A
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TBD treatment (Fig. 1B and C). The decrease in trabecular BMD was also
comparable among all treatment groups (Fig. 1D). In contrast, under the
present experimental conditions, there were no changes in trabecular
thickness (Tb/Th), cortical cross-sectional area (CSA) of the proximal
tibia, or cortical BMD in any of the treatment groups compared with
those in the VCL-treated control animals. Analysis of mechanical prop-
erties by a three-point bending test showed that the mice of treatment
groups had more fragile bones than those in the VCL-treated group;
however, a statistically significant difference was only observed in cases
of maximum force and stiffness in TBD-treated mice (Fig. 1E). The ef-
fects of chemotherapeutic agents on the bone microstructure were
exacerbated when the treatment was extended for another month (seven
injections in total; Supplementary Fig. S1). These results indicated that
treatment with ERI induced trabecular bone loss to a level comparable
with that induced by treatment with DOX or TBD. In contrast, under the
current experimental settings, ERI exhibited a relatively minor impact
on nutrition, as suggested by the comparable body weights of ERI- and
VCL-treated mice.

3.2. Treatment with ERI promotes osteoclastic bone resorption

To gain insight into the mechanism underlying bone mass loss
induced by ERI administration, we performed a histomorphometric
analysis using lumbar vertebral sections. We used vertebrae for

Structural indices

Osteoclast indices
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Fig. 2. Increased osteoclast activity in ERI-treated mice. A. Representative sections of the lumbar vertebrae collected from VCL- (left panels) and ERI- (right panels)
treated mice. The right sections in each group show the high-magnification images of the boxed area in the left sections. The bone surface is artificially outlined by

black lines for better visualization. Bars, 250 pm. B. Structural indices, osteoclast indices, osteoblast indices, and MAR of VCL-,
by histomorphometric analysis. Five mice per each treatment group were analyzed. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
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histomorphometric analysis because the number of trabeculae was
significantly decreased in the tibiae in mice treated with chemothera-
peutic agents and vertebrae are usually more abundant in trabeculae
than tibiae. Mice treated with DOX, which has previously been shown to
promote bone resorption and suppress bone formation (Yao et al., 2020),
were also analyzed for comparison. Villanueva-stained sections showed
a decrease in trabecular bone mass in ERI-treated mice compared with
that in VCL-treated mice (Fig. 2A). In contrast, myelosuppression was
not apparent in ERI-treated mice compared with that in VCL-treated
mice as suggested by the comparable bone marrow cellularity be-
tween ERI-treated mice and VCL-treated mice.

The structural indices were nearly identical to the results of the pCT
analysis, except for Tb/Th, which was significantly lower in ERI- and
DOX-treated mice than in VCL-treated mice (Fig. 2B). We also found a
significant increase in osteoclast indices, including the number of oste-
oclasts per bone surface (N.Oc/BS), osteoclast surface per bone surface
(Oc.S/BS), and erosion surface per bone surface (ES/BS) in both ERI- and
DOX-treated mice compared with those in VCL-treated mice. Consistent
with the results of a previous study (Yao et al., 2020), there was a sig-
nificant decrease in osteoblast indices, including the number of osteo-
blasts per bone surface (N.Ob/BS), osteoblast surface per bone surface
(Ob.S/BS), and osteoid surface per bone surface (OS/BS) in DOX-treated
mice compared with those in VCL-treated mice. However, there were no
statistically significant differences in any of the osteoblast indices be-
tween the ERI- and VCL-treated mice. Of note, there was an increase in
mineral apposition in ERI-treated mice, as indicated by the increased
mineral apposition rate (MAR) compared with those in VCL-treated
mice. These results indicate that bone mass loss in ERI-treated mice
was primarily caused by increased osteoclastic bone resorption, but not
by suppression of osteoblast activity, and that mineral apposition was
increased potentially through a coupling mechanism with increased

A B

Number of TRAP* cells
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bone resorption. Accordingly, we found that ERI does not directly affect
the differentiation of primary osteoblasts or mineralization in vitro, as
evidenced by similar levels of Alizarin Red staining between VCL-treated
and ERI-treated cells (Supplementary Fig. S2A).

3.3. ERI has no direct effect on osteoclast differentiation in vitro

Based on the results of the histomorphometric analysis, we investi-
gated whether ERI directly affects osteoclastogenesis. We used
RAW264.7, a macrophage/monocyte-like cell line that has the potential
to differentiate into TRAP-positive multinucleated cells. Cells were
incubated for six days in the presence of soluble RANK ligand and ERI
and subsequently stained for TRAP. As shown in Fig. 3A and B, no
apparent difference was observed in the number of TRAP-positive cells
at any level of ERI exposure. Accordingly, ERI had no impact on the
expression levels of transcripts that are induced during osteoclast dif-
ferentiation, including Nfatc1, Ctsk (encoding cathepsin K), and Acp5
(encoding TRAP) (Fig. 3C). We repeated the differentiation experiment
with primary bone marrow cells and obtained essentially the same re-
sults (Fig. 3D).

3.4. Production of testosterone is not suppressed in ERI-treated mice

Because we did not observe any direct effect of ERI on osteoclasto-
genesis in vitro, we next investigated whether there were environmental
changes that could lead to increased osteoclast activity in ERI-treated
mice. Malnutrition and hypogonadism often occur in patients under-
going long-term chemotherapy and can lead to bone mass loss. Given
that treatment with ERI did not result in significant body weight loss
(Fig. 1A), it is unlikely that the ERI-treated mice suffered from severe
malnutrition. Therefore, we examined the serum levels of testosterone, a

soluble RANK ligand
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Fig. 3. ERI does not directly promote osteoclastogenesis in vitro. A and B. RAW264.7 cells were cultured with soluble RANK ligand in the presence of ERI (0, 1, 10, or
50 nM) for six days. Cells were stained for TRAP and the number of TRAP-positive multinucleated cells was counted. Representative photomicrographs of each
treatment sample are shown in B. Bar, 100 um. C. RAW264.7 cells were cultured with/without soluble RANK ligand (RANKL) in the presence of ERI (10 or 50 nM) for
48 h. Cells were collected and the expression levels of Nfatc1, Ctsk, and Acp5 transcripts were evaluated. Four independent experiments were performed. D. Primary
bone marrow macrophages were cultured with soluble RANK ligand in the presence of ERI (0, 1, or 10 nM) for six days. Cells were stained for TRAP and the number
of TRAP-positive multinucleated cells was counted. Six independent experiments were performed. ns, not significant.
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gonadal hormone involved in the maintenance of bone mass. However,
as shown in Fig. 4A, serum testosterone levels were comparable between
VCL- and ERI-treated mice, indicating that ERI administration did not
lead to hypogonadism under the present experimental conditions.

3.5. Expression of OPG transcripts is decreased in ERI-treated mice

Overt osteoclastic bone resorption observed in ERI-treated mice
could be caused by increased expression of the RANK ligand, one of the
most critical regulators of osteoclastogenesis that is expressed on oste-
oblasts and osteocytes. To test this hypothesis, we performed quantita-
tive PCR using cDNA prepared from the femurs. While we found no
increase in the expression level of Tnfsfl11 (encoding RANK ligand),
there was a significant decrease in the expression level of Tnfrsfl11b
(encoding OPG, a soluble decoy receptor for RANK ligand) in ERI-
treated mice compared with those in VCL-treated mice (Fig. 4B).
Consequently, the Tnfsf11/Tnfrsf11b ratio was significantly increased in
ERI-treated mice compared with that in VCL-treated mice, indicating a
relative increase in the availability of RANK ligand in ERI-treated mice.

To further validate this finding, we examined whether there was a
change in the osteoclast precursor pool in the bone marrow, which could
be expanded by the RANK ligand (Fukasawa et al., 2016). Bone marrow
cells were collected from VCL- and ERI-treated mice and analyzed using
flow cytometry. As shown in Fig. 4C, there was a marked increase in the
osteoclast precursor population (CD115" CD1171 CD1 1dull cells) (Arai
et al., 1999). We performed the analysis using five mice for each treat-
ment and confirmed a statistically significant increase in the ratio of
osteoclast precursors in ERI-treated mice compared with that in VCL-
treated mice (Fig. 4D). These results indicate that the relative increase
in RANK ligand availability (owing to the decreased expression of OPG)
leads to the expansion of the osteoclast precursor pool and increased
osteoclast activity, ultimately leading to bone mass loss in ERI-treated
mice.

A B
Tnfsf11 Tnfrsf11b Tnfsf11/Tnfrsf11b

g 5 ns _ 2.0 ns 1.5 *% 2.0 N
> 4 = H
£ 154 15
2 3 > . oE e
S S 1.0 . d 1.0 ’
SeT T 20T F o0 F T
3 T 05 ' 05
(2] o .
(0]
}_ O T T T T T T T T

VCL ERI VCL ERI VCL ERI VCL ER
C CD117*-gated D

" VCL = —

e = X

T : S
w| " 7 2
=l e - =]
alce B 3
O, . S

2 =] )

o)
e 1 2 3 4 § ° 1 2 3 4 5 VCL ERl
10 10 10° 10 10° 10 10 10 10 10°
CD11b

Fig. 4. The Tnfsf11/Tnfrsf11b ratio and the population of osteoclast precursors
are increased in ERI-treated mice. A. Serum testosterone levels in VCL- and ERI-
treated mice. Five mice per each treatment group were analyzed. B. Expression
levels of Tnfsf11 and Tnfrsf11b transcripts and the Tnfsf11/Tnfrsf11b ratio in the
femurs collected from VCL- and ERI-treated mice. Six mice per each treatment
group were analyzed. C. Flow cytometric analysis of the osteoclast precursors in
the bone marrow cells collected from VCL- and ERI-treated mice. Boxed areas
indicate the osteoclast precursors (CD115" CD117" D119 cells). D. The ratio
of osteoclast (Oc) precursors among CD117"-gated bone marrow cells. Five
mice per each treatment group were analyzed. ns, not significant; *, P < 0.05;
*x P < 0.01.
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3.6. Administration of ZOL offsets the effects of ERI on bone mass

Our analysis suggests that the bone mass loss caused by ERI
administration was mainly caused by overt bone resorption but not by
decreased bone formation. This finding led to the hypothesis that the
pharmaceutical inhibition of osteoclast activity could offset the effects of
ERI on bone mass. To test this hypothesis, we used ZOL, a bisphospho-
nate with potent anti-osteoclast activity, and examined the effect of ZOL
administration on bone microstructure and BMD in ERI-treated mice.
Mice were randomly divided into four groups: VCL-, ERI-, ZOL-, and ERI
+ ZOL (E + Z)-treated. ERI was intravenously administered once a week
for three weeks, and ZOL (100 pg/kg) was intraperitoneally injected
concomitantly with the first administration of ERL. As shown in Fig. 5A
and B, all the structural indices in the E + Z-treated mice were compa-
rable with those in the ZOL-treated mice, indicating that a single
administration of ZOL was sufficient to offset the bone mass loss caused
by ERI treatment. Accordingly, we found that ZOL treatment fully
recovered the trabecular BMD deficit in the ERI-treated mice to levels
similar to those in mice solely treated with ZOL (Fig. 5C). These results
further support the idea that bone mass loss in ERI-treated mice is pre-
dominantly caused by overt bone resorption and can be fully rescued by
the inhibition of bone resorption.

4. Discussion

In this study, we aimed to elucidate the potential effects of ERI, a
chemotherapeutic agent used to treat patients with breast cancer and
liposarcomas (Cortes et al., 2011; Schoffski et al., 2016), on bone
metabolism. We found that ERI induces bone mass loss by promoting
osteoclastic bone resorption but not by suppressing osteoblastic bone
formation. Mechanistically, we showed that ERI suppressed the
expression of Tnfrsf11b transcripts, thereby increasing the Tnfsf11/
Tnfrsf11b ratio, which could ultimately lead to an increase in osteoclast
activity and the ratio of osteoclast precursors in the bone marrow.
Consistent with these findings, our data showed that the administration
of ZOL fully rescued bone mass loss induced by ERI in mice.

While most chemotherapeutic agents could potentially impair the
function of gonadal glands and thereby lead to bone mass loss, recent
studies have shown that chemotherapeutic agents induce bone mass loss
independent of gonadal hormones. DOX, one of the most commonly
used chemotherapeutic agents, has been shown to suppress osteoblast
survival and differentiation through a signaling pathway mediated by
oxidative stress and TGF-p (Rana et al., 2013). Furthermore, a recent
study showed that DOX promoted bone mass loss by inducing cell
senescence and a senescence-associated secretory phenotype (Yao et al.,
2020). TBD suppresses bone formation by a direct inhibitory effect on
osteoblasts and by suppressing macrophage efferocytosis (which in turn
results in decreased TGF-$ production) (Sinder et al., 2017). The results
of our morphometric analyses indicated that bone mass loss induced by
ERI was mainly due to increased osteoclast activity and that its potential
effects on osteoblasts are negligible, at least under the present experi-
mental conditions (Fig. 2B). This observation was in contrast to that in
DOX-treated mice, where osteoclast activity increased and osteoblast
activity was suppressed (Yao et al., 2020). The circumvention of bone
loss after concomitant treatment with ZOL, which robustly inhibits
osteoclastic bone resorption, and ERI supports these findings. Impor-
tantly, our data also showed that the effects of ERI on bone mass were
not secondary to hypogonadism or malnutrition, as evidenced by the
comparable body weights and serum testosterone levels between VCL-
and ERI-treated mice (Figs. 1A and 4A). Although it is not yet fully clear
how ERI regulates osteoclast activity and differentiation, our gene
expression analyses suggest that a relative increase in RANK ligand
availability, due to the decreased expression of its decoy receptor OPG,
is at least in part involved in the overt osteoclast activity observed in
ERI-treated mice. The finding of flow cytometry that the osteoclast
precursor ratio was higher in ERI-treated mice than in VCL-treated mice
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may also support this contention.

According to the dose conversion formula (Nair and Jacob, 2016),
the doses of each agent in mice used in the present study are equivalent
to 15 mg/m2 (DOX), 0.3 mg/m2 (TBD), and 3 mg/m2 (ERI) in humans
(reference body weight 60 kg and body surface area 1.62 m?). The
recommended administration doses of each agent are 6075 mg/m? (21-
day cycle), 1.5 mg/m? (21-day cycle), and 1.4 mg/m? (on Days 1 and 8,
21-day cycle) for DOX, TBD, and ERI, respectively. Because each agent
was administrated three times in the present study, the total amounts of
each agent given to each mouse were 45 mg/m? (DOX), 0.9 mg/m?
(TBD), and 9 rng/m2 (ERI). Therefore, the total doses of each agent
administered to mice can be assumed to be not significantly different
from the total dose administered during one chemotherapy cycle in
humans and within the clinically relevant range. Nevertheless, consid-
ering the biological differences between humans and mice that may
affect the pharmacodynamics of these agents, the results of the present
study and their relevance to humans need to be cautiously interpreted.

This study has several limitations. First, and most critically, as dis-
cussed above, there are intrinsic and unavoidable issues in using mice as
an experimental model to evaluate the potential pharmaceutical effects
of chemotherapeutic agents in humans. Nevertheless, our data clearly
illustrate the effect of ERI on osteoclasts and how this effect can be fully
suppressed by bisphosphonate administration. Therefore, although our
results need to be further examined to determine if they can be trans-
lated into humans, they provide important clues as to how ERI affects
bone metabolism in humans. Second, while our data indicate that
osteoclastic bone resorption is induced by the administration of ERI
through the downregulation of OPG, the underlying mechanism that
links ERI and the transcriptional regulation of Tnfrsf11b remains to be
elucidated. We performed experiments using primary osteoblasts to
examine whether ERI directly regulates Tnfrsf11b expression in osteo-
blasts; however, we could not reproduce the effect of ERI observed in
vivo (Supplementary Fig. S2B). Furthermore, the possibility that ERI can
regulate osteoclast activity through different mechanisms independent
of OPG cannot be ruled out.

In conclusion, the present study underscores the notion that
chemotherapeutic agents can affect bone mass independent of their ef-
fects on gonadal glands and nutrition and reveals that ERI induces bone
mass loss by promoting osteoclastic bone resorption, at least in part, by
downregulating the transcription of Tnfrsfl11b. The finding that ZOL
offsets the effect of ERI on bone mass may also have important clinical
implications as this further strengthens the idea that the risk of devel-
oping CTIBL in cancer survivors can be effectively reduced with proper
interventions.
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