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Abstract

Background: Bone loss, in malignant or non-malignant diseases, is caused by increased osteoclast resorption and/or
reduced osteoblast bone formation, and is commonly associated with skeletal complications. Thus, there is a need to
identify new agents capable of influencing bone remodeling. We aimed to further pre-clinically evaluate the effects of
dasatinib (BMS-354825), a multitargeted tyrosine kinase inhibitor, on osteoblast and osteoclast differentiation and function.

Methods: For studies on osteoblasts, primary human bone marrow mensenchymal stem cells (hMSCs) together with the
hMSC-TERT and the MG-63 cell lines were employed. Osteoclasts were generated from peripheral blood mononuclear cells
(PBMC) of healthy volunteers. Skeletally-immature CD1 mice were used in the in vivo model.

Results: Dasatinib inhibited the platelet derived growth factor receptor-f (PDGFR-f), c-Src and c-Kit phosphorylation in
hMSC-TERT and MG-63 cell lines, which was associated with decreased cell proliferation and activation of canonical Wnt
signaling. Treatment of MSCs from healthy donors, but also from multiple myeloma patients with low doses of dasatinib (2—
5 nM), promoted its osteogenic differentiation and matrix mineralization. The bone anabolic effect of dasatinib was also
observed in vivo by targeting endogenous osteoprogenitors, as assessed by elevated serum levels of bone formation
markers, and increased trabecular microarchitecture and number of osteoblast-like cells. By in vitro exposure of hemopoietic
progenitors to a similar range of dasatinib concentrations (1-2 nM), novel biological sequelae relative to inhibition of
osteoclast formation and resorptive function were identified, including F-actin ring disruption, reduced levels of c-Fos and
of nuclear factor of activated T cells 1 (NFATc1) in the nucleus, together with lowered cathepsin K, aV3 integrin and CCR1
expression.

Conclusions: Low dasatinib concentrations show convergent bone anabolic and reduced bone resorption effects, which
suggests its potential use for the treatment of bone diseases such as osteoporosis, osteolytic bone metastasis and myeloma
bone disease.
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Introduction metastasis and multiple myeloma bone disease. In osteoporosis, a
prevalent disease of postmenopausal women and elderly patients,
bone resorption exceeds that of bone formation resulting in a
systemic impairment of bone mass, strength, and microarchitec-
ture [1]. This highly increases the propensity of fragility fractures,
most commonly occurring in the spine, hip or wrist. Also, many
solid tumors (prostate, breast, lung, colon, renal), commonly
metastasize to bone. When this occurs, tumor cells mobilize

Bone mass is regulated by the balance of bone formation and
bone resorptive rates. Alteration of this balance by increased
number and activity of bone-resorbing osteoclasts (OCs) and/or
reduced differentiation and impaired activity of bone-forming
osteoblasts (OBs), leads to pathological states of bone loss. That is
the case of bone diseases such as osteoporosis, osteolytic bone

@ PLoS ONE | www.plosone.org 1 April 2012 | Volume 7 | Issue 4 | e34914



cellular and extracellular matrix bone components to ultimately
promote bone invasion and enhance tumor growth, which leads to
deregulated bone remodeling and as a consequence, devastating
skeletal complications [2,3]. Furthermore, multiple myeloma
(MM) is a hematological malignancy primarily developing within
the bone marrow as a consequence of the abnormal expansion of
clonal plasma cells. Interestingly, one major (in up to 80% of MM
patients) clinical symptom associated with this disease is the
development of osteolytic lesions as a result of increased bone
resorption and marked impairment of bone formation. The
interactions of myelomatous cells with the bone marrow
microenvironment are thought to be critical in the development
of MM bone disease, and the diverse interplaying cellular and
molecular components have been extensively studied recently [4—
6]. Of interest, isolated mesenchymal osteoprogenitor cells from
the bone marrow of myeloma patients have been reported to show
distinct gene expression profile and also reduced osteogenic
potential as compared to those from healthy donors [7,8]. All these
low bone mass pathologies (osteoporosis, osteolytic bone metastasis
and myeloma bone disease) cause skeletal fragility and are
commonly associated to skeletal related events including patho-
logical fractures, severe bone pain, hypercalcemia and spinal cord
and nerve compression. These events can severely compromise the
quality of life of patients and even result in significant mobidity
and increased risk of death. This emphasizes the need to identify
and develop new bone-targeted pharmacological agents which
may prevent, reduce or even reverse these pathological conditions
of bone loss in the above mentioned diseases.

Specific tyrosine kinases have been proposed as potential targets
for anti-tumor therapy. Imatinib mesylate (STI-571) is a tyrosine
kinase inhibitor which was originally approved as a first-line
treatment for chronic myeloid leukemia because of its capacity to
inhibit the Ber-Abl kinase activity of Philadelphia® cells [9].
Additional tyrosine kinases with oncogenic potential also inhibited
by imatinib include c-Kit, the platelet-derived growth factor
receptors: PDGFR-o0 and PDGFR-f, and the c-Fms receptor
[9,10], which account for the anti-tumor effect of imatinib in
several types of solid tumors. Interestingly, evidence has
accumulated for a direct effect of imatinib in the skeleton with
increased trabecular bone volume and bone mineral density in
imatinib-treated patients [11,12]. In witro studies showed that
imatinib suppressed OB proliferation and stimulated osteogenic
gene expression and mineralization majorly by inhibiting PDGFR
function [11,13]. Moreover, imatinib has a potent inhibitory effect
on OC bone resorption and stimulates apoptosis of mature OCs
[14].

Dasatinib (BMS-354825) is a novel oral bioactive multitargeted
tyrosine kinase inhibitor which was developed as a second-
generation drug rationally designed for the use against imatinib-
resistant leukemias [15]. The target tyrosine kinase profile of
dasatinib partially overlaps that of imatinib but presenting much
higher potency, and is also broader, including the Src family
kinases [10]. Dasatinib is now being evaluated in Phase II trials in
a variety of tumor types, including prostate, breast, colorectal and
lung cancer [16]. However, taking into account the aforemen-
tioned skeletal effects of imatinib, it was expected that dasatinib
might be even more effective in inhibiting osteoclastogenesis and
promoting bone formation. In fact, it has already been reported
that dasatinib inhibits OC formation and resorption capacity,
mainly by its potent inhibition of c-Fms on OC progenitors
[17,18]. Also, recent data of dasatinib effect enhancing osteo-
blastogenesis from mesenchymal progenitors have been reported
[19-21]; other authors, however, have claimed an inhibitory effect
on OB differentiation for this agent in similar settings [22]. In the
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present study we provide @ witro evidences of the effect of low
dasatinib concentrations in enhancing differentiation and function
of mesenchymal osteoprogenitors from both healthy donors, and
interestingly, also from myeloma patients. This anabolic bone
effect of dasatinib was also observed in the i vivo setting after
administration of relatively low dasatinib doses to skeletally-
immature mice to avoid the inhibitory effects of the agent on OCs
and OC precursors and thus targeting endogenous osteoprogeni-
tor cells. Besides, within the same low nanomolar range of
dasatinib concentrations, we show i wvitro data of additional
mechanisms of dasatinib inhibitory effect on OC differentiation
[diminished expression of c-Fos and reduced levels of nuclear
factor of activated T cells 1 (NFATcl) in the nuclear compart-
ment|, and on OC function (F-actin ring disruption and lowered
aVB3 integrin, CCR1 and cathepsin K expression). Taken
together, our data support the overall bone anabolic effects of
dasatinib, with a double component of enhancement of OB
differentiation and function together with inhibition of osteoclas-
togenesis and bone resorption, exerted within a similar concen-
tration range. Potential therapeutic implications of dasatinib for
the treatment of specific bone disorders are also discussed.

Methods

Participants

Samples from the bone marrow of 10 healthy donors and 10
newly diagnosed MM patients (stages I to III) were used in this
study after informed and written consent of participants. Approval
of the study was granted by the Institutional Review Board of the
CIC, IBMCC (University of Salamanca-CSIC, Spain), and
research was conducted following principles in the Declaration
of Helsinki.

Reagents and immunochemicals

Dasatinib was provided by Bristol-Myers Squibb Company
(Stamford, CT, USA). For @ witro assays, dasatinib was
reconstituted in dimethyl sulfoxide (DMSO; Merck, Hohenbrunn,
Germany) at a stock concentration of 100 mM and stored at
—20°C; further dilutions were made in tissue culture medium at
the time of use. Recombinant human PDGF-BB, macrophage
colony-stimulating factor (M-CSF) and receptor activator of NF-
kB ligand (RANKL) were purchased from Peprotech (London,
UK), while stem cell factor (SCF) was obtained from Strathmann
(Hamburg, Germany). Primary antibodies for immunoblotting,
immunohistochemical and flow cytometry analyses were directed
against: PDGFR-f, phospho-PDGFR-f (Tyr857), Erk1/2, phos-
pho-Erk1/2 (Thr202/Tyr204), NFATcl, histone H1 and cathep-
sin K, purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); phospho-c-Fms (Tyr723), phospho-c-Kit (Tyr719), c-
Src, phospho-Src (Tyr416), p38 MAPK, phospho-p38 MAPK
(Thr180/Tyr182), Akt, phospho-Akt (Ser473), phospho-f-catenin
(Thr41/Ser45), PU.1 and c-Fos, from Cell Signaling Technology
(Danvers, MA, USA); CD51/61 and CD191, from R&D Systems
(Minneapolis, MN, USA); c-Kit and nucleoporin p62, from BD
Biosciences (Bedford, MA, USA); a-tubulin, from Calbiochem
(Darmstadt, Germany); dephospho-f-catenin (aa 35-50), from
Enzo Life Sciences (Plymouth Meeting, PA, USA), and T-cell
factor 4 (Tcf4), from Upstate (Millipore, Billerica, MA, USA). All
cell culture media and reagents were purchased from Gibco
(Paisley, UK). Trypan Blue Solution 0.4% was delivered by
Sigma-Aldrich (St. Louis, MO, USA), and the alamarBlue reagent
by Invitrogen (Carlsbad, CA, USA).
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Cell lines

The human mesenchymal stem cell (MSC) line immortalized by
expression of the telomerase reverse transcriptase gene (hMSC-
TERT) was a generous gift from Dr D Campana (Department of
Oncology and Pathology, St Jude Children’s Research Hospital,
Memphis, TN, USA) [23]. The human osteosarcoma cell line
MG-63 was obtained from the American Type Culture Collection
(CRL-1427; LGC Promochem, London, UK), and used as an
osteoblast-like cell line [24]. Cell lines were grown in RPMI 1640
medium (hMSC-TERT) or DMEM medium (MG-63) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS),
100 U/mL penicillin and 100 pg/mL streptomycin. All cell types
were cultured at 37°C in a humidified atmosphere in the presence
of 5% COy95% air.

Primary mesenchymal stem cells and osteoprogenitor
cells

Primary MSCs from BM samples of healthy donors (n = 10) and
MM patients (n = 10) were generated as described by Garayoa et
al. [25]. Briefly, mononuclear cells from bone marrow samples
were isolated using Ficoll-Paque density gradient centrifugation (p
1.073; GE Healthcare, Uppsala, Sweden), cultured in DMEM
with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin
and 2 mM L-glutamine for four days and selected by their
adherence to plasticware. The culture medium was replaced twice
weekly until MSC cultures were approximately 90% confluent or
had been in culture for a maximum of 21 days; at that point, cells
were trypsinized (0.05% Trypsin-EDTA) and expanded in a 1:3
ratio. At passage 3, selected MSCs from both origins were tested to
meet definition criteria according to the recommendations of the
International Society for Cellular Therapy [26] and experiments
were performed.

To induce ex vivo differentiation to OBs, the growth medium of
MSCs at 80-90% confluence was replaced by an osteogenic
differentiation medium consisting of a-MEM supplemented with
10% FBS, 10 mM B-glycerol phosphate, 50 pg/mlL ascorbic acid
and 10 nM dexamethasone (all additives from Sigma-Aldrich).
MSCs were grown in the osteogenic medium for 7 (early stage of
OB differentiation), 14 (pre-OB stage) or 21 days (fully differen-
tiated OBs), replacing the medium every 3 or 4 days, in the
absence or presence of specified concentrations of dasatinib.

Cell proliferation and viability assays

To test whether dasatinib affected the growth capacity of the
MSC/OB lineage, the hMSC-TERT and MG-63 cell lines were
seeded in G-well plates at 10* cells/cm® or 2.5x10% cells/cm?,
respectively, and incubated for 7 days in the absence or presence
of different dasatinib concentrations. Cells were then trypsinized
(0.05% Trypsin-EDTA) and counted using a Trypan Blue solution
and a haemocytometer. The alamarBlue reagent was used to
examine cell viability of the hMSC-TERT and primary MSCs
from myeloma patients at different time points and dasatinib
concentrations along the osteogenic differentiation process, as by
manufacturers instructions.

In addition, to check whether changes in the number of viable
cells were due to diminished proliferative capacity or apoptotic
effects of the drug, the hMSC-TERT cell line was stained with
PKHG67 (Sigma-Aldrich), a green fluorescent cell tracker that is
retained in the cell membrane and thus can be used for monitoring
proliferation based on dye dilution with each cell division. After
PKHG67 labeling, cells were seeded in 6-well plates at 10* cells/cm?
and incubated for 7 days in the osteogenic differentiation medium
in the presence or absence of dasatinib. At the end of the culture
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period, cells were trypsinized and incubated with phycoerythrin
(PE) conjugated Annexin-V and 7-amino-actinomycin D (7-AAD)
[Becton Dickinson (BD) Biosciences, Bedford, MA, USA] for
complementary apoptosis/necrosis information. The cells were
acquired using a FACSCalibur flow cytometer, and data were
analyzed using the ModFit program to determine the number of
cell divisions and the percentage of cells in each division
(compared with undivided colcemid-treated cultures) or the
Paint-A-Gate program for percentages of apoptotic cells (BD
Biosciences).

Western blotting analyses

Protein lysates were generated and western blotting procedures
were performed as previously described [27]. For subcellular
fractionation of proteomic samples, the Qproteome Cell Com-
partment kit was used (Qiagen GmbH, Hilden, Germany).

Detection of PDGFR-B, phospho-PDGFR-B (Tyr857), c-Kit,
phospho-c-Kit (Tyr719), c-Src, phospho-Src (Tyr416), Erkl/2,
phospho-Erk1/2 (Thr202/Tyr204), p38 MAPK, phospho-p38
MAPK (Thr180/Tyr182), Akt, phospho-Akt (Ser473), phospho-c-
Fms (Tyr723), PU.1, NFATcl, c-Fos, cathepsin K, phospho-p-
catenin (Thr41/Ser45), dephospho-B-catenin (aa 35-50), histone
H1 and a-tubulin was performed by a standard procedure, using
primary and appropriate horseradish peroxidase-conjugated
secondary antibodies and a luminol detection system with p-
iodophenol enhancement for chemiluminescence.

To analyze the effect of dasatinib on PDGFR-B, ¢-Kit and c-Src
tyrosine kinases, the hMSC-TERT and MG-63 cell lines were first
incubated with different concentrations of dasatinib for 6 hours
and then treated with 10 ng/mL PDGF-BB or 50 nM SCF for
20 minutes prior to protein isolation. To test the effect of dasatinib
on c-Fms, c-Kit and c-Src, OC progenitors were incubated with
dasatinib for 2 hours and then treated with 50 ng/mL M-CSF or
50 nM SCF for 20 minutes prior to protein isolation.

Alkaline phosphatase and Runx2 activities and
mineralization assay

Primary MSCs were cultured in 12-well plates in MSC medium
until reaching ~80% confluency. Cells were then changed to the
osteogenic differentiation medium in the presence or absence of
dasatinib (2 or 5 nM) for 7 or 21 days, at which times the alkaline
phosphatase (ALP) activity, or the Runx2 activity and minerali-
zation assays were performed.

To measure ALP activity, cells were washed in phosphate-
buffered saline (PBS), lysed in ice-cold lysis buffer and protein
content determined using the Micro BCA assay kit (Pierce,
Rockford, IL). ALP activity was determined by specific hydrolysis
of p-nitrophenylphosphate into p-nitrophenol (Sigma-Aldrich) and
quantified by OD reading at 405 nm in triplicate using a
microplate reader (Asys UVM340, Biochrom, Eugendorf, Austria).
Values were referred to the total protein content of the sample.

When determining Runx2 activity, protein nuclear extracts
were prepared using the Qproteome Cell Compartment kit.
Quantification of Runx2 activation was performed with the
ELISA based Trans-AM (AML-3/Runx?2) kit as per manufacturer
instructions.

For quantitative analysis of alizarin red staining (ARS), we used
the method described by Gregory et al. [28]. Briefly, cells were
fixed with 10% ice-cold phosphate-buffered formaldehyde for
10 minutes, rinsed with distilled water and stained with 40 mM
alizarin red (pH 4.2) for 20 minutes at room temperature. After
several washes to reduce non-specific ARS, stained cultures were
photographed with an Olympus DP70 camera on an Olympus 31
inverted microscope. Dye was extracted by acetic acid incubation
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and sample heating, and measured in triplicate at 405 nm in 96-
well plates.

Real-time RT-PCR analysis

To evaluate the effect of dasatinib on the expression of bone
formation markers throughout their osteogenic differentiation,
MSCs from MM patients or healthy donors were cultured for 7 or
14 days in the osteogenic differentiation medium in the presence or
absence of the drug. Total RNA was isolated using the Rneasy Mini
kit (Qiagen GmbH, Hilden, Germany). Reverse transcription was
performed with 1.0 pg RNA in the presence of random hexamers
and 100 U of SuperScript RNase H reverse transcriptase (Invitro-
gen). For PCR reactions we used the Step One Plus Real-Time PCR
System and TagMan Gene Expression Assays (Applied Biosystems,
Foster City, CA, USA) according to manufacturer’s instructions.
Assay IDs were: ALP, Hs00758162_m1; COLIA1, Hs01076777_ml,
Osterix, Hs00541729_m1, and Runx2, Hs01047976_ml. Experi-
ments were performed in duplicate for both the target and the
endogenous gene (GAPDH) used for normalization. Relative
quantification of the target gene expression was calculated by the
comparative threshold cycle (Ct) method: 2 A0 Where ACt=
Ct target gene Ct GAPDH and AACt=ACt dasatinib-treated samples —

Ct samples in absence of dasatinib.

In vivo model

For wn wviwo studies, dasatinib powder was dissolved in sterile
80 mM citric acid pH 2.1 to make a 10 mg/mL stock solution and
then further dilutions were made in 80 mM sodium citrate
pH 3.1. Thirty 5-week-old female CD1 healthy mice were housed
at our Animal Care Facility. At this age, healthy CD1 mice are
skeletally immature and show very active bone formation and
minimal bone resorption, and this model was chosen so that the
effect of dasatinib on bone could be majorly ascribed to its action
on OBs and not to inhibition of OC formation and function.
Animals were divided into three groups (n=10 in each group)
receiving: a) 80 mM sodium citrate pH 3.1 as vehicle; b) a lower
dasatinib dose of 2.5 mg/kg, and c) a higher dasatinib dose of
10 mg/kg. Treatment was administered by oral gavage in
0.01 mL volume, in a BID regimen (twice a day), 5 days/week
in an attempt to maintain the dasatinib concentration range
throughout the day. Serum samples were collected at the
beginning of the experiment, and also after 3 and 7 weeks of
dasatinib treatment (n=7 per group). Three to 5 animals per
group were sacrificed after 3 and 7 weeks of treatment, and both
femurs were dissected for microtomographic imaging (micro-C'T),
histological and immunohistochemical analyses. All animal
experiments were conducted according to Institutional Guidelines
for the Use of Laboratory Animals of the University of Salamanca,
after acquiring permission from the local Ethical Committee for
Animal Experimentation, and in accordance with current Spanish
laws on animal experimentation.

Osteocalcin and ALP (as markers of new bone formation) as
well as TRAPSD levels (the active isoform of TRAP, specifically
expressed by OCs, and thus reflecting OC number and activity),
were quantified in collected sera. Markers of bone metabolism
were measured by dedicated ELISAs according to manufacturers
guidelines [Alkaline phosphatase (Sigma-Aldrich), Mouse osteo-
calcin (Biomedical Technologies, Stoughton, MA, USA) and
Mouse TRAP Assay (Immunodiagnostic Systems, Boldon, UK)].
For statistical analysis, values for a determined serum marker (e. g.
osteocalcin) at each point (control, 3 and 7 weeks of treatment)
were normalized for every individual animal to its own osteocalcin
level at the beginning of the experiment, and plotted as fold
change.

@ PLoS ONE | www.plosone.org

Bone Effects of Dasatinib

To assess bone morphology and microarchitecture, 10%
formalin-fixed femurs were analyzed by a micro-CT system
(MicroCATIL; Siemens, Knoxville, TN, USA) at 75.0 kVp and
250.0 uA. Seven hundred X Ray projections were acquired during
a 200° rotation around the sample, with 1250 ms camera exposure
time per projection at full resolution (512x512). The reconstruc-
tion of the 3D image was done using COBRA V6.1.8 (Exxim
Computing Corporation, Pleasanton, CA, USA) with a final
resolution of 10.4 um/voxel. The post-processing, rendering and
generation of the cross sections of the samples was done using
Amira (Visage Imaging, San Diego, CA, USA). Analysis of
microarchitectural trabecular bone morphology in the distal femur
was performed using CT-Analyser software (SkyScan, Kontich,
Belgium). Quantitative bone determined parameters were the
bone perimeter per area ratio (B Pm/B Ar; mm™"), trabecular
number (Tb N; mm ') and trabecular separation (Tb Sp; mm).

In parallel, other femurs were also processed for histologic and/
or immunohistochemical studies following standard procedures.
Briefly, specimens were fixed in 10% formalin for 24 h, decalcified
in Osteosoft bone decalcifying solution (Merck KGaA, Darmstadt,
Germany) for 5 days and embedded in paraffin. Samples were cut
into 3-pum-thick sections and stained with H&E for bone histologic
evaluation or either used for immunohistochemical studies. In the
latter case, antigen retrieval was carried out in a Pascal pressure
chamber (Dako, Glostrup, Denmark) at 90°C: for 20 minutes using
a TrissEDTA buffer pH 9.0, and then tissue endogenous
peroxidase activity was quenched with a 3% HyO, solution for
10 minutes. Sections were incubated overnight with an anti-Tcf4
antibody at 4°C and 1:20 working dilution, followed by incubation
with EnVision anti-mouse complexes (Dako). The peroxidase
activity was shown using 3,3'-diaminobenzidine+ (DAB+; Dako)
as a chromogen. Finally, sections were washed in water, lightly
counterstained with hematoxylin, dehydrated and mounted in
DPX. Histologic and immunostained sections were observed with
an Olympus BX51 microscope and photographed with a Olympus
DP70 camera. Tcf4 is an activating transcription factor which
cooperatively interacts with Runx2/Cbfal to stimulate osteoblast-
specific osteocalcin expression [29], and thus can be used as a
bona fide marker for OB cells.

Osteoclast differentiation and pit formation assays

Peripheral blood monocuclear cells (PBMCs) from 6 healthy
donors were obtained by density gradient centrifugation using
Ficoll-Paque (p 1.073; GE Healthcare), and cultured overnight at
0.5%10° cells/cm? in o-MEM medium supplemented with 10%
FBS and 100 U/mL penicillin and 100 pg/mL streptomycin.
After removal of non-adherent cells, the remainder were
maintained in the same medium but with additional 50 ng/mL
RANKL and 25 ng/mL M-CSF in the absence or presence of
dasatinib at indicated times and doses. The medium was replaced
twice weekly and cultures under each condition were performed in
quadruplicate from PBMCs of at least three different donors.

To evaluate the effect of dasatinib on OC formation, cells were
stained for tartrate-resistant acid phosphate (TRAP; leukocyte acid
phosphatase kit, Sigma), according to the manufacturer’s instruc-
tions after 21 days of culture. Using a Leica DMI6000 B inverted
microscope, TRAP+ cells containing three or more nuclei were
enumerated with the aid of a 1x1 mm? grid (five randomly
selected fields/well) and photographed with a Leica DFC350FX
camera.

To test the effect of dasatinib on the bone resorption capacity of
OCs, PBMCs at 0.6x10° cells/well were seeded on calcium-
coated slides (Becton Dickinson) in 200 ul of OC medium
supplemented with 5 ng/mL TGF-B1 (Peprotech) and 1 uM
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dexamethasone for 17 days [30]. The medium was changed twice
weekly by semi-depletion in the absence or presence of indicated
concentrations of dasatinib. At the end of the assay, cells were
removed with a 0.1% Triton X-100 solution and resorption pits
were photographed using a Leica DFC350FX camera mounted on
a Leica DMI6000 B microscope. The total resorbed area per well
was calculated using the Adobe Photoshop histogram function
(Adobe Photoshop CS2, 9.0.2). Assays were performed in triplicate
for each condition using PBMCis from five healthy volunteers.

Flow cytometry on osteoclast cells

After 2 weeks of osteoclastogenic differentiation in the absence
or presence of dasatinib, pre-OBs were trypsinized (0.25%
Trypsin-EDTA) and resuspended in Dulbecco’s PBS. Cells were
stained with anti-CD51/61-PE (VB3 integrin-PE conjugated
Mouse IgG,) or anti-CD191-APC (CCR1-allophycocyanin con-
jugated Mouse IgGop) for 15 minutes and subsequently with 7-
AAD for 5 minutes. After washes, cells were acquired on a
FACSCalibur flow cytometer using the CellQuest program and
analyzed with the Infinicyt software 1.3 (Cytognos, Salamanca,
Spain). Specific staining for CD51/61 or CD191 was evaluated on
7-AAD’ viable cells.

Actin ring formation assay

PBMCs were seeded at 0.5x10° cells/cm? on cover slips and
cultured in the specified osteoclastogenic medium for 12-14 days
in the presence or absence of the drug. At this point, pre-OCs were
fixed in 2% paraformaldehyde for 20 minutes, permeabilized with
0.1% Triton X-100 and blocked in 5% bovine serum albumin in
PBS. Cover slips were then incubated with rhodamine-conjugated
phalloidin (1:200; Invitrogen) for 20 minutes to visualize F-actin,
and stained with DAPI to make nuclei evident. After a final rinse,
cover slips were mounted with an aqueous mounting medium
(Vector Laboratories, Burlingame, CA, USA), and the distribution
of the F-actin ring was observed with a Leica DMI6000 B
microscope and photographed with the Leica DFC350FX camera.
Assays were performed in triplicate for each condition using
PBMC s from at least three different healthy volunteers.

Statistical analysis

Each assay was performed at least three times. Quantitative
data were expressed as mean * SD or SEM, as specified.
Statistical comparisons using the non-parametric Mann-Whitney

U-test were considered statistically significant for values of p<<0.05
(SPSS Statistics 15.0, Chicago, IL, USA).

Results

Dasatinib inhibits PDGFR-f, c-Kit and c-Src
phosphorylation and modulates downstream signaling
on osteoprogenitor cells

We first examined the effect of dasatinib on two tyrosine
kinases, PDGFR-B and c-Src, which are described targets for
dasatinib and with known involvement in mesenchymal stem cell/
osteoblast (MSC/OB) proliferation and function. PDGF is
mitogenic to mesenchymal cells while inhibiting OB differentiation
and bone matrix formation [31,32], and targeted deletion of
PDGFR-B in murine mesenchymal cells also stimulates OB
differentiation and function [33]. On the other hand, knockdown
of Src expression has also been shown to enhance OB
differentiation and function [19,34]. Serum-starved hMSC-TERT
and MG-63 cell lines (respectively representing the multipotent
MSCs and the differentiated OBs), were exposed to PDGF-BB in
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the absence or presence of escalating doses of dasatinib to check
for potential differences in sensitivity due to their differentiation
status. As illustrated in Figure 1A, PDGF-BB exposure markedly
increased PDGFR- tyrosine phosphorylation in both cell lines,
and dasatinib strongly diminished PDGF-stimulated PDGFR-3
activation. PDGF-BB treatment also increased basal p-Y416 of c-
Src, ascribable to PDGFR- activation and its interaction with the
Src family kinases [35]. Dasatinib treatment only partially
abrogated both basal and PDGF-induced c-Src activation in the
hMSC-TERT, while inhibition of c-Src phosphorylation was
more pronounced in the MG-63 cell line (Figure 1A). We also
show that both cell lines express c-Kit, the stem cell factor (SCF)
receptor for which dasatinib also presents inhibitory activity
[10,36]. SCF-induced c-Kit phosphorylation is efficiently dimin-
ished by dasatinib in both cell lines (Figure 1A).

To gain some insight into the mechanisms underlying the effect
of dasatinib on these cells, we explored the activation status of key
molecules in signaling pathways downstream the affected tyrosine
kinases, such as: Erk1/2, Akt, and p38 mitogen activated protein
kinase (MAPK). As observed in Figure 1B, dasatinib inhibits
PDGF-induced Akt activation in the hMSC-TERT and even
more effectively in the MG-63 cell line. Inhibition of PDGF-
induced PI3-kinase/Akt activation has been shown to promote
osteogenic differentiation and mineralized-matrix production in
osteogenic cultures [11,37], and a similar effect could be expected
from dasatinib in our experimental settings. On the other hand,
dasatinib induced a remarkable inhibition of Erk 1/2 phosphor-
ylation only in the MG-63 cell line and failed to modulate p38
activation in neither cell line. Although activation of Erk 1/2 and
p38 have been reported to promote OB differentiation and matrix
mineralization through Osterix [38,39], at least in our experi-
mental settings, dasatinib does not seem to stimulate the
osteogenic differentiation and function by similar molecular
mechanisms.

Dasatinib inhibits osteoprogenitor cell and osteoblast
proliferation

OBs are derived from precursor MSCs, a process which implies
reduction of their proliferative and stem cell self-renewal capacities
while acquisition of OB-specific features and lineage commitment
[31]. We therefore first tested the effect of dasatinib on the growth
rate and viability of OB cells and their mesenchymal progenitors.
As seen in Figure 2A, the number of cells in both the hMSC-
TERT and MG-63 cultures was progressively reduced with
increasing doses of dasatinib. We further studied the effect of
increasing dasatinib concentrations on the number of viable cells
at different times along the osteogenic differentiation process. A
dose and time-dependent reduction on the number of viable cells
was observed as referred to the absence of the drug (control) at
each time point, which was especially evident at the end of the
differentiation period (21 days) and with dasatinib concentrations
=10 nM (Figure 2B). Also, OBs derived from primary MSCs
resulted more sensitive to higher dasatinib doses than OBs derived
from the hMSC-TERT cell line (Figure 2B, left graph us right
graph), with no significant differences in the number of viable OBs
derived from MM patients and healthy donors (data not shown).

It is likely that the reduced number of viable cells in osteogenic
cultures after dasatinib treatment could be majorly ascribed to
reduced cell proliferation and/or increased apoptosis. Using the
hMSC-TERT cell line and a 7-day culture period, we show that
dasatinib effect until a 50 nM dose was mainly due to a reduced
proliferative capacity (Figure 2C, left) as assessed by reduced
number of cell divisions when increasing dasatinib concentration.

The percentage of apoptotic and/or necrotic hMSC-TERT cells,
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Figure 1. Dasatinib inhibits PDGFR-f, c-Kit and c-Src phosphorylation in mesenchymal and osteoblast-like cell lines. (A) Mesenchymal
(hMSC-TERT) and osteoblast-like (MG-63) cell lines were pretreated with different concentrations of dasatinib for 6 hours and then exposed to PDGF-
BB or SCF for 20 minutes before protein lysates were generated. Immunoblotting with specific antibodies against total and phosphorylated PDGFR-f,
c-Kit and c-Src were performed. (B) Modulation of downstream signaling after dasatinib treatment. Similarly to experimental conditions in (A), the
hMSC-TERT and the MG-63 cell lines were pretreated with 50 nM dasatinib for 6 hours, stimulated with PDGF-BB for 20 minutes and then cell
harvested for protein isolation. Immunoblotting is shown for total and phosphorylated forms of PDGFR-f, c-Src, Erk 1/2, Akt and p38 mitogen

activated protein kinase (MAPK).
doi:10.1371/journal.pone.0034914.g001

however, was only slightly increased within the mentioned
dasatinib doses (Figure 2C, right). Our results are therefore
consistent with those of other authors which have found that
dasatinib inhibits osteoprogenitor cell proliferation [19] and
induces apoptosis with higher doses of the drug (=100 nM) [20].

Importantly, the number of viable cells in OBs derived from
primary MSCs (either from MM patients or healthy donors) after
the 2l-day differentiation period was more pronouncedly
diminished as compared to OBs derived from the hMSC-TERT
cell line (Figure 2B, left graph vs right graph). This issue should be
taken into account if dasatinib is used for the treatment of human
primary osteoprogenitor cells, in order to achieve a compromise
between dasatinib inhibition of cell proliferation and its osteogenic
potential. In fact, the use of high dasatinib concentrations might
have been the reason why some authors failed to observe an
osteogenic effect on human MSCs with this drug [22]. In the light
of these observations and for next experiments, we decided to
restrict the use of dasatinib concentrations to the low nanomolar
range (=5 nM).

Low dasatinib concentrations promote osteogenic
differentiation, alkaline phosphatase and Runx2/Cbfa1
activities and matrix mineralization

Since OB maturation implies a balance between proliferation
and differentiation, it could be hypothesized that inhibition of
osteoprogenitor proliferation by dasatinib would correlate with an
enhanced osteogenic differentiation. We evaluated whether
dasatinib was capable of modulating osteogenic gene expression
in OBs derived from primary MSCs at the selected low
concentrations (2-5 nM). Expression of bone-formation markers
such as alkaline phosphatase (ALP), collagen I type A 1 (COLIA1)
and the transcription factors Runx2/Cbfal and Osterix was
evaluated by real time RT-PCR and analyzed at either day 7 or
14 of the differentiation process [40]. Figure 3A shows that
dasatinib clearly increased the expression of the osteogenic genes
to levels higher than those observed in the same conditions but in
absence of the drug (control). Interestingly enough, this effect was
not restrained to MSCs from healthy volunteers, but MSCs from
myeloma patients also responded to dasatinib in a similar way
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(Figure 3A), thereby supporting the osteoblastogenic therapeutic
potential of dasatinib in this disease.

We also examined the biological effect of dasatinib in promoting
osteogenic differentiation by measuring ALP and the transcription
factor Runx2/Cbfal activities as well as mineralized-matrix
formation, in OBs differentiated from primary MSCs and from
the hMSC-TERT cell line. Dasatinib (at 2 nM or 5 nM) was
added to the osteogenic medium at the initiation of OB
differentiation, and ALP and Runx2/Cbfal activities were
measured as surrogates of OB activity at day 7 and 14,
respectively. Dasatinib significantly and dose-dependently in-
creased ALP activity even in OBs derived from primary MSCs
(Figure 3B, upper). Also Runx2/Cbfal activity measured in
nuclear lysates of pre-OBs was augmented in the presence of
dasatinib, although the increase was not statistically significant in
OBs derived from healthy donors (Figure 3B, lower). To estimate
matrix mineralization, alizarin red staining and dye quantification
were performed after a 21-day osteogenic differentiation of MSCs.
Under the aforementioned conditions, OBs derived from the
hMSC-TERT cell line underwent a clear dose-dependent increase
in mineralization (Figure 3C, left); a slight but reproducible trend
towards increased matrix mineralization was also observed in OBs
derived from primary MSCs from healthy volunteers and
myeloma patients, although it did not reach significance in the
latter (Figure 3C, right).

The Wnt/B-catenin signaling pathway is known to play a key
role in the osteogenic differentiation of mesenchymal progenitors
and in normal skeletal development [41]. Therefore, we examined
whether the activity of dasatinib in our experimental setting was
accompanied by downstream activation of the canonical Wnt
signal transduction. As observed in Figure 3D by immunoblot
analysis, dasatinib clearly induced accumulation of the active
dephosporylated form of B-catenin in the nuclear compartment,
whereas levels of the inactive phosphorylated form in the
cytoplasm were reduced. Taken together, our data show that the
MSC/OB lineage expresses tyrosine kinases such as PDGFR-f, c-
Src, and c-Kit, whose activation can be partially inhibited by low
doses of dasatinib (=5 nM). Within the same range of dasatinib
concentrations, these effects are associated with activation of
canonical Wnt signaling.
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Figure 2. Dasatinib reduces the number of viable cells by inhibition of mesenchymal and OB cell proliferation. (A) Dasatinib decreases
the number of MSC and OB cells in culture. The hMSC-TERT and the MG-63 cell lines were cultured for 7 days in maintenance medium in the absence
or presence of increasing dasatinib concentrations, and then the number of cells at each condition was counted with a haemocytometer and a
Trypan Blue solution. Representative micrographs are shown. (B) Dasatinib reduced the number of viable cells in osteogenic cultures in a time and
concentration-dependent manner. MSCs were maintained in osteogenic medium for 7, 14 or 21 days in the presence of different dasatinib
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MSCs from MM patients (right). Data are expressed as the mean = SD from three experiments. Statistically significant differences from control are
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doi:10.1371/journal.pone.0034914.9002

@ PLoS ONE | www.plosone.org 7 April 2012 | Volume 7 | Issue 4 | e34914



Bone Effects of Dasatinib

>
w

OControl D2nM @5nM - OControl B2nM @5nM = OControl @2 nM B5nM
34 S 3 A * 2 70 -
* - ° =
c » Lo = x
o * e S 60
2 i * 3 % 5 *
*
52 & 2 T 50+ *
3 = £
M g E 40
: 2 2 a0
= %1 =
s 14 = 7l & 20
3 S g ’-T-‘
< g S 10 -
0 20 40
Healthy donors MM patients Healthy donors MM patients hMSC-TERT Healthy donors MM patients
OControl @2nM @5nM OControl B2nM @5nM z DControl @2nM E5nM
< 3 5 8 - o: *
* *
] * s 2 400 -
8 * * @ a
= @ 6 4
o @ * (=] +
x 2 4 & = 300 4
P 3 2
g gaq  * . :
® E1 £ 200 A
= 1] s ©
= X2 E
= 5 s 100 ﬂ
[=] [=] (%]
o Q
0 0 § O
Healthy donors MM patients Healthy donors MM patients @ hMSC-TERT Healthy donors MM patients
c OControl @2nM ®5nM OControl @2nM @5nM D
* 19 4 *
Control 2nM 5nM
= 154 * - )
2 e o B-catenin %Phoe (nuclear)  [§ ) | J| 88KDa
£ ] £ Histone H1 33KDa
5 E B-catenin P (cytoplasm) [sees s | 92KDa
= s 151 a-tubulin 60 KDa
£ 054 E
0 1.3
hMSC-TERT Healthy donors MM patients

Alizarin red
staining

Control 2nM Control 2nM
hMSC-TERT MSC from MM patient
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line. (A) Dasatinib upregulates the expression of bone-formation markers in the osteogenic differentiation process. Primary MSCs from MM patients
and healthy donors were cultured in osteogenic medium in the presence (2-5 nM) or absence of dasatinib, and total RNA was isolated on days 7 and
14. Real-time qRT-PCR was used to determine the expression of several OB related markers: ALP was determined at day 7, whereas the transcription
factors Runx2/Cbfa1 and Osterix (Osx), and collagen | type A 1 (COLIA1) were measured at day 14. Expression levels for each gene were normalized to
GAPDH expression and referred to those in the absence of dasatinib. Graphs illustrate mean values from samples from 5 healthy donors and 5 MM
patients * SEM (bars) *P<<0.05. (B) Dasatinib increases ALP and Runx2/Cbfal activities in osteoprogenitor cells. In the hMSC-TERT cell line and in
primary hMSCs derived from three myeloma patients and three healthy donors, ALP activity was measured at day 7 (upper graph) and Runx2/Cbfa1l
activity was measured at day 14 (lower graph) after the addition of dasatinib to the osteogenic differentiation medium. Data are represented as the
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MSCs from healthy donors and myeloma patients (right), as assessed by alizarin red staining quantification. Data are represented as the mean = SD
from three experiments with the hMSC-TERT cell line, and as the mean (5 MM patients and 5 healthy donors) = SEM in experiments with primary
MSCs. Statistically significant differences from controls are indicated as *, where P < 0.05. Micrographs show matrix mineralization after alizarin red
staining of correspondent differentiated OBs. (D) Both dephospho- and phospho-f-catenin levels were determined by immunoblotting in cytosolic or
nuclear lysates of pre-OBs differentiated from the hMSC-TERT cell line in the absence or presence of dasatinib. Histone H1 and a-tubulin were used as
loading controls for nuclear or cytosolic protein fractions.

doi:10.1371/journal.pone.0034914.g003
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Dasatinib promotes osteoblast differentiation in vivo

Consistent with our i vitro findings, we corroborated the bone
anabolic properties of dasatinib in the i o setting. To better
discern the putative bone formation effect of dasatinib from its
known inhibitory activity on OC formation and function, we used
skeletally-immature 5 week-old healthy mice which present very
active bone formation and minimal bone resorption. Two different
doses of dasatinib (2.5 mg/kg vs 10 mg/kg) administered twice-a-
day (BID) and two periods of dasatinib treatment (3 s 7 weeks)
were compared in order to evaluate potential osteogenic/anti-
proliferative activities of the drug on endogenous osteoprogenitor
cells, as we had observed w vitro for primary MSCs. Being ALP an
early marker of bone formation, Figure 4A shows that ALP levels
in serum were significantly increased in mice treated with both
doses of dasatinib after 3 weeks of treatment, whereas ALP levels
remained unaffected with respect to vehicle-treated animals at
longer treatment periods. Relative to osteocalcin (also a bone
formation marker, but expressed at later stages of OB differen-
tiation), significant increases in serum were observed for both doses
of dasatinib after 3 weeks and even further increments were
attained in a 7-week period. Minimal differences were found in
osteocalcin serum levels between the 2.5 mg/kg BID and 10 mg/
kg BID doses, neither after 3 weeks nor after 7 weeks of treatment,
which probably reflects a near to plateau-effect on osteocalcin
induction with the doses in our study. Due to the use of young
healthy mice with limited OC function, no changes on levels of
TRAPSb (a surrogate marker for OC number) were measured
between baseline and after 3 or 7 weeks of treatment (Figure 4C).
This is in accordance with a very scarce presence of OCs observed
in the histological sections from femurs of control animals along
the experiment (data not shown).

The effects of both doses of dasatinib were also evaluated by
quantitative micro-C'T scanning of distal femurs of treated mice.
As observed in Figure 4D, dasatinib treatment led to a marked
increase in trabecular microarchitecture of cancellous bone in a
dose- and time-dependent manner. This effect was associated to
significant increases of trabecular number (Th N; mm ') and of
the ratio of bone perimeter per bone area (B Pm/B Ar; mm™"),
together with decreased trabecular separation (Th Sp; mm)
compared with vehicle-treated animals (Figures 4E-G). The effects
of dasatinib on increased trabecular structures were more
pronounced for the 10 mg/kg BID and the 7-week period
treatment as compared to the rest of the experimental conditions.
The increased trabecular number was equally apparent by
histologic observation of newly formed trabeculae at the
epiphyseal plate (Figure 4H), and also correlated with increased
number and intensity of staining of Tcf4 positive OB-like cells
lining the trabecular borders (Figure 4I). The transcriptional
activation of target genes by Tcf transcription factors mediates the
activation of the canonical Wnt/f-catenin signalling pathway,
which is essential in OB differentiation [41]. Specifically, within
the Tcf family members, Tcf4 is the one most abundantly
expressed in OB cell lines and primary human MSCs [42];
therefore, the increased number and intensity of T'cf4 positive cells
may well reflect an increased number of active OBs after dasatinib
treatment.

Dasatinib inhibits osteoclast formation and activity

We first confirmed the inhibitory effect of dasatinib in
osteoclastogenesis (Figure 5A) and OC function (Figure 5B), as
has already been reported for this drug [17,18]. For this purpose,
PBMCs from healthy volunteers were incubated in an M-CSF/
RANKIL-containing medium for 21 days, and dasatinib was
added throughout the differentiation process or on days 7-21 or
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14-21. As seen in Figure 5A, when dasatinib was present for
21 days, it markedly reduced OC numbers in a dose-dependent
fashion (IC50=2.16 nM; P<0.05 at =1 nM uvs. control). When
dasatinib was added to early OC progenitors (day 7) or to
committed OC precursors (day 14) it was also effective in reducing
osteoclastogenesis, although higher doses were required: 1Cs
=3.14 nM; P<0.05 at =2.5 nM uvs control (721 days); 1C5,
=5.62 nM; P<0.05 at = 2.5 nM vs control (14-21 days). Notably,
the number of OCs was markedly reduced at higher doses of
dasatinib (Figure 5A, e.g., =5 nM dasatinib, 1-21 days). This
could be explained by a toxic effect of dasatinib on OC
progenitors at those doses, but it may well also reflect that
dasatinib is targeting essential pathways for OC viability.

Figure 5B shows the area of resorptive pits. Progressive
substantial reductions of resorbed lacunae were observed with
increasing dasatinib concentrations, resorption being almost
completely abrogated at a concentration of 2.5 nM. Of note, this
effect of dasatinib on OCs is achieved within similar low doses of
dasatinib (low nanomolar range) as for its activity in promoting
vitro - osteogenic  differentiation from mesenchymal precursors.
Thus, i vitro doses of 2—2.5 nM dasatinib on OCs are sufficient
for inhibition of OC formation to a 20% of the control and to
reduce the resorptive activity further to a 5% of the control, and
would not interfere with the osteogenic activity of this compound.

Mechanism of action of dasatinib on osteoclasts

We first assessed that the low concentrations of dasatinib
capable of reducing OC formation and resorption in our previous
experiment (1-2 nM) were also effective in inhibiting the
activation of the M-CSF receptor, c-Fms, in OCs (as is shown in
Figure 6A). Since M-CSF and RANKL are the two main
proliferation and survival factors involved in osteoclastogenesis
from monocyte/macrophage precursors, the c-Fms kinase has
been considered as a major target of dasatinib on OCs [17,18].

However, since dasatinib is capable of inhibiting OC formation
when not present throughout the differentiation process but also at
later stages of OC differentiation (days 7-21 and 14-21;
Figure 5A), together with the fact that OC resorption is more
effectively reduced than OC formation (Figure 5A us 5B),
indirectly suggests that inhibition of additional tyrosine kinases
other than c-Fms, are also contributing to dasatinib effects on this
cell type. Figure 6A shows that in OC precursors, even at doses as
low as 1 or 2 nM, dasatinib is capable of inhibiting the activation
of two other tyrosine kinases, such as c-Src and c-Kit. The c-Src
kinase is an essential molecule for OC resorption, intervening in
the aV3 integrin outside-in signaling in the sealing zone between
the OC and the bone matrix [43]; in accordance with these
observations, c-Src 7~ mice show an osteopetrotic phenotype with
OCis unable to form ruffled borders despite a normal morpholog-
ical appearance [44]. Thus, inhibition of this tyrosine kinase by
dasatinib would greatly compromise OC functionality. On the
other hand, the ligand for c-Kit, the SCF, has been shown to be
mitogenic for OC precursors and to promote mature OC activity
[45]. Inhibition of signaling through c-Kit by dasatinib may
therefore also play a role in inhibition of osteoclastogenesis and
diminished OC resorption.

Besides, when analyzing the expression of several key molecules
mmplicated in OC commitment/differentiation/function, we were
able to identify further and novel consequences of dasatinib
treatment on this cell type. As shown in Figure 6B, in early OC
progenitors (day 4 since initiation of in wiro differentiation)
dasatinib does not affect levels of PU.1, which is a transcription
factor that regulates the commitment of myeloid cells to common
progenitors for macrophages and OCs [45]. At a later stage of OC
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Figure 4. Dasatinib promotes trabecular bone formation /in vivo. (A, B, C) Five-week-old CD1 mice were treated with vehicle (control) or with
dasatinib in a 2.5 mg/kg BID or a 10 mg/kg BID regimen for 3 or 7 weeks, and serum levels were determined for ALP (A), osteocalcin (B) or TRAP5b (C)
before initiation of the experiment and at each time point. Graphs are plotted as mean values of fold change from baseline levels for the mentioned
factors in sera = SEM (bars). *, P<<0.05 indicates significant differences between levels for each time and dose of dasatinib and untreated mice at the
same conditions (control). (D) Representative micro-CT analyses of equivalent cross-sections of distal femurs are shown for each dasatinib
concentration and time of treatment. (E, F, G) Trabecular bone morphometric parameters from micro-CT images were quantitated by CT-Analyser
software for bone perimeter per area (E), trabecular number (F) and trabecular separation (G). *, P<<0.05 relative to vehicle control at each time-point;
n =3 femurs per group. (H) Representative femur sections treated with both dasatinib doses for 3 weeks and stained with hematoxylin and eosin.
Bar=50 pum. (I) Representative images of Tcf4 immunohistochemistry in dasatinib-treated femurs for 7 weeks. OB-like cells immunostained for Tcf4

can be observed lining the trabeculae (arrows). Bar=12.5 um.
doi:10.1371/journal.pone.0034914.9g004

differentiation (day 7), dasatinib treatment is associated with a
slight inhibition of p-Erk 1/2, and specifically, a marked reduction
of c-Fos levels. Notably, c-Fos is a key regulator of OC
differentiation and is clearly required for osteoclastogenesis
[45,46]. Mice lacking c-Fos develop osteopetrosis due to defective
OC differentiation, whereas the number of macrophages increases
[46,47]. We also show that NFATcl, a major transcription factor
integrating RANKL signaling in terminal differentiation of OCs
[45,48] is retained in the cytoplasmic fraction while nuclear
NFATc] levels are diminished after dasatinib treatment for 7 days
(Figure 6B). NFATcl requires dephosphorylation and nuclear
translocation to activate the transcription of OC-specific genes
[49], and thus the diminished transcriptional activity of NFATc1
would likely contribute to the inhibitory effects of dasatinib in OC
differentiation. Besides, in late OC precursors (day 14, prefusion
OCs and multinucleated OCis), dasatinib treatment reduces the
expression of cathepsin K, which is the major cysteine protease in
OCs implicated in degradation of organic cellular matrix during
bone resorption [43]; therefore, our data provide another
mechanism by which dasatinib may inhibit OC resorption.
Furthermore, dasatinib treatment on OCs was also associated to
a clear reduced expression of the aVB3 integrin and of CCRI1
(Figure 7A, B), and to disruption or even absence of the F-actin
ring in most multinucleated OC precursors (Figure 7C). The otV 3
integrin mediates the interactions between OCs and the

A
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Osteoclasts/well

(relative to control)

day 1to 21

Osteoclastogenic medium with dasatinib

day 7 to 21 day 14 to 21
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extracellular matrix, and is therefore implicated in cell adhesion,
regulation of OC migration and bone resorption [43]. The
reduced levels of V3 together with inhibition of ¢-Src activation,
would likely account for the disruption of the F-actin ring, which is
necessary for the maintenance of the sealing zone and an effective
bone resorption [50]. Also, CCR1 is the major receptor for CCL3
(MIP-1a1), a pro-inflammatory cytokine that induces osteoclasto-
genesis and stimulates OC activity [51-53]. It is therefore
conceivable that downregulation of CCR1 by dasatinib would
further sustain dasatinib inhibitory effects in OC formation and
resorption. Taken together, we could say that at very low
concentrations (1-2 nM) dasatinib is capable of targeting various
tyrosine kinases (including c-Fms, c-Src, c-Kit), which by several
avenues lead to a profound inhibition of osteoclastogenesis and of
OC function.

Discussion

Mesenchymal stem cells from the bone marrow may under
specific conditions differentiate into osteoblasts, adipocytes,
chondrocytes, tenocytes, skeletal myocytes and cells of visceral
mesoderm [54,55]. Considerable interest has been raised in recent
years for the use of MSCs for repair and regeneration of a number
of tissues including bone [56-59]. Moreover, the possibility of
pharmacologic agents targeting this population of progenitor cells
to specifically enhance their differentiation into the osteogenic
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Figure 5. Dasatinib treatment inhibits OC formation and resorption activity. (A) PBMCs from healthy donors were cultured in medium
containing M-CSF/RANKL for 21 days in the absence or presence of dasatinib for the indicated times, and OCs were counted (as assessed by TRAP+
staining and the presence of more than three nuclei). Representative micrographs of TRAP staining for OCs treated with dasatinib for 3 weeks are
shown. Bar= 0 um. (B) OCs were generated on calcium-coated slides, and the effect of different dasatinib concentrations on OC resorption was
evaluated by calculation of the total area of resorbed lacunae. Graphs represent mean values of samples from OCs derived from three healthy donors
+ SEM (bars). *, P<0.05 indicates significant differences between dasatinib-treated cultures and untreated control at the same conditions.
Representative micrographs of resorbed lacunae on the calcium-coated wells are shown. Bar=30 pm.

doi:10.1371/journal.pone.0034914.9005
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Figure 6. Dasatinib regulates the expression of important molecules/factors for OC formation, differentiation and activity. (A)
Dasatinib inhibits c-Fms, c-Src, and c-Kit tyrosine kinase phosphorylation in committed OC precursors. PBMCs were differentiated in osteoclastogenic
medium for 7 days, pretreated with 1 nM or 2 nM dasatinib or vehicle, and exposed to 50 ng/mL M-CSF or 50 nM SCF for 20 minutes prior to protein
isolation. Immunoblotting with specific antibodies was performed as indicated. (B) PBMCs were maintained in osteoclastogenic medium for indicated
times in absence or presence of 1 nM or 2 nM dasatinib. Immunoblots are shown for PU.1, Erk1/2, p-Erk1/2, c-Fos, NFATc1 (both in nuclear and

cytoplasmic protein fractions) and cathepsin K.
doi:10.1371/journal.pone.0034914.g006

lineage, further expands their potential as a strategy for bone
regenerative medicine.

In concordance with these expectations and also in line with
previous data from other groups [19-21], we were able to observe
that dasatinib treatment effectively promoted the osteogenic
differentiation of mesenchymal progenitors (both primary bone
marrow MSCs and the hMSC-TERT cell line) as observed by
increased ALP and Runx2 activities, augmented matrix mineral-
ization and elevated expression levels of genes associated with OB
differentiation (Runx2/Cbfal, Osterix, ALP and COLIAL). We
have also shown that MSCs and OBs express various tyrosine
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kinases such as PDGFR-, c¢-Src and c-Kit, and although with
some differences in sensitivity between MSCs or differentiated
OBs, dasatinib at low concentrations (=5 nM) was capable of
partially inhibiting their phosphorylation. It is likely, therefore,
that concomitant inhibition of these three kinases might be
mediating the osteogenic differentiation in our experimental
conditions. Other authors have linked the enhanced OB
differentiation of dasatinib to its inhibitory activity on the c-Src
kinase [19,20] and on the Abl kinase [19]. We and others have
shown that dasatinib promotion of OB differentiation and function
relies on inhibition of cell proliferation at lower doses [19] and to

Control 1nM 2nM

C

Figure 7. Further consequences of dasatinib treatment on OC function. Expression of oVf33-integrin (CD51/61) (A) and CCR1 (CD191) (B) was
evaluated by flow cytometry in pre-OCs after culture in an osteoclastogenic medium in the absence or presence of dasatinib for 2 weeks. Graphs
represent the mean values of the median fluorescence intensity (MFI) percentage from OCs derived from three healthy donors =+ SD (bars). *, P<0.05
indicates significant differences between dasatinib-treated cultures and untreated control. (C) The integrity of the F-actin ring in multinucleated OC
precursors (obtained like in A and B) was evaluated by phalloidin-rhodamine staining, whereas nuclei were visualized with DAPI. Representative
micrographs for each condition are reported. Bar=50 pm.

doi:10.1371/journal.pone.0034914.g007
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induction of apoptosis with higher doses of the drug [20]. Since we
observed that primary MSCs (both from normal donors and
myeloma patients) are more sensitive to this effect of dasatinib than
the hMSC-TERT cell line, it is worth to mention that if dasatinib
is used in the clinical setting to pursue an osteogenic effect, special
precaution should be taken to achieve a compromise within
reduced osteoprogenitor cell numbers and enhanced osteogenic
differentiation.

Interestingly, and in support of our  vitro observations on the
osteogenic promotion activity of dasatinib, these effects were also
reflected in our @ vivo model. Specifically, 5-week-old skeletally-
immature mice with very active bone formation and minimal bone
resorption were used, so that the effect of dasatinib on bone could
be majorly ascribed to its action on OBs and not to inhibition of
OC formation and function. Our data showed that both doses of
dasatinib were associated with significant increases of trabecular
architecture parameters (as calculated from micro-C'T analyses)
and a higher number of trabeculae on histologic sections of
cancellous bone in distal femurs. Although the increased
trabecular structures could also result from the inhibitory effect
of dasatinib on OC formation and resorption, the augmented
serum levels of bone formation markers (ALP, osteocalcin), the
increased number and activation of OB-like cells (as observed by
Tcf4 immunostaining), together with absence of significant
changes in serum TRAP5b levels (as a surrogate for OC number),
lead us to conclude that in our model the augmented trabecular
formation after dasatinib treatment is majorly attributable to
increased OB formation and activity rather than to an inhibitory
effect on OCs. It should also be noted that both doses used in our
in vivo study are relatively low as compared to those used for this
drug in mouse models of tumor malignancies, and near the
considered minimum efficacious doses of dasatinib (1.25 mg/kg
BID or 2.5 mg/kg once a day) [60]. From preliminary studies
(data not shown), we know that levels of bone formation markers
(ALP, osteocalcin) were not increased as compared to controls in
mice treated with a higher dose of dasatinib (25 mg/kg, BID,
5 days/week), which in line with our  vitro studies, highlights the
importance of maintaining a low and constant concentration of
dasatinib to promote the osteogenic differentiation of osteopro-
genitors. It should be mentioned that in another model of
physiological bone turnover, skeletally-mature 9-month-old rats
were treated with a dasatinib dose of 5 mg/kg once a day (thus
quantitatively equivalent to our low dose of 2.5 mg/kg on a BID
regimen). Serum OB markers were not significantly altered in this
study [61], and increases in tibial trabecular bone volume in the
rat model were attributed to dasatinib inhibition of OC activity.
This discrepancy in both @ vivo models may be explained by
species differences in sensitivity of osteoprogenitor cells to
dasatinib, but also likely to differences in experimental models.
Consequently with our observations, the capacity of dasatinib to
target bone marrow MSCs and to promote their osteogenic
differentiation could be used in the biologic repair of skeletal
defects of traumatic origin. For instance, dasatinib could be used
as an adjuvant therapy to promote endogenous MSC osteogenic
differentiation and accelerate bone fracture healing and bone
implant fixation. Moreover, dasatinib treatment after establish-
ment of MSC-based bone grafts could improve bone repair and
regeneration in the field of orthopaedic surgery.

On the other hand, we were able to confirm the inhibitory
effects of dasatinib on osteoclastogenesis and OC resorption i vitro
[17,18]. These effects were achieved at very low doses (1-2 nM),
and in fact we showed that these concentrations were effective in
inhibiting the activation of c-Fms, c-Src and c-Kit (Figure 6A)
which are essential tyrosine kinases for OC differentiation and
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function. When analyzing the expression of several key molecules
in the presence of these low dasatinib concentrations, we were able
to identify further and novel consequences of dasatinib treatment
which would probably contribute to inhibition of OC differenti-
ation (such as reduced c-Fos levels and NFATcl levels in the
nuclear compartment, as well as diminished expression of the
CCR1 receptor), and to impair OC resorption (reduced ovf3
integrin, CCR1 and cathepsin K protease expression, and F-actin
ring disruption). Therefore, dasatinib treatment would by several
mechanisms lead to a profound inhibition of OC formation and
OC function. As previously mentioned, dasatinib inhibitory effect
on OCis has also been shown in an i vivo model [61].

It is noteworthy to mention that our inhibitory  vitro effects of
dasatinib on OC formation and function were achieved within the
same low nanomolar range (=5 nM) of concentrations at which
dasatinib promoted the ¢ witro osteogenic differentiation from
mesenchymal precursors. Besides, those doses have been reported
to be safe and therapeutically achievable in pharmacological
studies [60,62]. In our i vivo model, we have shown effective bone
anabolic effects targeting the osteoprogenitor population also at
relatively low dasatinib concentrations (2.5 mg/kg—10 mg/kg)
[60]. This likely suggests that there is a therapeutic dosage
window of easily pharmacologically achievable low dasatinib
concentrations in which concurrent bone formation would be
enhanced and bone resorption would be impaired, thus making
dasatinib a potential attractive pharmacological approach for the
treatment of bone diseases coursing with bone loss and in which
both of these processes are affected. In osteoporosis, progressive
bone loss results because the osteoblastic activity cannot
compensate for excessive bone resorption. Although the standard
of care for osteoporosis patients has traditionally relied on anti-
resorptive drugs [1,63], last decade advances in the knowledge of
bone biology have highlighted the need for additional anabolic
treatments in this disease, and several agents, including calcilytic
drugs and antagonists of Wnt inhibitors (such as antibodies against
sclerostin and anti-DKK1) are now being evaluated in clinical
trials (reviewed in [1]). It can be envisioned that the simultaneous
bone-forming and anti-resorptive effects of low doses of dasatinib
may well be exploited for the treatment of this disease. Also, in
osteolytic-type tumor metastases (most common in metastasis of
breast, lung and renal cancer), the enhanced differentiation and
resorption activity of OCs, is also accompanied by suppressed OB
formation due to DKK-1 secretion from tumor cells [3,64].
Therefore, convergent anabolic and anti-resorptive activities of
dasatinib could be investigated for beneficial impact as an
adjuvant treatment besides regular tumor chemotherapy in
metastatic skeletal osteolytic lesions.

The potential therapeutic use of dasatinib as an adjuvant
therapy in myeloma-associated bone disease deserves a separate
comment. The osteolytic lesions in MM are also characterized by
augmented OC numbers and resorption and almost suppressed
osteoblast OB differentiation and bone formation [5,65]. The
interaction of myeloma cells with stromal and osteoprogenitor cells
in the bone marrow leads to the overexpression of multiple OC
activating factors (including RANKL, CCL3, IL-3, osteopontin,
IL-6 and vascular endothelial growth factor; in turn, OCs also
support myeloma proliferation and survival by production of
myeloma growth factors such as IL-6, B-cell-activating factor, and
a proliferation inducing ligand [4]. The very potent inhibitory
effects of dasatinib on osteoclastogenesis and OC function [17,18]
and our own data strongly support that dasatinib would greatly
reduce OC numbers and resorption in the context of myeloma
bone disease. Besides, we have shown that dasatinib treatment
reduces CCR1 expression on late OC precursors (Figure 7B),
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which is the major receptor for CCL3 (MIP-la), a crucial
stimulator of osteoclastogenesis and of OC function in MM
[51,52]. This would therefore further support an inhibitory
resorptive effect of dasatinib in the context of myeloma bone
disease. On the other hand, reduced osteoblastogenesis in MM
relies on abnormal (genetic, functional and phenotypical) proper-
ties and impaired osteogenic potential of osteoprogenitor cells
from myeloma patients [7,25,66,67], together with production of
multiple osteoblastogenesis inhibitors by myeloma cells and the
microenviromental cells within the myelomatous bone [5,68,69].
Interestingly, in the present report we have shown that bone
marrow MSCs from MM patients, although having a reduced
osteogenic capacity [7] are also capable to respond to dasatinib
and differentiate to OBs in a similar way as those from normal
donors. Preclinical efficacy of dasatinib in multiple myeloma, with
specific inhibition of proliferation of myeloma plasma cells and
angiogenesis has already been reported [70]. It should be noted,
however, that both the i viro stimulatory action of dasatinib on
MSCs from myeloma patients as well as its inhibitory effect on OC
formation and function are attained at doses in the low nanomolar
range (2-5 nM), which are subapoptotic for myeloma cells
(IC50=25-100 nM) and for inhibition of angiogenesis
(IC50 =50 nM) [70]. Thererefore, if dasatinib at low doses is to
be used in multiple myeloma for a beneficial effect on osteolytic
lesions it should be added as a supportive therapy together with
other pharmacological agents targeting myeloma growth. Current
standard management of MM bone disease relies primarily on
bisphosponates (pamidronate, ibandronate, zolendronic acid),
which are strong bone-resorption inhibitors but do not stimulate
bone formation [71], and may induce adverse side effects such as
osteonecrosis of the jaw and renal impairment [72]. Although
bisphosphonates are very effective in reducing skeletal complica-
tions, bone disease still progresses at a slower rate, which highlights
the importance of the clinical incorporation of strategies that may
not only impede bone degradation but also promote an anabolic
bone effect in multiple myeloma [4,68]. In line with these
treatments, our data strongly suggest that dasatinib at low doses
may be a valuable adjuvant therapy for the treatment of myeloma-
associated bone disease.

In summary, our results provide evidence that low dasatinib
concentrations (2-5 nM) are capable of iz witro promoting the
osteogenic differentiation and OB activity of primary MSCs,
including those derived from MM patients. A bone anabolic effect
of dasatinib was also observed in a skeletally-immature mouse
model with relatively low doses of dasatinib (2.5 mg/kg BID and
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10 mg/kg BID), as assessed by increased trabecular structures,
elevated serum levels of bone building markers and higher number
of active OBs; since no significant changes were found in sera for
TRAPSb (a surrogate marker for the number of OCs), the
increased bone trabeculae were ascribed to the promotion of OB
differentiation and enhanced activity of endogenous mesenchymal
progenitors. In addition, in the same range of low nanomolar
concentrations, we showed that dasatinib is capable of hindering in
vitro osteoclastogenesis and resorption activity and of inhibiting the
activation of c-Fms, c-Src and c-Kit kinases. Some of the
molecular mechanisms mediating these effects on the OC
population have also been identified in this study, including some
inhibiting OC differentiation (reduced c-Fos and nuclear NFATc1
levels) and function (reduced expression of avp3, CCR1, cathepsin
K and F-actin ring disruption). Therefore, our data confirm and
provide new insights of dasatinib at low doses as a bone modifying
agent with convergent bone anabolic and anti-resorptive effects at
therapeutically and safe achievable concentrations. Specifically,
dasatinib at low concentrations might be used as an adjuvant
therapy to promote the osteogenic differentiation of endogenous or
ectopically implanted MSCs. Also, dasatinib holds promise to be
therapeutically beneficial for bone disorders coursing with
augmented bone resorption and inhibited bone formation, such
as osteoporosis, osteolytic tumor metastasis and myeloma bone
disease.
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