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Rheumatoid arthritis (RA) is a severe autoimmune inflammatory disease leading to chronic pain in the
joints frequently ending in patient disability and even death. Molecular mechanisms that trigger a disease and
exacerbate its progression are still poorly understood. Several signaling pathways are strongly misregulated
in different cell types in joints of RA patients.

It is well known that bone morphogenetic protein (BMP) and Wnt pathway are key signaling pathways
that induce and support cartilage and bone formation and maintenance. We hypothesized that pituitary tumors
transforming gene 1 (PTTG1) and its partner protein — PTTGL1 binding protein 1 (PTTG-BP1, also called
PBF1: PTTG binding factor 1) — presents a novel key system in regulating homeostasis of joint tissues and RA
pathogenesis. According to our preliminary data, overexpression of PTTG1 gene leads to a drastic inhibition
of Wnt signaling in target cells. Such result suggests that PTTG1/PTTG-BP1 axis serves as a new negative
regulator of bone and potentially cartilage homeostasis.

In this work, we have investigated the effect of PTTG1 gene overexpression on activation of BMP and
Wnt signaling pathways. We have found that ectopic expression of PTTG1 gene inhibited hBMP2/7-induced
osteogenenic differentiation of C2C12 cells and bone matrix mineralization in KS483 cells. At the same time
shRNA-mediated knockdown of mMRNA PTTG1 gene leads to a substantial activation of bone formation in
these cells. Thus, PTTG1 is an important repressor of osteogenesis, and it may be involved in skeletal tissue
destruction caused by the inflammatory processes.
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Pesmamoionuii apmpum (PA) — eadicke asmoimynne 3ananvhe 3ax80pio6aHHsl, ke NPu3eoouns 00 Xpo-
HiuHO20 600 Y cyenobax | vacmo 3aKinuyemvcs iH8ANIOHICMIO Ma HAsimb cMepmio nayicumie. Monexynapmi
MeXanizmMu, AKI BUKIUKAIOMb Y10 X80p00Y ma NoCUNoioms ii po36UmoK, 3aIuiaomscsa MaloeugueHumu. ¥ na-
yienmis 3 PA eusieneni nopyuenns 0esakux pe2yismopHux uisixie y pisHux munax Kiimuu cyenoois.

Bioomo, wo mopgocenemuuni oinku xicmxu (MBK) i cuenanoruii aanyioe Wnt € Kiowosumu cusHa b-
HUMU WAXAMU, AKT IHOYKYIOMb MA RIOMPUMYIOMb POPMYBAHHS XpAu06oi i Kicmkoeoi mxanun. Mu npunyc-
KAEMO, Wo 2eH nyxaunHoi mpancgopmayii kaimun cinogizy 1 (PTTGI1) ma PTTGI 36 a3ysanvhuii 6inok 1
(PTTG-BP1,; makoac mac nazgy PBF1: PTTG binding factor 1) e nosorwo eascnusoio cucmemoro y pecynsiyii
2omeocmasy mKaHun cyenooig i namozenesy PA. 32i0n0 3 Hawiumu nonepeonimu 0aHUMU, HA0EKCHpecis ceHy
PTTG1 npuzeooums 0o 3naunozo anibmy8anus pe2yisimopHux cuenaiie Wnt 6 knimunax-miwensx. Taxui pe-
synemam 003eoase npunycmumu, wjo cucmema PTTG1/PTTG-BP1 euxonye ynkyiio 08020 He2camuHo2o peay-
JAMOPa 20Meocmasy Kicmkogoi ma, 8ipocioHo, Xpsaujo8oi mKaHUH.

Y yiti pobomi b6yno docnioxceno ennue naoexcnpecii eeny PTTGI1 na akmugayiio CucHaIbHUX Wisixie
BMP i Wnt. Bcmanoeneno, wjo mumuacosa excnpecisn 2eny PTTG1 ineioye hBMP2/7-indykosatny ocmeozenmy
oupepenyiayiro knimun ninii C2C12 ma minepanizayiio Kicmrxogozo mampukcy kiimunamu ainii KS483. V moi
aice wac ShRNA-onocepeokosanuii Hokoayn excnpecii MPHK eeny PTTG1 npuzsodums 00 3naunoi akmueayii
ocmeoeennol oupepenyiayii yux knimun. Omoce, PTTG1 € saxciusum mpancKpunyitinum penpecopom 0Cmeo-
2eHe3y i, MOAHCIUBO, 3A0IAHUUL Y PYUHYBAHHT KICIKOBOT MKAHUHU, CNPUYUHEHOMY 3aNATbHUM HPOYECOM.

Kmio4osi ciioBa: PEBMATOITHUI APTPUT, TEH ITYXJIMHHOI TPAHC®OPMALIIT KJTI-
THH TIIO®I3Y 1, OCTEOI'EHE3, ME3EHXIMHI CTOBBYPOBI KJIITUHH, CUTHAJIbHUAM
HIIAX WNT
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Peemamouodnwiti apmpum (PA) — msiicenoe aymoummynnoe 6ochanumenvroe 3a001eanue, Komopoe
npUBOOUM K XPOHUHECKOU OO 8 CYCMABAX U YACHO 3AKAHYUBACMCSL UHBATIUOHOCIbIO U dadice 2ubenvio nayu-
enmos. Tounvle MONeKyIapHble MeXaHu3Mbl, KOMopble Gbl3bléaiom O0Le3Hb U YCUTUBAIOM ee pa3gumue, 0Cma-
fomest manousyyeHnvimu. Y nayuenmos ¢ PA evisenenvt napyuwienus HeKomopvlx CUSHATbHbIX RYMell 8 Paziuy-
HbIX TUNAX KIEMOK CYCmagos.

Hzeecmno, umo mopghocenemuueckue 6eIKu KOCMU U CUCHATbHAS Yenb Wht s161510mcst Kaoyegblmu
CUSHATbHBIMU NYMSIMU, KOMOPble UHOYYUPYIOM U HOOOEPICUBAION OPMUPOBANUEe XPAWEBOT U KOCMHOU MKA-
Hetl. Mot npeononazaem, umo een onyxonegou mparcgopmayuu kiemox eunoguza 1 (PTTG1) u PTTG1 ceésazvisaro-
wuit 6enox 1 (PTTG-BP1; makoce umeem nazeanue PBFL: PTTG binding factor 1) sensemcs nosoti sasicrnoi
CUCMEMOUL 8 pe2yIayuU 20MeoCcmasza mraneli cycmaeos u namozernesa PA. Coenacno nawum npedsapumens-
HbLM OanHbiM, ceepxakenpecusi cena PTTG 1 npusooum K 3HAUUMeEnbHOMY mMOPMOJICEHUIO cucHanog Wnt é kiemxax-
muwensx. Taxoil pezyniomam noszeonsiem npeononodicums, umo cucmema PTTGI1/PTTG-BP1 svinonusem gyn-
KYUIO HOB020 HE2AMUBHO20 Pe2ysimopd 20Me0Cma3a KOCMHOU U, 8EPOSIMHO, XPSUe6oll MKAHell.

B oannoii pabome mwvi uccnedosanu enusnue ceepxaxcnpecust cena PTTG1 na akmusayuto cueHanbHuIx
nymeti BMP u Wnt. Moi o6napysicunu, umo epemennas ceepxsxcnpeccus 2ena PTTG 1 uneubupyem hBMP2/7-
UHOYYUPOBAHHYI0 ocmeo2erHyIo oudgepenyuposky knemox aunuu C2C12 u munepanuzayuio KOCMHo20 Mam-

The Animal Biology, 2016, vol. 18, no. 1
62



bionorisa tBapuy, 2016, T. 18, Ne 1

puxca kremkamu aunuu KS483. B mo sce epems ShRNA-onocpedosannviii HokoayH sxcnpeccuu MmPHK eena
PTTGI npusooum k sHauumenvbHoU akmusayuu ocmeozenesa ¢ smux kiemxax. Takum oopazom, PTTG1 sens-
emcsl BAJICHLIM PENPECcCOPOM OCMEO2eHe3d U, 803MONCHO, 3A0eUCMBO8AH 8 PA3PYULeHUU KOCIHOU MKAHU, 6bl-

36AHHbIM 60CNAIUMENIbHbIM NPOYECCOM.

Kmouessle cioBa: PEBMATOMJIHBI APTPUT, TEH OITY XOJIEBOM TPAHC®OPMA-
TN KIIETOK I'MITIO®U3A 1, OCTEOI'EHE3, MESEHXNMAJIbHBIE CTBOJIOBBIE KJIETKU,

CUTHAJIBHBIM ITYTh WNT

RA is a highly morbid autoimmune dis-
order that debilitates the life of patients due to
a progressive irreversible destruction of cartilage
and bone in the joint leading to joint swelling,
pain, and stiffness. During RA development, syno-
vial fibroblast-like cells (FLS) start to overgrow
and invade surrounding tissues in the joint, thus
forming a pannus that leads to a severe destruction
of the articular cartilage and frequently to bone
erosions. Although RA has been a subject of innu-
merable investigations, the main cause of the dis-
ease stays unknown, and the etiology and patho-
genesis of the disease remain incompletely under-
stood [15]. Strikingly, several signaling pathways
are strongly misregulated in FLS, monocytes,
neutrophils, endothelial and other cells in joints of
the RA patients. The bone morphogenetic protein
(BMP) and Wnt pathway are known to be key
signaling players that induce and support carti-
lage and bone formation and maintenance.

Recent studies of human rheumatic and
orthopedic diseases and specific mouse models
with both activating and null mutations of pro-
teins required for a canonical Wnt signaling sug-
gest a crucial role of this signaling pathway in
the regulation of bone formation, maintenance,
reparation and remodeling by regulating osteo-
blast and osteoclast proliferation and differentia-
tion [4, 5, 6]. Osteoblast differentiation is predom-
inantly supported by the BMPs — the members
of the transforming growth factor  (TGFP) su-
perfamily and by Wnt proteins. Although BMPs
are initial inducers of osteogenesis, efficient dif-
ferentiation of mesenchymal precursors to the
osteo- and chondrogenic lineages requires both
Whnt and BMP signaling, and the canonical Wnt
pathway subsequently acts as the master regu-
lator of osteogenesis [13].

Wnt/B-catenin signaling modulates os-
teogenesis through multiple mechanisms. Wnts

repress alternative mesenchymal differentiation
pathways, such as adipocyte and chondrocyte
differentiation, and promote osteoblast differen-
tiation, proliferation, and mineralization activity,
while blocking osteoblast apoptosis. By increas-
ing a ratio of OPG/RANKL (osteoprotegerin/
receptor activating NF-kB ligand), B-catenin re-
presses osteoclastogenesis [12]. In a healthy skel-
eton, adjacent to joints cortical bones’ formation
and resorption are well balanced; however, the
inflammatory arthritis leads to an imbalance be-
tween these processes. Bone formation is hampered
by tumor necrosis factor o (TNFa)-mediated ex-
pression of inhibitors which suppress Wnt signals,
whereas bone resorption is enhanced by the ex-
pression of RANKL [1] — a key factor for the
osteoclast differentiation and activation.

In terms of commitment and differentia-
tion of the mesenchymal stem cells (MSC), there
is a cooperative crosstalk between the Wnt and
BMP pathways [17]. BMP signaling is crucial
for skeletogenesis and homeostasis through both
development and adulthood. A crosstalk between
the BMP and Whnt signaling is notoriously com-
plex in all tissues, as it can be either synergistic or
antagonistic, depending on cellular context, and
bone is not an exception of this rule. In line with
the complexity of their crosstalk, BMP and Wnt
signaling were shown to have opposing effects in
osteo-progenitors, yet they seem to function, for
the most part, cooperatively in the osteoblasts.

Although a crucial role for canonical Wnt
signaling has been well established, many mecha-
nisms remain to be discovered in respect to their
fine tuning and crosstalk with other pathways
in bone [1].

Here we identified PTTG1/Securin and
PTTG-BP1/PBF1 as important new molecules
that regulate the process of bone formation and
maintenance.
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PTTG gene is a proto-oncogene, first iden-
tified in 1997 in rat pituitary GH4 cells [16].
Human PTTGL1 gene is located on chromosome 5
and encodes securin — a protein consisting of
202 amino acids (22 kDa) with no significant
homology to other known proteins [19]. Securin
is critically important in regulation of chromo-
some separation during a mitotic step called the
anaphase [22]. PTTG1 gene is abundantly ex-
pressed in cells of malignant tumor, as well as
of some normal tissues, and potently transforms
cells both in vitro and in vivo. Overexpression
of PTTGL1 gene in NIH-3T3 cells increases ba-
sic fibroblast growth factor (FGF) mRNA level
as well as stimulates its secretion. As a trans-
activator of growth factors, high PTTG1 gene
expression also induces vascular endothelial
growth factor (VEGF) and other proangiogenic
genes [19]. Strikingly, targeted inactivation of
PTTG1 gene leads to generation of aneuploid
cells. Like any other oncogene, PTTG gene has
important normal physiological functions that
were revealed by deleting the PTTG1 gene in
mice. Mice lacking PTTG gene show testicular and
splenic hypoplasia, thymic hyperplasia, throm-
bocytopenia, aberrant cell cycle progression, and
premature centromere division [19, 21].

In addition, recent studies showed that
PTTG-BP1/PBF1 expression was reduced in
long standing RA comparably to early RA [14].
At the same time, PTTG-BP1/PBF1 is a tar-
get gene for osteoblast-specific transcriptional
factor RUNX2 [18]. Thus, these data allow to
hypothesize that PTTG1/PTTG-BP1 axis rep-
resents a novel key system in regulating ho-
meostasis of joint tissues with involvement
into pathogenesis of osteoporosis and RA pro-
gression.

According to our preliminary data, PTTG1
overexpression leads to a drastic inhibition of
Whnt signaling in target cells. Such result sug-
gests that PTTG/PTTG-BP1 axis can serve as a
new negative regulator of bone and potentially
cartilage homeostasis. In this work, we investi-
gated the effect of PTTG1 gene overexpression
on the activation of BMP and Wnt signaling
pathways.

Materials and methods

Cell culture and ligands. Our studies
were performed with mouse mesenchymal pre-
cursor cells of C2C12 and KS483 lines cultured in
Dulbecco’s modified Eagle’s medium (DMEM,
Sigma) containing 10 % fetal calf serum (FCS,
Sigma). Cells were grown in a 5 % CO,-con-
taining atmosphere at 37 °C. Upon transient
transfection, cells were grown in DMEM sup-
plemented with 4 % FCS and 16 hours later
they were transferred to fresh DMEM with 10 %
FCS and addition of appropriate ligands or re-
combinant adenoviral vectors expressing BMP2
and BMP?7 to induce osteoblast differentiation.
In particular, C2C12 cells in appropriate vari-
ants were treated with 10 ng/ml of recombinant
TNFa purchased from R&D Systems (Minne-
apolis, MN, USA).

Short (small) hairpin RNA (shRNA).
shRNA-expressing constructs are frequently used
as a convenient substitution for siRNA specifi-
cally targeting gene expression that allows to
avoid initial side effects of transfection required
for siRNA delivery to the cells. The set of vali-
dated shRNA lentiviral constructs that specifi-
cally target the expression of mouse versions of
PTTG1 and PTTG-BP1 mRNAs was purchased
as a part of MISSION library from Sigma-Al-
drich (St. Louis, MS, USA).

Transient transfection. C2C12 and
KS483 cells were split at a density of 1.5x10*
cells per cm? in 12-well plates. Next day, cells
were transiently transfected with plasmid con-
structs expressing shRNA targeting PTTG1 and
PTTG-BP1/PBF1 mRNA or control scrambled
ShRNA (0.5 ug of total DNA per well). Trans-
fection was carried out using GeneJuice trans-
fection reagent (Merck Millipore, USA) follow-
ing manufacturer’s protocol. An efficacy of shR-
NA-mediated knockdown was confirmed with
quantitative PCR and varied from 6.5 to 8 times
for most efficient variants (data not shown).

Induction of osteoblast differentiation.
C2C12 and KS483 cell lines can be induced
to differentiate into osteoblasts by different BMPs,
including BMP2 and BMP7. 24 hours after
a transient transfection, these cells lines were
transduced with a combination of adenoviral
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constructs encoding recombinant hBMP2 and
hBMP7 at the multiplicity of infection (MOI)
even to 500 for each one construct [10] to in-
duce a production of h(BMP2/hBMP7 heterodi-
mers along with appropriate homodimers. Dur-
ing osteogenesis assay, C2C12 and KS483 cells
were cultured in a differentiation-supporting medi-
um supplemented with 50 pg/ml ascorbic acid
for 4 and 10 days, respectively. Starting from
day 10 upon induction of osteogenesis KS483
cells cultures were additionally supplemented with
5 mM B-glycerophospate for next 8 days, total-
ing in 18 days.

Alkaline phosphatase assay. The alka-
line phosphatase activity produced by C2C12
was analyzed spectrophotometrically using a -
nitrophenylphosphate (n-NPP) as a substrate [20].
At day 7 of culturing, the supernatants were
withdrawn and cells were washed twice with
0.4 ml of 1X phosphate-buffered saline (PBS)
per well. The cells were lysed in 0.2 ml of al-
kaline phosphatase (ALP) lysis buffer (10 mM
glycine, 100 uM MgCl,, 10 uM ZnCl,, 0.1 %
Triton X-100) per well and gently agitated for
5 min. Then, 10 pl of cell lysate and 90 pl of
ALP assay buffer (100 mM glycine, 1 mM MgClL,
100 uM ZnCl,) supplemented with 6 mM n-NPP
(Pierce-Thermo Fisher Scientific, Grand Island,
NY, USA) [20], were mixed gently and incubat-
ed at room temperature until color developed.
The optical density was measured at 405 nm
(OD,,.) in 96-well plate reader (BioTek, Winooski,
VT, USA). Data are presented as a “Fold induc-
tion versus Control” — magnitudes of changes
in times obtained after dividing of a value in
each variant on a mean value in untreated con-
trol variant.

Alizarin staining. Histochemical exam-
ination of mineral deposition by KS483 cells
was performed using conventional staining with
Alizarin Red (Sigma-Aldrich, St. Louis, MS,
USA) [20]. Cellular monolayers were washed
with 1X PBS (0.4 ml/well) and fixed in 10 % (v/v)
formaldehyde at room temperature for 5 min.
Then, the monolayers were washed with dH,0
prior to addition of 0.4 ml of 2 % Alizarin Red
S solution (pH 5.5) per well. The plate was in-
cubated at room temperature for 2-5 min with
gentle agitation. After aspiration of the unincor-

porated dye, the wells were washed twice with
0.4 ml of dH,O per well and once with 3 ml of
dH,O per well while shaking for 5 and 20 min,
respectively. The monolayers were then stored
in 1 ml of 1X PBS and scanned. Representative
wells were showed.

Statistical analysis. Statistical differenc-
es were analyzed by Student’s t-test.

Results and discussion

We have investigated the effect of PTTG1
gene overexpression on activation of BMP and
Wnt signaling pathways. For transient over-
expression of PTTG1 and PTTG-BP1/PBF1 genes,
C2C12 cells were transduced with appropriate
plasmids (Fig. 1A). These cells were also tran-
siently transfected with shRNA plasmids that
specifically target the expression of PTTG1 and
PTTG-BP1/PBF1 mRNAs versus scrambled shR-
NA expressing plasmid that was used as a con-
trol (Fig. 1B).

ALP is a widely used marker of early
stages in osteoblast differentiation [3, 7, 9], and
we successfully used it in our preliminary stud-
ies. Treatment of C2C12 cells with TNFa com-
pletely inhibits their myoblast differentiation,
as well as strongly inhibits BMP-induced os-
teogenesis (data not shown).

We found that the ectopic expression of
PTTG1 gene inhibits osteogenic differentiation in
C2C12 cell line. At the same time, ShRNA-medi-
ated knockdown of PTTG1 mRNA led to a sub-
stantial increase of bone formation in these cells.

However, ALP cannot be used as a mark-
er of late stages of osteoblast differentiation for
which the bone mineral deposition and nodules
formation are specific. According to literature and
our preliminary data (not shown), Wnt pathway
is activated during late stages of osteoblast dif-
ferentiation [11]. Unfortunately, C2C12 cells can-
not undergo late stages of the osteoblast differen-
tiation. Therefore, in the next experiments KS483
cells that can efficiently follow late stages of 0s-
teogenesis were used [20].

For transient overexpression of PTTG1
and PTTG-BP1/PBF1 genes, KS483 cell line
were co-transduced with plasmids encoding
appropriate proteins (Fig. 2A). It was shown that
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Fig. 1. Ectopic expression of PBF1 gene (A) and shRNA-mediated knockdown of PTTG1 and PTTG-BP1/PBF1
mRNAs (B) leads to strong inhibition (A) and activation (B) of hBMP2/7-induced osteogenesis in C2C12 cells, correspondingly.

C2C12 cells were split into 12-well plates, transiently transduced with plasmids encoding PTTG1 and PTTG-
BP1/PBF1 genes (A) or with plasmid constructs expressing appropriate shRNAs (B). Alkaline phosphatase activity in cell
lysates was analyzed spectrophotometrically. Osteogenesis was induced with a mixture of recombinant BMP2 and BMP7
adenoviruses (1:1). Optical density at 405 nm is shown.

the ectopic expression of PTTG1 gene inhibits ac- observed by other investigators using different

tivation of the Wnt signaling pathway in KS483 (pre)osteoblastic cell lines [2, 8].

cells, which results in inhibition of BMP-induced In this study we showed that PTTG1 gene

bone matrix mineralization. is an important repressor of osteogenesis and
KS483 cells were also transiently trans- can serve as an inhibitor of bone remodeling.

fected with shRNA plasmids that specifically tar- Thus, Wnt pathway inhibition by PTTG1/Securin,
get the expression of PTTG1 and PTTG-BP1/PBF1 for the first time may explain the phenotypic

mRNAs. As shown on a Fig. 2B, a treatment manifestations occurring due to PTTG1 gene tar-
of KS483 cells with hBMP2/7 strongly inten- geted inactivation (knockout). The mechanism
sified their late osteoblast differentiation and described in this article could also be involved
overexpression of ShRNA constructs targeting in maturation of the male reproductive system
MRNAs of PTTG1, PTTG-BP1/PBF1 genes or and be responsible for some forms of male
their combination further potentiated osteoblast infertility.
differentiation observed through nodules formation Thus, we revealed novel molecular mech-
and matrix mineralization when compared with anisms and functional impact of negative reg-
a control. ulation of Wnt signaling pathway by PTTG1
However, we were not able to combine gene product. They are crucially important for
hBMP2/hBMP7 treatment with TNFa due to proper understanding of the molecular basis of
massive cells death induced in KS483 cells by pathogenesis and progression of RA and osteo-
TNFa (data not shown). Similar effect was also porosis. Besides that, knowing these mechanisms
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BMP 2/7

Fig. 2. Ectopic expression of PTTG1 and PTTG-
BP1/PBF1 mixture (A) and shRNA-mediated knock-
down of PTTG1 and PTTG-BP1/PBF1 mRNAs (B) leads
to inhibition (A) and activation (B) of hBMP2/7-induced
osteogenesis in KS483 cell line, correspondingly.

KS483 cells were co-transduced with plasmids
encoding PTTG1 and PTTG-BP1/PBF1 genes (A) or with
indicated shRNA plasmids (B). Osteogenesis was induced
with a mixture of recombinant BMP2 and BMP7 adeno-
viruses (1:1). Cells were fixed and stained with Alizarin
Red. Representative fields (1x) are shown.

can become a basis for development of new strat-
egies in diagnostics and treatment of these and
other related autoimmune disorders.

Conclusions

1. Ectopic expression of PTTG1 gene in-
hibits hBMP2/7-induced osteogenic differenti-
ation in mouse mesenchymal precursor cells of
C2C12 line and shRNA-mediated knockdown
of PTTG1 mRNA leads to a substantial increase
of bone formation in these cells.

2. Ectopic expression of PTTGL1 gene in-
hibits activation of the Wnt signaling pathway.
Such inhibition results in reduction of BMP-
induced bone matrix mineralization and overex-
pression of ShRNA constructs targeting mRNAs
of PTTGL, PTTG-BP1/PBFL1 genes or their com-
bination further potentiated of hBMP2/7-in-
duced osteogenesis in KS483 cells.

3. PTTG1 gene is an important repres-
sor of osteogenesis, and it may be involved in
skeletal tissue destruction caused by inflamma-
tory processes.

B

No BMP BMP 2/7

Scrambled |
shRNA

shRNA
PBF

shRNA PTTG1
+ shRNA PBF |

Perspectives for further research. We
will validate the biological significance of our
results using experimental models of PTTG
knockout mice.

Acknowlegments

This work was partly supported by Young
Scientist Carrier Support grant from the West-
Ukrainian BioMedical Research Center (WUBM-
RC), and by the Molecular & Cellular Biotech-
nologies Grant of the National Academy of Sci-
ences of Ukraine (Project No 37).

1. Diarra D., Stolina M., Polzer K., Zwerina J.,
Ominsky M. S., Dwyer D., Korb A., Smolen J.,
Hoffmann M., Scheinecker C., van der Heide D.,
Landewe R., Lacey D., Richards W. G., Schett G.
Dickkopf-1 is a master regulator of joint remodeling.
Nature Medicine, 2007, 13, pp. 56-63.

2. Dong J., Cui X., Jiang Z., Sun J. MicroRNA-
23a modulates tumor necrosis factor-a-induced osteo-
blasts apoptosis by directly targeting Fas. Journal of
Cellular Biochemistry, 2013, 114 (12), pp. 2738-2745.

3. Fujii M., Takeda K., Imamura T., Aoki H.,
Sampath T. K., Enomoto S., Kawabata M., Kato M.,
Ichijo H., Miyazono K. Roles of bone morphogenetic

The Animal Biology, 2016, vol. 18, no. 1

67



bionorisa tBapuy, 2016, T. 18, Ne 1

protein type | receptors and Smad proteins in osteo-
blast and chondroblast differentiation. Molecular
Biology of the Cell, 1999, 10 (11), pp. 3801-3813.

4. Galli C., Piemontese M., Lumetti S., Man-
fredi G. M., Passeri M. G. The importance of Wnt
pathways for bone metabolism and their regulation
by implant topography. European Cells and Materials,
2012, 24, pp. 46-59.

5. Issack P. S., Heflet D. L., Lane J. M. Role of
Whnt signaling in bone remodeling and repair. Hospital
for Special Surgery Journal, 2008, 4, pp. 66-70.

6. Johnson M. L., Kamel M. A. The Wnt signaling
pathway and bone metabolism. Current Opinion in
Rheumatology, 2007, 19, pp. 376-382.

7. Katagiri T., Yamaguchi A., Komaki M., Abe E.,
Takahashi N., Ikeda T., Rosen V., Wozney J. M., AFu-
jisawa-Sehara A., Suda T. Bone morphogenetic pro-
tein-2 converts the differentiation pathway of C2C12
myoblasts into the osteoblast lineage. The Journal of
Cell Biology, 1994, 127, pp. 1755-1766.

8. Kitajima I., Nakajima T., Imamura T. Induction
of apoptosis in murine clonal osteoblasts expressed
by human T-cell leukemia virus type I tax by NF-«xB
and TNF-a. Journal of Bone and Mineral Research,
1996, 11 (2), pp. 200-210.

9. Korchynskyi O., Dechering K. J., Sijbers A. M.,
Olijve W.,, ten Dijke P. Gene array analysis of bone
morphogenetic protein type | receptor-induced osteo-
blast differentiation. Journal of Bone and Mineral
Research, 2003, 18 (7), pp. 1177-1185.

10. Korchynskyi O. Adenoviral vectors: conve-
nient tools for gene delivery to primary mammalian
cells. Biotechnologia Acta, 2012, 5 (5), pp. 16-26.

11. Krause C., Korchynskyi O., de Rooij K.,
Weidauer S. E., de Gorter D. J. J., van Bezooijen R. L.,
Hatsell S., Economides A. N., Mueller T. D.,
Lowik C. W. G. M., ten Dijkee P. Distinct modes of
inhibition by sclerostin on bone morphogenetic pro-
tein and Wnt signaling pathways. The Journal of Bio-
logical Chemistry, 2010, 285 (53), pp. 41614-41626.

12. Krishnan V., Bryant H. U., MacDougald O. A.
Regulation of bone mass by Wnt signaling. The Journal
of Clinical Investigation, 2013, 116, pp. 1202-1209.

13. Kwan Tat S., Padrines M., Théoleyre S. IL-6,

RANKL, TNF-alpha/IL-1: interrelations in bone
resorption pathophysiology, bone signaling pathways
and treatment of osteoporosis. Cytokine and Growth
Factor Reviews, 2003, 15, pp. 49-60.

14. Lequerré T., Bansard C., Vittecoq O.,
Derambure C., Hiron M., Daveau M., Tron F., Ayral X.,
Biga N., Auquit-Auckbur 1., Chiocchia G., Le Loét X.,
Salier J. F. Early and long-standing rheumatoid
arthritis: distinct molecular signatures identified
by gene-expression profiling in synovia. Arthritis
Research & Therapy, 2009, 11 (3): R99.

15. Park J. Y., Pillinger M. H. Interleukin-6 in the
pathogenesis of rheumatoid arthritis. Bulletin of the
NYU Hospital for Joint Diseases, 2007, 65, pp. 4-10.

16. Pei L., Melmed S. Isolation and characteriza-
tion of a pituitary tumor-transforming gene (PTTG).
Molecular Endocrinology, 1997, 4, pp. 433-441.

17. Rawadi G., Roman-Roman S. Whnt signalling
pathway: a new target for the treatment of osteoporosis.
Expert Opinion on Therapeutic Targets, 2005, 9,
pp. 1063-1077.

18. Stock M., Schéfer H., Fliegauf M., Otto F.
Identification of Novel Target Genes of the Bone-
Specific Transcription Factor Runx2. Journal of Bone
and Mineral Research, 2004, 6, pp. 959-972.

19, Tfelt-HansenJ,Kanuparthi D, Chattopadhyay N.
The emerging role of pituitary tumor transforming
gene in tumorigenesis. Clinical Medicine and Research,
2006, 4 (2), pp. 130-137.

20. Van der Horst G., van Bezooijen R. L., Dec-
kers M. M. Differentiation of murine preosteoblastic
KS483 cells depends on autocrine bone morphoge-
netic protein signalling during all phases of osteo-
blast formation. Bone, 2003, 31 (6), pp. 661-669.

21. Wang Z., Yu R., Melmed S. Mice lacking
pituitary tumor transforming gene show testicular
and splenic hypoplasia, thymic hyperplasia, throm-
bocytopenia, aberrant cell cycle progression, and
premature centromere division. Molecular Endocri-
nology, 2001, 15, pp. 1870-1879.

22.ZouH.,McGarry T., Bernal T, Kirschner M. W.
Identification of a vertebrate sister-chromatid sepa-
ration inhibitor involved in transformation and tu-
morigenesis. Science, 1999, 285, pp. 418-422.



