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Abstract: HCI-demineralized murine lower incisors were impéghintramuscularly into
syngeneic BALB/c mice to induce heterotopic osteeges. Implants were exposed at the
early, preosteogenic stage (4), or at the latéeogenic stage (12) to the Moloney sarcoma
virus (MSV), which within 3—4 days results in agama. The yield of bone induction was
determined by weight of dry bone mass following Wa@ydrolysis of soft tissues. To
verify the effect of this sarcoma on orthotopicdbéemoral bone, the dry mass of the
tumor-exposed femora was measured and comparedthativeight of MSV-unexposed
contralateral controls. MSV-sarcoma or cells inealwith their spontaneous rejection
have a stimulatory effect on the periosteal menmbithe tumor-adjacent femoral bones,
increasing their dry mass on average by 18%. Nuousstory effect on heterotopic bone
induction was observed when the MSV sarcoma grenmglihe early, preosteogenic stage
(4 onward), but when the tooth matrix had been sggddo such tumor at the already bone-
forming stage, (12 onward), the yield of bone irtthrc was enhanced. Thus, it is
postulated that lesions induced by MSV during tlaglye preosteogenic stage inhibit
recruitment of osteoprogenitor cells or degrade eBdorphogenetic Proteins (BMPS)
released by matrix resorbing inflammatory cellsevdas when acting on already existing
bone they have a stimulatory effect.
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1. Introduction

In rodents, the development of tumors by intramlasdajection of Moloney sarcoma virus (MSV)
triggers a proliferative response of the periosteainbranes in tumor-adjacent bones. In such aetivat
periosteum, proliferation and differentiation ofocidro- and osteoprogenitor cells results in caydla
and bone matrix deposition. Thus, the process ofogteal bone formation recapitulates both
endochondral and intramembranous osteogenesidaghéype dominating. The newly formed bone
collar is firmly attached to maternal bone andesyvslowly resorbed by osteoclasts, so in somescase
an increment of bone mass, sometimes exceeding IfiOfte original mass, persists for several
months post sarcoma development [1].

In mice, MSV-induced tumors appear 3—-4 days po$tction, and grow progressively for
5-10 days, then gradually regress and disappeaost cases by day 16—20. The regression of these
tumors are immunological events, mediated mainhalpellular response [2-6], although a humoral
response also contributes to some extent in tuajection [4,7].

Demineralized dentine is as efficient an inducecaftilage and bone progenitor cell proliferation
and differentiation as is demineralized bone [8-10)h implanting into a muscular pouch,
demineralized dentine triggers differentiation osbhmesenchymal cells to a chondro- and osteogenic
lineage. In the model of heterotopic bone formabgrtooth matrix, endochondral and mesenchymal-
type osteogenesis are present.

Soluble signals released from demineralized tootatrimn belong to the family of Bone
Morphogenetic Proteins (BMPs) that belong to thd=T@ta super family of proteins [12—14].

Mechanisms of regulation and maintenance of haiproally formed bone are not fully understood
[15], and there are a number of differences betveetopic and orthotopic bones. For example, ectopic
bones lack true, functioning periosteal and endbsteembranes [16]. In human heterotopic
ossification, the derived cells exhibited elevaekls of collagen synthesis and alkaline phosgeata
activities ascribed to bone forming cells [17] gieneral, heterotopic bone is metabolically morévact
than skeletal (orthotopic) bone. To@hal.[18] found that the expression of BMP-2 and TGElagher
in ectopic bones and Chauveainal. [19] reported strong over expression of osteonatnRNA, an
event associated with upregulation of osteonectthallagen type | synthesis.

Demineralized bone matrix also contains proteingclvimhibit the BMP activity bothn vivo and
in vitro [20]. Also, bone morphogenetic proteins BMP-3 &MP-7 are regulators of bone inductive
activity of demineralized matrix by inhibition ofsteoprogenitor proliferation and stimulation of
differentiation and expression of bone markersg2]L,

The immune rejection of MSV-induced tumors releasesltiple factors influencing bone
homeostasis [23]. Isolated human osteoblast pratifttn may be either activated or inhibited by
inflammatory cytokines, depending on their concaidn and duration of exposure [24], whereas
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adjuvant-evoked granuloma cells activate endostsstogenesis [25]. Lesions induced by T-cell
mitogen Concanavalin A have increased the yieldeofineralized tooth-induced bone [26].

The aim of this study is to examine the timing c8Wisarcoma induction on locally induced bone
by demineralized murine lower incisors. In thisdstuMSV-sarcomas were induced during the early,
preosteogenic stage of bone induction (virus imect days post dentine implantation) or at a late
stage, when chondro- and osteogenesis is advavicas ipjection 12 days post dentine implantation).
The effect of MSV sarcoma on adjacent femoral baas also monitored in order to compare the
effectiveness of lesions on orthotopic and ectbpiges.

2. Materials and Methods
2.1. Demineralized Incisor Preparation and Charaistcs

Four to five-month-old BALB/c inbred female mice mgaused in our experiment in accordance with
the Medical University of Warsaw’s guidelines faetcare and use laboratory animals. The mandibles
of the killed mice were removed and put into 0.61Ql, chilled on ice. After 60 min, the incisors \wer
removed from the alveolar bone and transferred toesh HCI solution where demineralization
continued for another 3—4 hr, thus the duratiomemineralization was 4-5 hr. The necrotic dental
pulp in the crown and root of each incisor was readoby squeezing the demineralized tooth. Then
incisors were vigorously washed in distilled wadad lyophilized.

Demineralization of adult murine incisors for 4 inrthe 0.6 N HCIl removes completely their
mineral phase. The mean wet weight of isolatedsorsi demineralized for 4 hr was 4.86 £ 1.0 mg
(n = 13) and was equal to the specimens deminedafizr 22 hr (mean weight 4.81 + 0.7 mg, n = 9).
Perhaps some traces of mineral remained followmegprocedure, but did not affect bone induction.
The prolonged hydrolysis of murine incisors for 22 slightly reduces the yield of bone
induction [26].

The 4 hr lyophilized demineralized female matureLBAC lower incisors are very homogenous.
Their average weight was 0.95 = 0.05 mg (n = TiQJs e considered them as a standard dose of Bone
Inducing Principle.

2.2. Implantation of Demineralized Incisors

The animals were anesthetized with an intraperdbimgection containing Rompun (Bayer AG,
Leverkusen, Holland) and Calypsol (G. Richter, Baegdd, Hungary). After shaving, short (4-5 mm)
longitudinal skin and muscle incisions were madetlo@ inner side of the left and right thighs.
Lyophilized incisors were inserted into the mugmbekets, the skin was sutured with a 3-0 Dexon “S”
polyglycolic acid suture, and the wounds were desited with 70% alcohol.

Individual recipient mice received bilateral impisrfrom one set of prepared incisors. Four or
twelve days after implantation, the left or rigimb was injected with 0.2 mL of standard MSV
suspension, the contralateral right or left limbswvjected with saline only. On average, half o th
animals were injected in left limb, and half wergected in right limb, in order to exclude the
influence of manual inconsistencies in the surgicatedure.
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The MSV preparation was a saline homogenate ofuim®r, grown in a newborn BALB/c mouse
following inoculation of MSV. The tumor was harvedttwo weeks post inoculation. The virus
suspension used in these experiments was prepegediang to Chanaillet al.[27].

Animals were observed daily, and the time of turappearance, growth and disappearance was
recorded. Animals which did not develop a tumor @%ases) were excluded.

Animals were killed by cervical dislocation follomg CG inhalation, four weeks following incisor
implantation, to assess bone induction yield.

2.3. Assessment of Excised Implants and of FerBanaé

The implants, together with the surrounding thighsoies, were excised and hydrolyzed overnight
in 0.1 N NaOH at 64 °C.

The demineralized incisors and soft tissues werapbetely dissolved during hydrolysis, without
affecting mineralized tissue mass. Thus, the urstige material recovered was solely mineralized
component of bone tissue. These undigested depasits washed in distilled water and dried
overnight at 64C. The dried mineral was weighed to an accuraeyOof mg.

The femoral bones from both limbs were excised laydtolyzed as above. The femoral bone dry
mass was measured to the same accuracy, providiognation on the effect of MSV sarcoma on
adjacent femoral bone. The femoral dry bone mass fglowing MSV sarcoma development was
expressed as a percentage of dry mass of the lzdeated bone not exposed to the tumor.

2.4. Histology

The implant and surrounding tissues were fixedomiB fixative, decalcified in a saturated solution
of EDTA, embedded in paraffin and sectioned at 8 @ettions were stained with PAS-hematoxylin
and examined with the light microscope.

The number of animals, their division into groupsading to the MSV-injection schedule, and the
bone induction yields are shown in Table 1.

2.5. Statistical Analysis

Student’s t-test was used to test for significaifteences between the induced bone yields.
Differences were considered significant when phealue was less than 0.05. Statistical analysis was
performed using SAS V.6.12 for Windows softwaréd$3nstitute, USA).

3. Results

Demineralized murine incisor matrix, implanted amruscularly into syngeneic mice, induces bone
formation to varying degrees (Figure 1). The swghi at the sites of MSV inoculation were observed
as early as day 3 post inoculation. Tumors grewgnassively up to 10 days and then gradually
regressed, in most cases until day 16, in a fewscastil day 22.
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Figure 1. Enlarged macroscopic view of spicules of mineraitissue recovered by the
NaOH hydrolysis of the ectopic bone induction bymdeeralized incisor implants.
Bar represents 500 pm.

\

500 pm

| .

The MSV-induced tumors are pleomorphic and havegh hitotic rate. During the progressive
stage of tumor growth, massive destruction of neusghs always observed at the site of virus
inoculation, and tumor regression was associateth whe regeneration of skeletal muscles,
disappearance of neoplastic cells, and the accuionilia the lesion of macrophages, lymphocytes and
fibroblasts. Between days 22-28, there was no maopic evidence of tumor, and both hind limbs
appeared identical.

The yield of mineralized bone induced by implantietinineralized incisors in the sites exposed to
MSV tumor during the early phase of induction (gifnjection on day 4), was of the same magnitude,
as in the non-exposed contralateral site, (0.3734 thgvs.0.46 + 0.38 mg; difference not significant,
t=1.113).

In contrast, a stimulatory effect was observed WwM&Y tumor grew during the osteogenic stage of
induction, i.e, when MSV was administered on day 12 post incg@fting, (0.72 mg = 0.39
vs.0.45 + 0.34, difference significant at 0.02 < p.€5, t = 2.254).

The yield of bone induction at the contralateralniMSV-exposed sites was similar in the 4- and
12-day groups, indicating a lack of systemic efftdd/iSV-induced tumor (Figures 2 and 3).

In all instances, the exposure of orthotopic ferhdmane to MSV sarcoma always activated
periosteal osteogenesis (Table 1, Figure 4). Thennmerement of dry mass of femoral bones exposed
to the MSV-induced sarcoma varied from 3 to 73%l, @m average was 17.6% + 16.7%.
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Figure 2. Cartilage (C) formation by demineralized incisoi)(DO days post implantation.
Hematoxylin-eosin staining. Bar represents 100 pum.

Figure 3. Bone (B) and bone marrow (BM) formed 28 days pestideralized incisor (DI)
implantation, not exposed to MSV. Hematoxylin-eastimining. Bar represents 100 um.
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Table 1. The timing effect of MSV-sarcoma development on éoamduction following
intramuscular implantation of demineralized lowseisor matrix in BALB/c mice, 28 days
post implantation.

Time of MSV- Yield of bone Yield of bone Yield of femoral bone
inoculation post  induction (mg) at  induction (mg) at increment following
incisor MSV-sarcoma contralateral site, not MSV sarcoma exposure
implantation (day) lesions* exposed to MSV* (% of original weight)**
4 (53) 0.37+0.34 (55) 0.46 +0.38 (90) W ®.7
12 (32) 0.73+0.39 (32) 0.48+0.34

* Yield is represented as the mean weight +S.D2 8. < 0.05 by Student t-test. In parenthesis
is number of implants or paired femoral bones erawhi

** 04 of dry mass gain of the MSV-exposed femoraiagaMSV-unexposed contralateral control.
The figures in parenthesis are numbers of mice.

Figure 4. Activation of periosteal membrane of femoral bohéhe site of MSV-sarcoma
development, 9 days post MSV infection; PAS reactidrrows point to the edge of
femoral shaft. NB—newly formed bone trabeculae imithactivated periosteum.
Bar represents 50 pm.

4. Discussion

Ectopic cartilage/bone formation by demineralizedth matrix is a well-known phenomenon
[10,11,14], triggered by the release of bone mogehetic proteins (BMPs) from the implant.
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Periosteal bone induction is initiated by cellsidiggy in the periosteal membrane, which are
activated by growth factors that are released duimmmune-mediated spontaneous regression of the
tumor MSV-induced [1,28], or by lesions elicitedthy T cell mitogen Concanavalin A [29].

The present studies were designed to determineftéet of the development of Moloney sarcoma
on bone induction following intramuscular implamat of syngeneic demineralized lower incisors in
mice. Murine incisors hydrolyzed for 4-5 hr in ¢ 0.6 N HCI were fully demineralized and
exhibited good osteoinductive potency. We previpusgiowed that 22 hr demineralization slightly
diminishes their osteoinductive power, most likieyyaffecting their organic phase [26].

We previously histologically examined the early get of murine demineralized incisor
implantation into the thigh muscles, and the estricartiiage and bone formation was recorded on Day
8. On Day 12, bone trabeculae formed by endochbodmmesenchymal-type osteogenesis were well
developed.

Lesions induced by MSV injection during the preogtnic stage of bone induction (day 4) had no
significant effect on ectopic bone yield, althougle mean values of bone induction were lower than
those for the contralateral, MSV-unexposed implahtscontrast, the exposure of already existing
induced bone (12 days) to MSV significantly enhahites yield of induced bone at those sites.

MSV sarcoma always activated the periosteal menebdrthe tumor-adjacent femoral bones to
deposit new bone, and the dry mass femoral borrenment varied between 3-78% over the control,
and was on average about 18%.

Ectopic bones lack a true periosteum, thus the armesim of incremental growth of heterotopic
bone following MSV-sarcoma exposure must diffenfrthat activating orthotopic bones.

According to Friedenstein [30], osteogenesis imgctbones is provided by two different kinds of
precursor cell: (1) inductor-dependent clonogenealls responsible for maintenance of the
mechanocyte cell population—Inducible Osteogeniectrsor Cells, IOPC, and (2) inducer-
independent descendants of clonogenic cells—Detexindsteogenic Precursor Cells, DOPC.

We speculate that cytokines or cells generatedhbyirnmune reaction which leads to sarcoma
rejection are unable to activate recruitment araliferation of Inducible Osteoprogenitor Cells, the
early stage of induction event, but are able tovate Determined Osteoprogenitor Cells descendents
of IOPC. Osteoblasts residing in the periosteal brame of orthotopic bone belong to the DOPC
category, thus are susceptible to osteogenic acts/a

Another possible explanation for the lack of stiataty effect on ectopic osteogenesis when MSV
sarcoma has developed during an early, preostengtage, is degradation by the tumor or by cells
involved in its rejection of BMP released from irapted matrix. Spontaneous regression of MSV
sarcoma is a manifestation of a strong cellulapgase, mainly executed by macrophages, thus
the presence of proteolytic enzymes in such les®pgssible. Tumor-associated macrophages release
cathepsin, whereas LPS activated peritoneal maaggsh release caspases, both are proteolytic
enzymes [31,32]. Molecules involved in ectopic btweneostasis seem to differ in the Con A and in
the MSV-evoked inflammatory reactions, as is in tlease in chronic inflammatory
diseases—rheumatoid-artritis and ankylosing spotsl{83].

There is a difference in the effect of mediatodeased by lesions following the T cell mitogen
Concanavalin A on ectopic bone by demineralizedsors and by the Moloney sarcoma. The first
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increases yield of demineralized incisor-inducedebwhen injected during the preosteogenic stage of
induction, an effect not observed when Con A wascied after heterotopic osteogenesis had been
established. This might suggests that Con A, intresh to the Moloney sarcoma, recruits early

osteoprogenitor cells, but does not differentidtentiroblasts and osteoblasts. Thus, we postulate th

MSV sarcoma does not recruit such cells, but dadvade determined cells, as in the case of

periosteum activation [1].

5. Conclusion

In the model of heterotopic osteogenesis by syngetemineralized lower incisors implanted into
thigh muscles in mice, the Moloney sarcoma devetmmduring the osteogenic stage (day 12 of bone
induction), but not during the preosteogenic sty 4 of induction) increased the yield of bone
induction. This suggests that MSV sarcoma activatetermined osteoprogenitor cells, but has
minimal, if any, effect on their recruitment.

References

1. W odarski, K.; Kobus, M.; uczak, M. Orthotopic beninduction at sites of Moloney murine
sarcoma virus inoculation in micdature1979 281, 386-387.

2. Fefer, A.; McCoy, J.L.; Glynn, J.P. Induction arafjression of primary Moloney sarcoma virus-
induced tumors in mic&€ancer Resl967, 27, 1626—1631.

3. Fefer, A.; McCoy, J.L.; Glynn, J.P. Immunologicrolbgic and pathological studies of regression
of autochtonous Moloney sarcoma virus-induced t@mir mice. Cancer Res.1968 28,
1577-1585.

4. Fefer, A. Immunotherapy and chemotherapy of Molos&yoma virus-induced tumors in mice.
Cancer Resl969 29, 2177-2183.

5. Stutman, O. Delayed tumor appearance and absenosgssion in nude mice infected with
murine sarcoma virudNature1975 253 142-144.

6. Russel, S.W.; McIntosh, A.T. Macrophages isolatednf regressing Moloney sarcoma are more
cytotoxic than those recovered from progressingesaasNature1977, 268 68—71.

7. Friedlander, G.E.; Mitchell, M.S. A virally inducedsteosarcoma in rats. A model for
immunological studies of human osteosarcaoi&one Joint Surdl976 58, 295-302.

8. Huggins, C.B.; Urist, M.R. Dentine matrix transpltion. Rapid induction of alkaline
phosphatase and cartilageiencel97Q 167, 896—898.

9. Urist, M.R. Bone histogenesis and morphogenesismplants of demineralized enamel and
dentineJ. Oral Surg.1971, 29, 88-102.

10. Amar, S.; Sires, B.; Clohisy, J.; Veis, A. The &an and partial characterization of a root inciso
dentin matrix polypeptide withn vitro chondrogenic activity.J. Biol. Chem.1991 266
8609-8618.

11. Ike, M.; Urist, M.R. Recycled dentine root matrigrfa carrier of recombinant human bone
morphogenetic proteid. Oral Implantol.1998 24, 124-132.



Int

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

.J. Mol. Sci201Q 11 3286

Wang, E.A.; Rosen, V.; Cordes, P.; HewickR.M.; Kriz, M.J.; Luxenberg, D.P.; Sibley, B.S.;
Wozney, J.M. Purification and characterization thfes distinct bone-inducing factofroc. Natl.
Acad. Sci. USA988 85, 9484—-9488.

Wozney, J.M.; Rosen, V.; Celeste, A.J.; Mitsock,ML. Whitters, M.J.; Kriz, RW.;
Hewick, R.M.; Wang, E.A. Novel regulators of bormrhation: molecular clones and activities.
Sciencel988 242 1528-1534.

Sampath, T.K.; Maliakal, J.C.; Hauschka, P.V.; 3on#&.K.; Sasak, H.; Tucker, R.F.; White,
K.H.; Coughlin, J.E.; Tucker, M.M.; Pang, R.Et al. Recombinant human osteogenic protein-1
(hOP-1) induces new bone formatiam vivo with a specific activity comparable with natural
bovine osteogenic protein and stimulates osteolpediferation and differentiatiom vitro. J.
Biol. Chem1992 267, 20352—20362.

De Vlam, K.; Lories, R.J.; Luyten, F.P. Mechanisaigathological new bone formatioGurr.
Rheumatol. Re2006 8, 332-337.

W odarski, K.; Reddi, A.H. Heterotopically induceédne does not develop functional periosteal
membraneArch. Immunol. Therap. Exf986 34, 385—395.

Kaysinger, K.K.; Ramp, W.K.; Lang, G.J.; GruberEHComparison of human osteoblasts and
osteogenic cells from heterotopic bo@éin. Orthop. Rel. Re4.997 342 181-191.

Tom, A.; Arend, A.; Gunnarsson, D.; Ulfsparre, Byutre, S.; Haviko, T.; Selstam, G. Bone
formation zones in heterotopic ossifications: Hagy findings and increase expression of bone
morphogenetic protein 2 and transforming growthidies beta2 and beta&alcif. Tissue. Int.
2007, 80, 259-267.

Chauvean, D.; Devedjian, J.C.; Blary, M.C.; DeletoC.; Hardouin, P.; Jeanfils, J.; Broux, O.
Gene expression in human osteoblastic cells frormaband heterotopic ossificatioBxp. Mol.
Pathol.2004 76, 37-43.

Brownell, A.G. Osteogenesis inhibitory protein: @réview. Connect. Tissue Re&99(Q 24,
13-16.

Amedee, J.; Bareille, R.; Rouais, F.; Cunningham,Réddi, A.H.; Harmand, M.F. Osteogenin
(bone morphogenetic protein 3) inhibits prolifevati and stimulates differentiation of
osteoprogenitors in human bone marr®ifferentiation1994 58, 157-164.

Maliakal, J.C.; Asahima, I.; Hauschka, P.V.; Sarhpal.K. Osteogenic protein-1 (BMP-7)
inhibits cell proliferation and stimulates the eagsion of markers characteristicc of osteoblast
phenotype in rat osteosarcoma (17/2.8) c@8lewth Factorsl994 11, 227-234.

Goldring, S.R. Inflammatory mediators as essemi@nents in bone remodelinGalcif. Tissue
Int. 2003 73, 97-100.

Frost, A.; Jonsson, K.B.; Nilsson, O.; Ljunggern,Ii@ammatory cytokines regulate proliferation
of cultured human osteoblasfscta. Orthop. Scand.997, 68, 91-96.

Tomoda, K.; Kitaoka, M.; lyama, K.; Usuku, G. Entisd new bone formation in the long bones
of adjuvant treated ratBathol. Res. Practl986 181, 331-338.

W odarski, P.; Galus, R.; W odarski, K.H.; Brodakska, A. Heterotopic osteogenesis by murine
demineralized incisors at lesions sites induce€bgcanavalin A in miceConnect. Tissue. Res.
2009 50, 1-6.



Int. J. Mol. Sci201Q 11 3287

27.

28.

29.

30.

31.

32.

33.

Chanaille, P.; Levy, J.P.; Tacitan, G.J. Routinghmeé for concentration and partial purification
of a murine leukemia virus (Rausheé¥ature1967, 213 107-109.

W odarski, P.; Sevignani, C.; Fernandez, M.J.; Dra#a, B.; W odarski, K.H. Tumor induced by
Moloney sarcoma virus causes periosteal osteogeragjaging osteopontin, stromelysin-1 and
tenascinNeoplasm&007, 54, 173-179.

W odarski, K.; Galus, K. Osteoblastic and chondasbt response to variety of locally
administered immunomodulators in mié®lia Biol. (Praha)1992 38, 284—-292.

Friedenstein, A.J. Precursor cells of mechanocinésRkev. Cytol1976 47, 327-359.

Ohno, T.; Oboki, K.; Kajiwara, N.; Morii, E.; Aozask.; Flawell, R.A.; Okumura, K.; Saito, H.;
Nakae, S. Caspase-1, caspase-8, and calpain penstible for IL-33 release by macrophahe.
Immunol.2009 183 7890-7897.

Gocheva, V.; Wang, H.W.; Gadea, B.B.; Shree, T.ntdy K.E.; Garfall, A.L.; Berman, T.;
Joyce, J.A. IL-4 induces cathepsin protease agtimitumor-associated macrophages to promote
cancer growth and invasio@enes Dev201Q 24, 241-255.

Schett G.; Sieper J. Inflammation and repair meisnas Clin. Rheumatol2009 27, 33-35.

© 2010 by the authors; licensee MDPI, Basel, Swléngl. This article is an open access article
distributed under the terms and conditions of theesaive Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



