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Abstract. Bone morphogenetic proteins (BMPs) are novelwere shown to play a significant role during embryogenesis
growth and differentiation factors that act on mesenchymatissue repair, and regeneration in postfetal life [2, 6-10].
stem cells to initiate new bone formatiam vivo and pro- It has been shown that recombinant human BMPs ar
mote the growth and differentiation of cells in the osteo-capable of inducing new bone formationvivo and healing
blastic lineage. In the present study, we examined the eflarge segmental bone defects in various animal models [€
fects of recombinant human osteogenic protein-1 (als®-12]. Although a single BMP, in combination with an
known as BMP-7) on the expression of related members ofippropriate carrier, is capable of inducing new bone forma
the BMP family using SaOS-2 and U2-OS, two human os-ion in vivo, little is known about the mode of action. It is
teosarcoma cell strains. Evaluation of BMP-2, -4, and -@likely that, in addition to direct action on responding cells,
MRNA expression indicates that OP-1 stimulated theBMPs may promote their effects on osteoblast line of cells
MRNA levels of BMP-6 in both SaOS-2 cells (threefold) via stimulating the local production of paracrine and auto-
and U2-0OS cells (fivefold) after 24 hours of treatment, crine factors [13—19]. In this regard, we and others recentl
while decreasing the mRNA levels of BMP-4 in SaOS-2showed that treatment of bone cells with BMPs regulate:
cells (80%) and BMP-2 and BMP-4 in U2-OS cells by 50% the synthesis of various insulin-like growth factor (IGF)
and 72%, respectively. BMP-2 mRNA expression, as exsystem components, suggesting that BMPs may media
amined by Northern blot analysis, was below detectablesome of their actions on cells of the osteoblastic lineage b
limits in Sa0S-2 cultures. These results demonstrate thahodulating the autocrine/paracrine actions of IGFs [14, 16]
OP-1 modulates the mRNA expression of related memberk addition, Cunningham et al. [15] have demonstrated tha
of the BMP family, suggesting a possible mode of action oftreatment of human monocytes with BMP-4 increased ex
OP-1 on the growth and differentiation of cells in the os-pression of TGH31 mMRNA. Assuming that the BMPs may
teoblastic lineagén vitro. work in concert to achieve bone morphogenesis, we hypoth
esized that BMPs may regulate the expression of othe
Key words: Bone morphogenetic protein — Osteogenic members of the BMP family differentially. To test this hy-
protein-1 — Transforming growth fact@@— Osteoblasts pothesis, U2 and Sa0S-2 human osteosarcoma cells we
— Growth factors. treated with vehicle or OP-1, also known as BMP-7, for 4
and 24 hours and the expression of various growth factor
was studied by Northern blot analysis. U2 and SaOS-2 cell
were chosen as model systems because of the previous fin
Extracellular bone matrix contains proteins responsible foings that these cell types express mRNA transcripts for vari
mesenchymal cell recruitment, proliferation, and differen-ous members of the BMP family and that they respond tc
tiation, a cascade of cellular events involved in the initiationexogenously added OP-1 [1, 16]. We chose to study the
of bone morphogenesis vivo [1-6]. The demonstration effects of OP-1 on the expression of BMP-2, BMP-4, and
that these bone morphogenetic proteins (BMPs) could b8MP-6 based on previous studies that treatment of pluripo
isolated using the rat subcutaneous bone induction assay htént mesenchymal stem cell lines with retinoic acid in-
led to the discovery of novel growth and differentiation creased differentiation, increased expression of BMP-6, bu
factors, also called osteogenic proteins (OP), which arélecreased expression of BMP-2 and BMP-4 [20]. We chos
members of the transforming growth fac@rtTGF3) su-  to study the effects of OP-1 on OP-1 to determine if OP-1,
perfamily. They share a striking amino acid sequence idenlike TGF8, autoinduces of its own expression [21]. Our
tity within the highly conserved 7 cysteine region of the findings demonstrate that OP-1 differentially modulates the
C-terminal domain [2, 6, 7-10]. Members of the T@F- expression of other members of the BMP family in human
superfamily include the activins and inhibins, Drosophilaosteosarcoma cells.
decapentaplegic (dpp) and 60A, and the growth and differ-
entiation factors (GDFs); all are signaling molecules andvaterials and Methods

Materials

— Dulbecco’s maodified Eagle’s medium (DMEM) and trypsin were
Correspondence td5. Mohan, Research Service (151), Pettis VA purchased from GIBCO (Grand Island, NY). Bovine calf serum
Medical Center, 11201 Benton St., Loma Linda, CA 92357 (CS) was obtained from Flow Research Laboratories. Recombi
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nant human OP-1 was obtained and purified as described [3
Guanidine thiocyanate was obtained from Fluka (Ronkkokoma

NY). Other chemicals were at least reagent grade and were ot
tained from Sigma Chemical Company (St. Louis, MO). The hu-

man osteosarcoma cell lines SaOS-2 (subpopulation of AmericaBMP-2 " -
Type Culture Collection (ATCC) HTB85 with low alkaline phos- MRNA ' ——

phatase activity) was isolated as described [22] and was kindl
provided by Dr. J. Farley (Loma Linda, CA). U2 human osteosar-
coma cells # HTB96) were obtained from the ATCC (Rockuville,
MD).

RNA Extraction and mRNA Isolation

For RNA studies, U2 and SaOS-2 cells were plated in 100 mnr

Petri dishes in 10 ml DMEM containing 10% CS and grown to

50-60% confluence [16]. The medium was then changed to 10 ir

fresh serum-free DMEM containing 0.1% bovine serum albumin

(BSA). After 24 hours of incubation, the medium was changed to

4 ml fresh DMEM containing 0.1% BSA prior to the addition of ~ 288

the effectors. OP-1 was dissolved in acetonitrile (AcN) and was rRNA

tested at a final concentration of 100 ng/ml based on the previou

findings that OP-1 at 100 ng/ml produced maximal effects on cell

proliferation and on the expression of various IGF system compo

nents in human bone cells [16]. The final concentration of AcN in

the culture medium was 0.3% which was added to the cultures a ACN OP-1 ACN oP-1

the vehicle control. In previous studies, we found that acetonitrile 1 | 1 |

at this concentration had no significant effect on growth factor 4hr 24hr

production compared with medium control [16]. After 4 and 24 _. .

hours of treatment with the effector, total RNA was extracted fromlFJ'g' 1'”Eﬁ$ﬁt of (?lP-l treatr|n$né on tlhonmRNé I?yeé_fok: BI\/_IP-lzom |

cell cultures by a single-step acid guanidinium isothiocyanate-DMEi/ls' te' ce sl\évsre pifae In d mm ?”50'568;'” ﬂm

phenol chloroform method [23]. To enrich BMP mRNA in Sa0S-2 Tﬁon alnC;ng ? Ctah sert;]m an d %rO\ivg OI f_f F’] CS&EUI\'A

cells, poly(A) RNA was isolated from total RNA by oligo (dT)- enc%/.. ne r(;lio/luglsvxas d?ﬂ ¢ ?fng;a o mdg dre% f

cellulose chromatography according to the manufacturer’s instrucgolr: alnlngf U2 N m an t ?[ 3 fec 2rs Véegi ﬁ ed. _tﬁrun;]—_ rlen

tions (Qiagen Inc., Chatsworth, CA). cultures o cells were treated for 4 an ours with vehicle
or 100 ng/ml OP-1 after which RNA was extracted. Total RNA

was subjected to Northern analysis and hybridized with the BMP-Z

Northern Blot Analysis cDNA probe as described in the methods section. The blot show
is a representative of two independent experiments

Twenty micrograms of total RNA or 4.g of poly(A) RNA was

size fractionated on a 1.5% agarose 3-(N-Morpholino)propanesul-

fonic acid (MOPS)-formaldehyde gel and transferred to nylon

membranes (MagnaGraph, Micron Separations Inc., Westboro,

MA) for Northern blot preparations. The membranes were hybrid- . .

ized with the following gel purified ¥’P]-labeled cDNA probes: ~proximately 4.0 and 3.8 kb in U2 cells, and OP-1 treatment
BMP-2 (#40345, ATCC, Rockville, MD) [24]; BMP-4#40342, had no significant effect on these BMP-2 transcripts at 4
ATCC)[24], BMP-6 #68021, ATCC) [1], OP-1 #68020, hours but decreased BMP-2 mRNA transcripts to 50% of
ATCC) [1]; and GAPDH 57090, ATCC) cDNA probes were vehicle-treated control at 24 hours. The expression o
labeled with EtP]dCTP by the random priming method [25]. Un- BMP-2 was increased with time in control cultures of U2
incorporated {°P]dCTP was separated from the labeled probe bycells (Fig. 1). In Sa0S-2 cells, BMP-2 mRNA transcripts

géé:esargﬁ'Llj_rggorcaht';jor?ggto(g;g?ﬁgbﬁébc&/g)'?'-ThLéfeRLiCE?o(;'SO%\igfewere below detectable limits in both vehicle-treated control

rehybridized in 50% formamide, 5x SSPE, 5x Denhardt’s, 0_1%and OP-1-treated cultures (data not shown). .
gDSB,/and 20Qug/ml denatured herring sperm DNA for 2 hours at . In both U2 and SaOS-2 cells, BMP-4 cDNA recognized
42°C and hybridized in the prehybridization solution containingtwo transcripts of approximately 2.0 kb and 1.6 kb. In U2
10% dextran sulphate and 1-5 xglﬂ)pm/ml of the radiolabeled ~ cells, OP-1 at 100 ng/ml decreased BMP-4 mRNA to 56%
cDNA probes as described [26, 27]. Posthybridization washesand 28% after 4 hours and 24 hours of treatment, respe
were performed stringently [16] and filters were exposed to X-raytively, of vehicle-treated control (Fig. 2A). In Sa0S-2 cells,
film (Fuji Photo Film Co., Kanagawa, Japan) for 1-7 days atthe relative level of both 2.0 and 1.6 kb BMP-4 transcripts
—70°C. increased with time in culture. One hundred ng/ml of OP-1

The relative densities of the different transcript bands were _ 0 0
quantitated by laser densitometry (Biomedical Instruments, Fu"er_decreased BMP-4 mRNA to 66% and 20% after 4 hours an

ton, CA) and standardized to methylene blue stained 28S rRNA o 4 hours of treatment, re.SpeCt'Vely’ of vehicle-treatec
GAPDH mRNA. Northern blots were performed using RNA ex- >a0S-2 control cultures. (Fig. 2B). _ _

tracted from two to three independent experiments. The experi- The BMP-6 cDNA probe hybridized with a single tran-

mental results obtained in this study have been confirmed in one oscript of 4.0 kb in both U2 and SaOS-2 cells. In U2 cells,
more independent experiments, depending on the growth factdreatment with OP-1 at 100 ng/ml increased BMP-6 mRNA

studied. level 2.3-and 5-fold after 4 hours and 24 hours of treatment
respectively, of vehicle-treated control (Fig. 3A). In Sa0OS-2
Results cells, 100 ng/ml OP-1 increased the BMP-6 mRNA level
2-and 3-fold after 4 hours and 24 hours, respectively, o
Effect of OP-1 on mRNA Levels of Various BMPs vehicle-treated control (Fig. 3B).

) ) The OP-1 probe hybridized with a more abundant 2.4 kk
The BMP-2 cDNA probe recognized two transcripts of ap-transcript and a less abundant 4.1 kb transcript in both ce
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Fig. 2. Effect of OP-1 treatment on the mRNA level for BMP-4 in Fig. 3. Effect of OP-1 treatment on the mRNA level for BMP-6 in
U2 (A) and SaOS-2R) cells. The cells were plated and treated asy2 (A) and Sa0S-2R) cells. The cells were plated and treated as
described in Figure 1, after which RNA was extracted. Total RNAdescribed (Fig. 1), and RNA was extracted. Total RNA (U2 cells)
(U2 cells) or poly(A)+ RNA (SaOS-2 cells) was subjected to or poly(A)+ RNA (Sa0S-2 cells) was subjected to Northern analy-
Northern analysis and hybridized with the BMP-4 cDNA probe or sjs and hybridized with the BMP-6 cDNA probe or GAPDH probe
GAPDH probe as described in Methods. The blot shown is aas described in the methods section. The blot shown is a repre
representatlve of two |ndependent experlments sentative of two independent experiments

types. OP-1 treatment, however, had no significant effect oiscussion

the expression of either of these transcripts in U2 or Sa0S-2

cells (data not shown). In addition, acetonitrile at the con-The present study demonstrates for the first time that OP-
centration used in this study had no significant effect on theexerts a direct effect on the expression of mMRNA levels of
expression of various BMPs compared with control cultureshe BMP family members, as examined in two cultured
(data not shown). human osteosarcoma cell lines, U2 and Sa0S-2. OP-1 ir



300 Y. Honda et al.: Regulation of BMP by OP-1

creased mRNA levels of BMP-6, with a concomitant de-further studies are needed to establish the relationship b
crease in mRNA levels of BMP-2 and of BMP-4, thus sup-tween OP-1 induced regulation of the BMP family and ini-
porting the hypothesis that OP-1 may exert some of itdiation of osteoblast cell proliferation/differentiation.
effects on human osteosarcoma cells by locally regulating

the autocrine/paracrine actions of these growth factors. Al-
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pluripotent mesenchymal stem cell lines, also modulates the

expression of TGH and BMP family members. Retinoic o torences

acid treatment increased mRNA levels of TRE; TGFB2,

and BMP-6 and decreased mRNA levels of BMP-2 and 1. celeste AJ, lannazzi JA, Taylor RC, Hewick RM, Rosen V,
BMP-4 in C3H-10T 1/2 and C26 stem cell lines. Further-  wang EA, Wozney JM (1990) Identification of transforming

more, native BMP-3 preparations and rhBMP-4 have been growth factor@ family members present in bone-inductive

shown to stimulate TGBL mMRNA expression in human protein purified from bovine bone. Proc Natl Acad Sci USA

blood monocytesn vitro [15]. These findings indicate that §7:9843-9847 . .

TGF-Bs and BMPs may act in concert to initiate osteogenic 2- ©zkaynak E, Schnegelsberg PNJ, Jin DF, Clifford GM, War-

. - ; . p ren FD, Dreier EA, Oppermann H (1992) Osteogenic protein-
differentiation and that their local actions may be influenced 5", ' s\ member of the transforming growth facgosuper-
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Several recombinant human BMPs including OP-1 have  25220-25227
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degrees of osteoblast differentiation were used for studiess. Urist MR, DeLange RJ, Finerman GAM (1983) Bone cell
on biological effects of BMPs, it is hot known at this time differentiation and growth factors. Science 220:680-686
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vitro. 8. Burt DW (1992) Evolutionary grouping of the transforming
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in the initiation of mesenchymal cell migration, prolifera- study in rats. J Bone Joint Surg 74A:659
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OP-1 influences the mRNA levels of BMP-2, -4, and -6 in from newborn rat calvaria. J Cell Biol 123:921-933
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liferation and differentiation of osteoblast cell lineage. y :

- :15. Cunningham NS, Paralkar V, Reddi AH (1992) Osteogenin
These data also suggest that BMP actions on osteoblast liné” g rec%mbinant bone morphogenetic pro(tein 2)5 are Cﬁemo

of cells may involve complex regulation of gene expression  tactic for human monocytes and stimulate transforming
including both increases and decreases in the mRNA ex-  growth factor31 mRNA expression. Proc Natl Acad Sci USA
pression of related members of the BMP family. However,  89:11740-11744



Y. Honda et al.: Regulation of BMP by OP-1

16. Knutsen R, Honda Y, Strong DD, Sampath TK, Baylink DJ, 24.

17.

18.
19.

20.

21.

22.

23.

Mohan S (1995) Regulation of insulin-like growth factor
(IGF) system components by osteogenic protein (OP)-1 in
human bone cells. Endocrinology 136:857-865

Knutsen R, Wergedal JE, Sampath TK, Baylink DJ, Mohan $25,

(1993) Osteogenic protein-1 stimulates proliferation and dif-
ferentiation of human bone cells in vitro. Biochem Biophys
Res Commun 194:1292-1298

Mohan S, Baylink DJ (1990) Bone growth factors. Clin Or-
thop 236:30-48

Yamaguchi A, Katagiri T, lkeda T, Wozney JM Rosen V,
Wang EA, Kahn AJ, Suda T, Yoshiki S (1991) Recombinant

human bone morphogenetic protein-2 stimulates osteoblastic "

maturation and inhibits myogenic differentiation in vitro. J
Cell Biol 113:681-687

Gazit D, Ebner R, Kahn AJ, Derynck R (1993) Modulation of
expression and cell surface binding of members of the BGF-
superfamily during retinoic acid-induced osteoblastic differ-
entiation of multipotential mesenchymal cells. Mol Endocri-
nol 7:189-198

Kim S-J, Jeang K-T, Glick AB, Sporn MB, Roberts AB (1989) 29

Promoter sequences of the human transforming growth factor-
B1 gene responsive to transforming growth fagdrautoin-
duction. J Biol Chem 264:7041-7045

Farley JR, Hall SL, Herring S, Tarbaux NM, Matsuyama T,

Wergedal JE (1991) Skeletal alkaline phosphatase specifig0.

activity is an index of the osteoblast phenotype in subpopu-
lations of the human osteosarcoma cell line SaOS-2. Metabo-
lism 40:664-671

Chomczynski P, Sacchi N (1987) Single-step method of RNA31.

isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162:156-159

28.

301

Wozney JM, Rosen V, Celleste AJ, Mitsock LM, Whitters MJ,
Kriz RW, Hewick RM, Wang EA (1988) Novel regulators of
bone formation: molecular clones and activities. Science 242
1528-1534

Feinberg AP, Vogelstein BA (1983) Technique for radiolabel-
ing DNA restriction endonuclease fragments to high specific
activity. Anal Biochem 132:6-13

26. Fitzsimmons RJ. Strong DD, Mohan S, Baylink DJ (1992)

Low-amplitude, low-frequency electric field-stimulated bone
cell proliferation may in part be mediated by increased IGF-II
release. J Cell Physiol 150:84-89

LaTour D, Mohan S, Linkhart TA, Baylink DJ, Strong DD
(1990) Inhibitory insulin-like growth factor binding protein:
cloning, complete sequence, and physiological regulation
Mol Endocrinol 4:1806-1814

Chen TL, Bates RL, Dudley A, Hammonds RG, Amento EP
(1991) Bone morphogenetic protein-2b stimulation of growth
and osteogenic phenotypes in rat osteoblast-like cells: com
parison with TGF81. J Bone Miner Res 6:1387-1393

Hiraki Y, Inoue H, Shigeno C, Sanma Y, Bentz H, Rosen DM,
Asada A, Suzuki F (1991) Bone morphogenetic proteins
(BMP-2 and BMP-3) promote growth and expression of the
differentiated phenotype of rabbit chondrocytes and osteoblas
tic MC3T3-E1 cells in vitro. J Bone Miner Res 6:1373-1385
Thies RS, Bauduy M, Ashton BA, Kurtzberg L, Wozney JM,
Rosen V (1992) Recombinant human bone morphogenetic
protein-2 induces osteoblastic differentiation in W-20-17 stro-
mal cells. Endocrinology 130:1318-1324

Wang EA, Israel DI, Kelly S, Luxenberg DP (1993) Bone
morphogenetic protein-2 causes commitment and differentia
tion in C3H10T1/2 and 3# cells. Growth Factors 9:57—71



