J. Serb. Chem. Soc. 84 (9) 951-960 (2019)  UDC 546.19-31+547.922+577.161.2:616.7:615
JSCS-5238 Original scientific paper

Antiosteogenic effect of arsenic trioxide, cholecalciferol,
lovastatin or their combination in vitro

JELENA GVOZDENOVIC-JEREMIC'*, EKATERINA VERT-WONG'
and LIILJANA MOJOVIC*

'Nostopharma, LLC, 10319 Westlake Dr #241 Bethesda, 20852 Maryland, USA and *Faculty of
Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade, Serbia

(Received 4 March, revised 16 June, accepted 17 June 2019)

Abstract: Pathological formation of bone in non-skeletal soft tissues or hetero-
topic ossification (HO), for which there is currently no effective treatment, is
considered to be mediated by activation of Hedgehog (Hh) signaling pathway.
Moreover, the biochemical mechanism of this pathological process is not fully
understood. Here, we tested the efficacy of three chemical inhibitors of the Hh
signaling pathway, arsenic trioxide (ATO), lovastatin (Lov) and cholecalciferol
(Vitamin D) to hamper differentiation of mesenchymal stem cells (MSC) into
osteoblasts or osteogenesis. Each of the three Hh inhibitors potently decreased
alkaline phosphatase activity, suggesting effective suppression of osteogenic
activity in Hh-impaired MSC. Gene expression analysis revealed a significant
reduction in mRNA levels of chief Hh signaling marker, Glil, following
administration of Hh small molecule inhibitors. A functional link between
Hedgehog and osteogenesis in native MSC cells is further established in studies
involving the mix of three Hh inhibitors acting at different checkpoints of the
Hh signaling pathway. Thus, a combination of small molecule inhibitors of the
Hh pathway at their lower concentrations could be a novel approach for HO
prophylaxis with increased efficacy and potentially reduced side effects.
Keywords: heterotopic ossification; Hedgehog inhibitors; combination therapy;
mesenchymal stem cells.

INTRODUCTION

Heterotopic ossification (HO), either acquired or hereditary, is featured by
the ectopic bone formation outside of the normal skeleton.'” Acquired form of
HO is a debilitating condition associated with a wide range of problems such as
pain, loss of range of motion, or joint ankylosis. It is a costly complication of
various types of traumatic events: musculoskeletal trauma, central nervous sys-
tem injury, combat trauma, hip and elbow fractures, and total joint replacement
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surgeries. The incidence of HO varies and, for example, up to 7 % patients exp-
erience clinically significant HO after total hip arthroplasty (THA), while in case
of total knee arthroplasty (TKA) only 1 % of patients are symptomatic.’ Heredit-
ary HO conditions, such as fibrodysplasia ossificans progressiva (FOP)** and
progressive osseous heteroplasia (POH),*’ are ultra-rare but progressive and pot-
entially life-threatening genetic disorders which result in severe disability sec-
ondary to extensive formation of heterotopic ossification in the soft tissue. There
are around eight hundred fifty registered cases of FOP and approximately one
hundred instances of POH documented worldwide.

Heterotopic ossification results from ectopic osteoblast differentiation of
mesenchymal stem cells (MSC).® The inappropriate formation of cartilage or
bone, in tissues such as skeletal muscle and adipose tissue’ involves MSC that
differentiate along the osteochondrogenic lineage to form HO.'*!!

The characteristic features of MSC are their abilities to self-renew and to
differentiate into all mesoderm-type lineages, including osteoblast, chondrocytes,
adipocytes, smooth muscle cells, and myocytes. Osteogenesis is a process of dif-
ferentiation of progenitor cells under the influence of growth factors into
osteoblasts, bone precursor cells. Mesenchymal progenitor cells have been used
already to produce bony implants and in the repair of skeletal defects.'” Given
that MSCs are a prime candidate population involved in HO formation'!, in this
study, we used primary cultures of bone marrow stromal cells as a surrogate
model system known for their favorable osteogenic differentiation potential."

In addition, Hedgehog (Hh) signaling has been shown to be sufficient and
necessary for HO formation in case of POH.® In this pathological condition, an
inactivating mutation of heterotrimeric G protein Ga;led to a constitutive upreg-
ulation of Hh pathway and subsequent differentiation of MSC to osteoblasts.®
Recently, it was shown that local dysregulation of Hh signaling participates in
the pathophysiology of murine muscle injury model of HO.'*"> Furthermore,
these lineage tracing studies suggested an involvement of Hh target transcription
factor, Glil, in endochondral bone formation.'*"

Currently, there is no effective and safe HO prophylaxis treatment. Radiation
therapy and indomethacin are the most widely used therapeutic approaches in the
setting of post-surgical heterotopic ossification prophylaxis, with evidently many
hazards and shortcomings.>'® The rationale behind our reasonable therapeutic
strategy was based on all these studies showing that chondrogenic and osteogenic
cell differentiation in vitro and in vivo actually requires a Hh pathway involve-
ment. Many Hh pathway inhibitors are already approved for clinical use in
several Hedgehog-mediated pathologies, like cancer.'” For instance, exogenous
addition of vitamin D has been shown to inhibit the Hh pathway in basal cell
carcinoma (BCC) cell line.'"®** Interestingly, many studies found cholesterol syn-
thesis required for Sonic Hh (SHH) signaling transduction.”** Thus, blocking
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cholesterol synthesis with statins might be beneficial for HO patients. However,
no effective treatment currently exists for HO.

In view of this, we explored the effect of very well known (arsenic trioxide,
ATO), and other less known (lovastatin and vitamin D) Hh inhibitors on the
regulation of osteogenesis in bone marrow derived MSC. The current study
demonstrates that inhibition of Hh signaling pathway using ATO, Vitamin D,
lovastatin, or their combination potently inhibited G/il/ gene expression and
osteogenesis in native mesenchymal progenitor cells.

EXPERIMENTAL

Arsenic trioxide preparation. Arsenic trioxide solution was prepared by placing 50 mg of
ATO (Sigma) at the bottom of a 50 ml conical tube and dissolving it in 1ml of 1M NaOH. 48
ml of PBS was added and 1M HCI was used to adjust pH to 7.2. Working concentrations in
the cell culture experiments were selected according to our previous experiments® and
amounted to 5 and 10 pM.

Cholecalciferol (Sigma PHR1237) was dissolved in absolute ethanol in 10 mM stock
concentration. Working concentrations were selected according to the previous studies'® and
amounted to 5 and 10uM.

Lovastatin (Calbiochem) was dissolved in absolute ethanol in 1 mM stock concentration.
Working concentrations, used in the cell culture experiment, were selected according to our
previous results and were 0.5 and 1 pM.

Mix preparation. Combination of agents was prepared by mixing single agents 5 uM
ATO, 5 uM cholecalciferol and 0.5 pM lovastatin into a single mixture, immediately, with
osteogenic media (OM).

Mouse bone marrow stromal cells isolation. Bone marrow stromal cells (BMSC) were
isolated from six weeks old wild type mice. Femurs and tibias were dissected from surround-
ing tissues.® The epiphyseal growth plates were removed, and the marrow was collected by
flushing with modified essential medium (DMEM, Gibco, Waltham, MA, USA) containing
100 U/ml penicillin, 100 pg/ml streptomycin (Pen Strep, Gibco, Waltham, MA, USA) and 10
% fetal bovine serum (FBS) with a 25 G needle. Single cell suspensions were prepared by
passing the cell clumps through an 18 G needle followed by filtration through a 70-pm cell
strainer. Cells were propagated in Alpha-MEM (Gibco, Waltham, Massachusetts, USA) media
supplemented with 20 % fetal bovine serum, 2 mM L-glutamine (Gibco, Waltham, MA,
USA), recombinant mouse prolactin protein®® 1 ng/ml (Sigma-Aldrich), MEM non-essential
amino acids (1x, Gibco, Waltham, MA, USA) and 100 U/ml penicillin/(100 pg/ml) strepto-
mycin (Pen Strep, Gibco, Waltham, MA, USA) in a humidified atmosphere with 5 % CO, at
37 °C.

Human bone marrow cells. Human bone marrow derived cells (h(BMSC) were obtained
from ATCC (ATCC PCS 500-012, Manassas, VA, USA) and propagated in basal medium
(ATCC PCS 500-030) supplemented with growth kit in a humidified atmosphere with 5 %
CO, at 37 °C. For hBMSCs passage 1-3 was used for all experiments.

Osteogenesis. After the cells reached confluence, the medium was replaced with osteo-
genic differentiation medium (OM). Osteogenic differentiation medium (OM) consisted of:
DMEM (Gibco, Waltham, MA, USA), 10 % FBS, 100 U/mL penicillin, 100 pg/mL strepto-
mycin (Gibco, Waltham, MA, USA), 2 mM glutamine (Gibco, Waltham, MA, USA), 10 uM
L-ascorbic acid 2-phosphate (Wako Chemicals, USA) and 10 mM p-glycerol phosphate
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(Sigma—Aldrich). Duplicate wells were exposed to differentiation media without any agent
(appropriate vehicle only-control), single agent (cholecalciferol, ATO or lovastatin) or com-
bination of agents. Media replacement occurred every 2-3 days with fresh differentiation
medium (made each time during feeding) with or without single agents or their combination.

Alkaline phosphatase assay. Mouse BMSC cells were stained after four days of exposure
in OM differentiation medium for alkaline phosphatase (AP) assay. Human BMSC were stained
after six days of exposure in OM differentiation medium for AP assay. This is a colorimetric
assay where 4-(benzoylamino)-2,5-dimethoxybenzenediazonium chloride hemi salt is hydro-
lyzed by alkaline phosphatase to yield a bluish-purple precipitate. After 4 (for mBMSC) to 6
(for hBMSC) days of culturing cells in OM media, the medium was removed, and cells were
washed once with PBS. Cells were fixed with 4% paraformaldehyde for 5 min. After washing
cells with PBS twice, one ml of One-step NBT/BCIP staining solution (Thermo Fisher 34042)
per well was added and incubated in the dark for 30 min to 1 h at room temperature. The cells
were washed with deionized water to stop the reaction. A digital camera (Motical 10.0 MP)
attached to an inverted phase-contrast microscope was used for microscopic observations. For
image quantification Image J was used or DAPI staining to evaluate the percentage of AP
positive over total live cells.

RT-PCR. Total RNA was first isolated with trizol (invitrogen) and then with RNeasy kit
(Qiagen). First strand cDNA was generated using the Abcam kit. Quantitative real-time (RT)-
PCR was performed using Biorad cycler and 40 cycles of 95 °C for 15 s and 60 °C for 60 s.
PCR product was detected using SybrGreen (BioRad). Primers for mouse BMSC cells used
for amplification are: actin, forward 5’- CAC AGC TTC TTT GCA GCT CCT T-3', reverse
5'-CGT CAT CCA TGG CGA ACT G-3'; Alk Phos, forward 5'- CAC GCG ATG CAA CAC
CAC TCA GG -3/, reverse 5'- GCA TGT CCC CGG GCT CAA AGA -3'; Glil, forward
5’-GAA AGT CCT ATT CAC GCC TTG A-3’; Glil, reverse 5’-CAA CCT TCT TGC TCA
CAC ATG TAA G-3. Primers for human BMSC cells used for amplifications are: GAPDH,
forward 5’-GGC ATG GAC TGT GGT CAT GAG-3’; reverse 5’-TGC ACC ACC AAC TGC
TTA GC-3’; Alk Phos, forward 5’-CTC CCA GTC TCA TCT CCT-3°, reverse
5;- AAG ACC TCA ACT CCC CTG AA; Glil, forward 5’-GTG CAA GTC AAG CCA GAA
CA-3’, reverse 5°-ATA GGG GCC TGA CTG GAG AT-3".

Statistics

All experiments and assays were performed in triplicate. Data are expressed as mean +

the standard error of mean (SEM). One-way analysis of variance (ANOVA) followed by post

hoc Dunnett’s test was used for pairwise comparisons among groups. Differences were con-
sidered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Given the critical role of Hh signaling pathway in bone formation, in this
work the extent to which Hh inhibitors, arsenic trioxide (ATO), cholecalciferol
(vitamin D) and lovastatin (Lov) modulate osteogenesis in bone precursors,
mesenchymal stem cells was tested. For functional osteogenic studies, alkaline
phosphatase (AP) assay was used, as AP is one of the very first enzymes to be
activated and regulates early stages of osteogenesis.”” A key to understanding the
role of AP in mineralization is provided by studies of the phased expression of
genes during osteoblastic differentiation and growth plate cartilage calcification.
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In both tissues, bone and calcifying cartilage, AP must function in the early
process of osteoblast formation.”® Osteoblasts are integral to the creation of
heterotopic bone through the production of alkaline phosphatase (AP).

Bone marrow stromal cells were isolated from wild type mice and plated at
first passage (P1) to test osteogenic properties in the presence of ATO, vitamin
D, lovastatin or their combination. The initial doses for ATO, vitamin D and
lovastatin are selected based on previously validated and published in vitro data
showing effective inhibition of the Hh pathway at these inhibitor concentrat-
ions.*'® Alkaline phosphatase levels, reflecting osteogenic activity, were detected
in control mouse BMSC cells after four days of exposure to osteogenic media
(Fig. 1). By contrast, additions of ATO, vitamin D, lovastatin or their combin-
ation significantly reduced (more than 2-fold) the alkaline phosphatase activity as
compared to control BMSC (Fig. 1).

Fig. 1. Alkaline phosphatase microscopy
" assay of primary mouse BMSC after four
/' days exposure in osteogenic media: A)
. control, no agent present; B) in the pre-
"~ sence of 10 uM ATO during osteogen-
Y7, esis; C) in the presence of 10 uM chole-
+ calciferol (vitamin D) during osteogen-
* . esis; D) 1 uM lovastatin (Lov) in media
during osteogenesis; E) three agents com-

~ bined (Mix), ATO (5 pM), cholecal-
" ciferol (SuM) and lovastatin (0.5 puM),
* present during osteogenesis. F) The inten-

3 200 sity of the AP signal in MSC is quantified
3 150 - with Image J software and reported as
5 100 — = arbitrary units (a.u.). Data, collected from
g so three independent experiments (at least
£ o 60 cells per experimental gro are pre-
PR I IR per exp group), are p

sented as mean + SEM. Bar, 10 pm.

Strong modulatory action of Hh inhibitors on turnover of key osteogenic
regulators was also observed in gene expression studies (Fig. 2). Real-time PCR
analysis revealed that, compared to the control (osteogenic media present), all
three Hh inhibitors or their combination significantly reduced (up to 9-fold)
mRNA levels of alkaline phosphatase (Fig. 2). To further test the Hh role in
osteogenesis of BMSC, changes in gene expression of Hh marker, Glil, in con-
trol and Hh inhibitor-treated cells were measured. Arsenic trioxide and lovastatin
significantly diminish (up to 2-fold) Glil mRNA levels relative to osteogenic
controls (Fig. 2). Interestingly, a combination of the three Hh inhibitors (Mix) at
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their reduced concentrations evoked equipotent inhibitory effect on Glil gene
expression that was comparable to single, higher-dosage treatments (Fig. 2).
However, vitamin D alone did not suppress the Hh pathway, at least not at Glil
readout level. This result suggests that alternative, Hh-independent, pathway such
as vitamin D receptor (VDR) may possibly downregulate osteogenic activity in
MSC cells treated with vitamin D.*

25— Fig. 2. The RT-PCR analysis of expression
== ALP .. profile of an early osteogenic marker, alkal-
§20{ =2 a1 ine phosphatase (AP) and Hedgehog signal-
§ ing marker, Glil, in wild type mouse BMSC.
5 1.5 Following isolation, BMSC were cultured for
o four days in OM media without (control) or
¢ 1.0 . . .
2 . x .. in the presence of single agents or their com-
3 0.5- T bination. mRNA was isolated and quantified
n: using 27 **“* method. Data (mRNA levels) are
0.0- normalized to the housekeeping gene actin

Ctr ATO VitD Lov  Mix and expressed as mean = SEM relative to the
Treatments control (set to 1).

Next, human BMSC to test if Hh-mediated osteogenesis in murine proge-
nitor cells is unique or somewhat conserved differentiation process were used.
Analogous to the murine cells (Fig. 1), all inhibitors visibly reduced AP staining
as compared to control (OM media only) in human BMSC (Fig. 3). To ensure
that this decrease in AP staining is not due to the toxicity of Hh inhibitors in con-
centrations used, the cells were stained with a nuclear dye, DAPI, and a total
number of AP-positive cells were counted (Fig. 3). Our combined fluorescen-

Fig. 3. Alkaline phosphatase assay and
DAPI staining of primary human BMSC,
six days after exposure in osteogenic media:
A) control, untreated cells; B) in the pre-
sence of 10 uM ATO during osteogenesis;
C) in the presence of 10 uM cholecalciferol
(vitamin D) during osteogenesis; D) 1 pM
lovastatin (Lov) in media during osteogen-
esis; E) Mix—ATO, vitamin D and lovasta-
tin present during osteogenesis; F) quant-
ification of AP-positive cells over total live
cells, expressed as a percentage. Data, col-
lected from three independent experiments,
are presented as mean + SEM. Bar, 10 pm.
(Note a decrease in AP activity in cells
treated with Hh inhibitors compared to the
control).

Number of AP
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ce/light microscopy approach revealed no visible signs of apoptosis such as
shrinkage of cells, nuclear condensation or fragmentation in the treated or control
cells. However, microscopic studies confirmed that there was a significant dec-
rease (~2-fold) in the number of AP-positive cells and an overall reduction in AP
signal in Hh-inhibitor treated cells as compared to the controls (Fig. 3).

Similar findings were obtained with gene expression analysis of Hh-markers
in human BMSC (Fig. 4). Additions of all three Hh inhibitors, alone or in com-
bination, to human BMSC during osteogenesis abrogated expression of AP gene,
reflected by a significant decrease in AP mRNA levels in ATO, Lov or vitamin
D-treated cells as compared to control cells (Fig. 4). Similar to mouse counter-
parts, ATO and lovastatin significantly diminished (up to 2-fold) Glil expression
in human BSMC relative to controls, while supplementation of vitamin D had no
modulatory effect on Glil, a molecular readout of Hh signaling activity (Fig. 4).
Published data demonstrate that Hh dependent pathway is predominantly inv-
olved in stem cells differentiation, while in the case of cancer, both Hh dependent
and Hh independent pathway exist.”® Lack of the Hh pathway inhibition by vit-
amin D and the fact that the combination of all three tested compounds does not
provide complete cumulative effect suggest that these inhibitors inhibit osteogen-
esis of MSC via both Hh-dependent and Hh-independent pathways. However,
Glil gene expression data suggest that ATO and lovastatin blocked osteogenesis
in both mouse and human BMSC via common Hh-mediated mechanism.

1.5

mm ALP

.§ = Glit = Fig. 4. The expression profile of an early
g 1.0 . 5 osteogenic marker, alkaline phosphatase
g . s (ALP) and Hedgehog signaling marker, Glil,
e in human BMSC cultured for six days in
£ 09 e «  supplementation of OM media without
& (control) agents present, with single agents or

0.0 M II | their combination, calculated using 27

Ctr ATO VitD Lov  Mix method. The histogram represents data =+
Treatments SEM relative to the control that was set to 1.

Collectively, our study provides early evidence that ATO, lovastatin and
vitamin D act as potent inhibitors of the otherwise rapid and irreversible MSC
osteoblast differentiation triggered by Hh and related osteogenic signaling path-
ways. ATO, lovastatin and vitamin D each reduced early osteoblasts formation
via inhibiting alkaline phosphatase activity and expression when used at their
higher concentrations. Interestingly, the combined application of these three Hh
inhibitors at their half-reduced concentrations elicited a comparable decrease in
AP activity and Glil mRNA levels. This cooperative effect of ATO, Lov and
vitamin D suggests that inhibitors target different checkpoints of the Hedgehog
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signaling pathway, which may explain their enhanced efficacy against osteogen-
esis. A reduced dosage of these drugs may potentially improve selectivity and
reduce their off-target effects in vivo.

CONCLUSION

In summary, our study showed that three examined chemical inhibitors of the
Hh signaling pathway, arsenic trioxide (ATO), lovastatin (Lov) and cholecalciferol
(vitamin D) impede differentiation of mesenchymal stem cells (MSC) into osteo-
blasts or osteogenesis. Each of them potently decreased alkaline phosphatase (AP)
activity, suggesting effective suppression of osteogenic activity in Hh-impaired
MSC. The combined application of these three Hh inhibitors at their half-reduced
concentrations elicited a comparable decrease in AP activity and Glil mRNA
levels. This effect suggests that the inhibitors target different checkpoints of the
Hedgehog signaling pathway and indicates a promising potential utilization of this
combined mixture for heterotopic ossification prophylaxis in vivo.

NOMENCLATURE

AP or ALP — Alkaline phosphatase;

ATO — Arsenic trioxide;

BCC - Basal cell carcinoma,

BMSC — Bone marrow stromal cells;

DAPI — 4',6-Diamidino-2-phenylindole dihydrochloride;
FOP — Fibrodysplasia ossificans progressive;
HO — Heterotopic ossification;

MSC — mesenchymal stem cells;

LOV — Lovastatin;

SHH — Sonic Hedgehog;

POH — Progressive osseous heteroplasia;
VDR — Vitamin D receptor

U3BOJ
CMABEE OCTEOI'EHE AKTUBHOCTH in vitro ¥ IIPUCYCTBY
APCEH-TPUOKCHUIA, BUTAMHHA [T, TOBACTATHHA
U BbUXOBE KOMBMHAILIUJE

JEJIEHA TBO3IEHOBUR-JEPEMUR', EKATEPUHA BEPT-BOHTI" u JbMJbAHA MOJOBHR?

1Nostopharma, LLC, 10319 Westlake Dr #241 Bethesda, 20852 Maryland, USA u “TexHonmowko—menia-
nypwku Gaxyniied, Ynusepsutiein y Beoipagy, Kapueiujesa 4, 11000 Beoipag

IMatonouka popmManuja KOCTH BaH CKEJIETHOT CHUCTEMA, Y MEKAaHUM TKHBHMaA, WU XeTe-
poTonHa ocudHKaLHWja, 3a KOjy OO caja HHje mpoHaheH edukacaH TpeTMaH, BEpOBATHO je
MoCpeloBaHa aKTUBALIMjOM XELIXOT CHUTHAIHOT MyTa. BHOXEeMHUjCKH MeXaHW3MH OBOT I1aTo-
JIOWIKOT Tpolieca Takohe HHUCY NOTNYHO pasjaurmeHd. McnutuBamu cMo epUKaCHOCT TpH
xeMujcka uHxuOUTOpa Xeuxor (Hh) curHanHor myTa, apceH-tpuokcuna (ATQO), moBacTaTHHA
(Lov) u xonexanuudeposna (BuTaMmuH [1) y cupedaBamy npoueca gudepeHnjannje mporeHu-
TOPCKUX ME3eHXUMCKHX MAaTUYHHX henuja y ocTeodnacte, MO3HATOT kao ocreoreHesa. [lpu-
MeHa CBakor oj HaBefeHa Tpu Hh unxuduTopa je pesyntupasna y 3HauajHOM CMambeHwy aKTHB-
HOCTH ankaiHe ¢ocdarase Kao U CMamemy OCTeOreHe aKTHBHOCTH Y Xeuxor fedeKTHUM
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Me3eHXUMCKHUM henmdjama. AHain3a TeHCKe eKCIpecHje TOKasala je 3HauajHO CMameme
mRNA HuBoa miasHor Hh curnana, Gli1, HakoH JomaBawka HUCKOMOJIEKYICKMX MHXUOHUTOPA
Xelxor curHanor myrta. ®dyHkuuvonanHa Be3a usmehy Hh curHamHor myta v octeoreHese y
MIPOTEHUTOPCKMM ME3eHXUMCKUM henujama nokasaHa je y CTyOuju ca KOMOMHALMjOM TpH
MHXUOUTOpA KOjU Jenyjy Ha pasnuuutum mectuma Hh curnanHor myra. Jakie, kombuHanuja
HUCKOMOJIEKYJICKMX MHXWOWUTOpa y HHUCKUM KOHLIEHTpallMjama IpencTaB/ba HOB IPUCTYI Yy
npodunakcH XeTepoTonHe ocudukanuje ca nosehaHom epukacHomrhy ¥ NOTEHLHjAHO CMa-
HBEHUM He)XXe/beHUM e eKTHMa.

10.
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17.

(ITpumrseHO 4. MapTa, peBUAUpPaHO 16. jyHa, mpuxsaheno 17. jyna 2019)
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