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FGF-2 stimulates bone formation in vitro and in vivo
in rats. However, there are limited studies in mice
and no data on the mechanism(s) by which FGF-2 in-
duces bone formation. We assessed whether short-
term FGF-2 treatment of marrow stromal cells from
young mice would increase alkaline phosphatase-
positive (ALP), mineralized colony formation and ex-
pression of genes important in osteoblast maturation.
Short-term treatment with FGF-2 (0.01–1.0 nM) for the
first 3 days of a 14- or 21-day culture period increased
the number of ALP mineralized colonies in bone mar-
row stromal cells. FGF-2 (0.1 nM) increased the
mRNAs for type 1 collagen: osteocalcin, runt domain/
core binding factor, PTH/PTHR receptor, and insulin-
like growth factor 1 (IGF-1) at 14 and 21 days. We
conclude that short-term FGF-2 treatment enhances
osteoblast maturation in vitro. Furthermore, the ana-
bolic effect of FGF-2 may be attributed in part to reg-
ulation of IGF-1 in osteoblasts. © 2002 Elsevier Science

Key Words: FGF-2; IGF-1; PTH/PTHrP receptor;
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FGF-2 a potent regulator of cellular proliferation
and differentiation in vitro (1–5) is stored in the extra-
cellular matrix (ECM) (3, 6, 7) and is expressed in bone
cells (7). FGF-2 is an important modulator of cartilage
and bone growth and differentiation (2, 8–11). Fibro-
blast growth factor receptors (FGFR) are also impor-
tant regulators of bone growth and development (2, 12,
13) and a number of human dysmorphic syndromes
have been genetically linked to mutations in different
FGF receptors (2, 14, 15). Studies have shown that
disruption of the FGFR3 gene in mice resulted in in-
creased endochondral bone growth (16) while muta-
tions in FGFR2 increased expression of osteoblast dif-
ferentiation markers in calvarial osteoblasts (17). We
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recently reported that disruption of the fibroblast
growth factor gene in mice results in decreased bone
mass and bone formation (18) confirming a role for
endogenous FGF-2 in maintaining bone mass.

Chronic FGF-2 treatment stimulates bone cell repli-
cation (19) and reduces differentiation markers such as
alkaline phosphatase and Type 1 collagen in vitro (20–
23). Although, intermittent FGF-2 treatment can stim-
ulate bone formation in vitro (22, 24–30), as well as in
vivo (2, 31), there is little data on the mechanism by
which this occurs. FGF-2 may also play an important
role in fracture repair in rats (32) and in humans (33)
since the FGF-2 gene is expressed from the early stage
of fracture repair in the granulation tissue at the frac-
ture site (34). FGF-2 can stimulate osteoclast forma-
tion, as well as, increase bone resorption (5, 35, 36).
Since FGF-2 has effects on both osteoblasts and osteo-
clasts it may be involved in the coupling of bone for-
mation and bone resorption.

We previously reported that the expression of
FGF-2 mRNA and protein in osteoblasts (37) is in-
creased by transforming growth factor beta (TGFb)
(37), prostaglandins (PG) (38), 17b estradiol (39), para-
thyroid hormone (PTH) (40) and interleukin-1 (41).
Thus, hormones and local factors which have impor-
tant functions in bone homeostasis, regulate FGF-2
production.

In this report we show that short-term FGF-2 treat-
ment significantly increased ALP colony number, size
and mineralization of bone marrow stromal cultures
derived from young mice. Since these cultures showed
increased expression of type 1 collagen (COL1A1), os-
teocalcin (OCN), runt domain factor/core binding fac-
tor (Runx2/Cbfa1) and parathyroid hormone/parathy-
roid related protein receptor (PTH/PTHrP receptor)
mRNAs, we conclude that short-term FGF-2 treatment
can also enhance osteoblast maturation in vitro. These
studies are also the first to report that FGF-2 increases
PTH/PTHrP receptor and IGF-1 mRNAs in osteoblasts
and suggest a role for IGF-1 in the anabolic response to
FGF-2 in bone.
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MATERIALS AND METHODS

Cell cultures. Mouse bone marrow cells: were isolated as previ-
ously described (42). Briefly, tibiae, and femur from 2 month-old
C57/BL6 mice were dissected free of adhering tissue. The bone ends
were removed and the marrow cavity flushed with alpha minimal
essential medium (aMEM, GIBCO-BRL, Grand Island, NY). Bone
marrow cells were plated at 1 3 106 cell/cm2 in complete media
consisting of [aMEM, with 10% heat inactivated fetal calf serum
(FCS), ascorbic acid (50 mg/ml); and beta-glycerophosphate (BGP 8
mM)] in the absence or presence of varying concentrations of FGF-2
(0.01, 0.1, 1.0 nM). Some experiments were conducted in the pres-
ence or absence of dexamethasone (DEX 1028 M) (43). After the first
3 days of culture, media was changed to complete media without
further addition of FGF-2. Media were changed every 3 days for the
remainder of the culture period. Cells were fixed and stained for
alkaline phosphatase using a commercially available kit (Sigma, St.
Louis, MO). Colony area was measured using NIH IMAGE-1-61.
Cultures were restained with von-Kossa to detect mineralization.

Measurement of mRNA levels. In some experiments total RNA
was extracted from cells by the method of Chomczynski and Sacchi
(44). For Northern analysis, 20 mg of total RNA was denatured and
fractionated on a 0.8% agarose/1.1 M formaldehyde gel, transferred
to filters by capillary blotting or positive pressure (Posiblot), and
fixed to the filter by UV irradiation (Stratalinker) (45). After a 4-h
prehybridization, filters were hybridized overnight with a [32P]cDNA
probe for the mRNA of interest. Bands were normalized to GAPDH
and quantitated by autoradiography and densitometry.

FIG. 1. Time-course, dose–response effect of short-term treatm
formation in mouse bone marrow stromal cells. Marrow stromal cell
culture period. DEX (10 nM) was added to the culture during each
performed as described under Materials and Methods.
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cDNA probes. The following cDNA probes were utilized in this
study. The mouse FGF-2 cDNA was obtained from Dr. Gail Martin,
University of San Francisco, California. A cDNA for rat COL1A1 was
provided by Dr. Barbara Kream, University of Connecticut Health
Center (Farmington, CT). A cDNA for rat IGF-1 was obtained from
Dr. Liam Murphy, University of Manitoba, Winnipeg, Manitoba.
Mouse PTH/PTHrP Receptor cDNA was provided by Dr. William
Philbrick Yale School of Medicine (New Haven, CT). Mouse OCN and
Runx2/Cbfa1 cDNAs were obtained from Dr. David Rowe (University
of Connecticut Health Center, Farmington, CT). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA probe was utilized as a
control for normalization of data.

RESULTS

Dose–Response Effect of FGF-2 on Alkaline
Phosphatase Positive Colonies in Bone
Marrow Cultures of 2-Month-Old Mice

We assessed whether short-term treatment with
FGF-2 for the first 3 days of culture would result in
increased alkaline phosphatase positive (ALP) colonies
at 14 and 21 days. As shown in Fig. 1, short-term
treatment with FGF-2 (0.01, 0.1, 1.0 nM) in the pres-
ence of DEX (10 nM) increased the number and area of
ALP colonies at 14 and 21 days in marrow stromal

t with FGF-2 in the presence of DEX on ALP mineralized colony
ere treated with FGF-2 for the first 3 days only of the 14- or 21-day
dia change. ALP staining and von Kossa staining for mineral was
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cultures from 2 month old mice. At 14 days, the max-
imum increase in colony number (14.7 6 1.4 vs 7.0 6
1.5) and colony area (0.26 6 0.03 vs 0.09 6 0.02) was
observed in bone marrow stromal cells treated with
FGF-2, 0.1 nM. To examine whether DEX was a pre-
requisite for mineralized colony formation, bone mar-
row stromal cells were treated with FGF-2 for the first
3 days of the culture period in the absence of DEX. As
shown in Fig. 2, in the absence of DEX, short-term
treatment with FGF-2 (0.01–1 nM) increased ALP col-
onies at 14 days and the number of mineralized colo-
nies at 21 days.

Dose–Response Effect of FGF-2 on Gene Expression
in Bone Marrow Stromal Cultures

In parallel experiments, total RNA was extracted
from bone marrow stromal cultures from mice that
were treated with FGF-2 (0.01–1.0 nM) for the first 3
days of a 14- or 21-day culture period. Northern anal-
ysis was performed to examine the expression of
COL1A1; OCN, Runx2/Cbfa1; PTH/PTHrP receptor;
and IGF-1 mRNA levels. As shown in Fig. 3, in vehicle-
treated cultures COL1A1 mRNA was expressed as a
doublet, while a single transcript was observed for
OCN, Runx2/Cbfa1, and PTH/PTHrP receptor respec-
tively. In vehicle treated cultures, we observed multi-
ple IGF-1 mRNA transcripts including a major 7.5 kb
band. Quantitation of the expression of each mRNA
normalized to GAPDH is shown in Table 1. At 14 days,
marrow stromal cells that had been treated with 1.0
nM of FGF-2 for the first 3 days of the culture period,
showed decreased expression of COLIA1, OCN and
IGF-1 mRNA, although there was a slight increase in

FIG. 2. Time-course, dose–response effect of short-term treatm
formation in mouse bone marrow stromal cells. Marrow stromal cell
culture period. DEX was not utilized in these cultures. ALP staining
Materials and Methods.
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Runx2/Cbfa1 expression, while PTH/PTHrP mRNA ex-
pression was similar to that observed in vehicle-
treated cultures. In contrast, lower concentrations of
FGF-2 (0.1 and 0.01 nM) increased all mRNAs at 14
days. At 21 days, maximum increases in COL1A1,
OCN, Runx2/Cbfa1, PTH/PTHrP receptor and IGF-1
mRNAs was observed in marrow stromal cells that

t with FGF-2 in the absence of DEX on ALP mineralized colony
ere treated with FGF-2 for the first 3 days only of the 14- or 21-day
d von Kossa staining for mineral was performed as described under

FIG. 3. Time-course, dose–response effect of short-term treat-
ment with FGF-2 on gene expression in mouse bone marrow stromal
cells at 14 and 21 days. Bone marrow stromal cells were treated with
FGF-2 for the first 3 days only of the 14- or 21-day culture period.
Cells were harvested for Northern analysis as described under Ma-
terials and Methods.
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TABLE 1
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were treated with 0.1 nM FGF-2. COL1A1 mRNA was
increased by 205 and 223%; OCN by 620 and 355%;
Runx2/Cbfa1 by 144 and 184%; PTH/PTHrP receptor
by 147 and 308%; and IGF-1 by 233 and 263% at 14 and
21 days, respectively.

DISCUSSION

Previous studies have shown that bone marrow
stroma contains osteoprogenitor cells that are capable
of differentiating into mature osteoblasts capable of
forming mineralized bone nodules (46–49). This study
shows that short-term FGF-2 treatment of bone mar-
row stromal cultures derived from young and adult
mice significantly increased ALP colony number and
size, as well as their mineralization. Similar to these
observations in mice, previous studies showed that
FGF-2 also increased bone nodule formation in rat and
human bone marrow stromal cells (25–30). As shown in
Figs. 1 and 2 we observed an increase in colony number
that represents enhanced recruitment of osteoblast
progenitors by FGF-2, as well as an increase in colony
size due to expansion of clones in response to FGF-2. It
is believed that FGF-2 enhances bone formation due to
its stimulatory effect on osteoblast proliferation to in-
crease the precursor pool, as well as effects on their
differentiation (25–30).

Since DEX was found to be a prerequisite for the
recruitment of progenitor cells and their terminal dif-
ferentiation in cultures of rat stromal bone marrow
cells (51), we examined the effect of FGF-2 in the
presence (Fig. 1) and absence (Fig. 2) of DEX. Under
both culture conditions, we observed that FGF-2 in-

Dose–Response Effect of Short-Term FGF-2 Treatment
(Days 1–3) on mRNA Expression in Mouse Bone Marrow
Stromal Cells Harvested after 14 and 21 Days of Culture

mRNA/GAPDH ratio

COL1A1 OCN
PTH/

PTHrP
Cbfa1/

RUNX2 IGF-1

14 Days
Vehicle 1.10 0.54 0.34 1.26 1.08
FGF-2 (1.0 nM) 0.75 0.18 0.34 1.41 0.80
FGF-2 (0.1 nM) 2.26 3.35 0.50 1.81 2.52
FGF-2 (0.01 nM) 2.07 1.12 0.57 1.55 2.22

21 Days
Vehicle 1.51 1.58 0.36 1.66 1.48
FGF-2 (1.0 nM) 1.99 2.07 0.65 2.48 2.23
FGF-2 (0.1 nM) 3.38 5.61 1.11 3.05 3.89

Note. Total RNA was extracted from cells after 14 or 21 days for
Northern blot analysis as described under Materials and Methods.
Filters were hybridized to the cDNA of interest and then reprobed for
GAPDH. Signals were quantitated by densitometry and normalized
to the corresponding value for GAPDH.
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creased the number of ALP mineralized colonies. These
results suggest that DEX is not absolutely required for
FGF-2 to enhance murine marrow stromal cell prolif-
eration and differentiation.

As shown in Fig. 3 and Table 1, we examined the
dose response effect of short-term exposure to FGF-2
on osteoblast gene expression in bone marrow stromal
cells from 2 month old mice. We examined the expres-
sion of OCN since previous studies showed that OCN,
is a specific marker of differentiated osteoblast (52) and
Runx2/Cbfa1 that has been shown to regulate the onset
of mineralization (53). We observed a greater increase
in the expression of mRNAs for OCN, and Runx2/Cbfa1
in FGF-2 treated cultures than vehicle treated cul-
tures. We conclude from these results that short-term
FGF-2 treatment can also enhance osteoblast matura-
tion and differentiation.

Another phenotypic characteristic of mature osteo-
blasts is the expression of PTH/PTHrP receptor (54).
Since previous studies in transgenic mice demon-
strated an important role for PTH/PTHrP receptor in
bone formation (55), we therefore examined whether
short-term FGF-2 treatment modulated PTH/PTHrP
mRNA expression in these cultures. As shown in Fig. 3
and Table 1, short-term exposure to FGF-2 increased
PTH/PTHrP mRNA expression in bone marrow stro-
mal cells from 2 month old mice. Although, FGF-2 at
0.1 and 1. 0 nM caused only a slight increase in PTH/
PTHrP mRNA expression at 14 days, both concentra-
tions of FGF-2 caused a greater increase at 21 days,
consistent with a higher degree of PTH/PTHrP recep-
tor expression in more mature osteoblasts. The present
study provides the first evidence that short-term
FGF-2 treatment upregulates PTH/PTHrP receptor
mRNA expression in osteoblastic cells.

Growth factors such as IGF-1 that are made by bone
cells and stored in bone matrix (3) can modulate the
proliferation and differentiation of osteoblast progeni-
tors (56–58). IGF-1 has anabolic effects in humans and
rodents (59) and was previously shown to mediate se-
lective anabolic effects of PTH in vitro (60). We there-
fore examined whether similar to PTH, short-term
FGF-2 treatment would increase IGF-1 mRNA expres-
sion in bone marrow stromal cells. As shown in Fig. 3
and Table 1, short-term treatment with FGF-2 in-
creased IGF-1 mRNA expression in bone marrow stro-
mal cells from young mice. These studies are the first
to show that FGF-2 can increase IGF-1 mRNA levels in
bone marrow stromal cells and suggest a role for IGF-1
in the anabolic response to FGF-2 in vitro.

In summary, we have shown that FGF-2 not only
increased bone nodule formation in murine bone mar-
row stromal cells but also increased the expression of
PTH/PTHrP and IGF-1 mRNA that play critical roles
in bone formation.



Bocian, M., Winoqur, T., and Wasmuth, J. (1994) Mutations in

Vol. 290, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ACKNOWLEDGMENTS

This work was supported in part by NIH Grant AR-46025 (to M. M.
Hurley). The authors thank Ms. Jan Figueroa for clerical assistance.

REFERENCES

1. Gospodarowicz, D. (1990) Basic science and pathology fibroblast
growth factor chemical structure and biologic function. Clin.
Orthop. Rel. Res. 257, 231–248.

2. Hurley, M. M., and Florkiewicz, R. (1996) Fibroblast growth
factor and vascular endothelial fibroblast growth factor families.
In Principles of Bone Biology (Bilezikian, J., Raisz, L. G., and
Rodan, G., Eds.), pp. 627–645, Academic Press, San Diego.

3. Hauschka, P. V., Mavrakos, A. E., Iafrati, M. D., Doleman, S. E.,
and Klagsbrun, M. (1986) Growth factors in bone matrix. J. Biol.
Chem. 261, 12665–12674.

4. Shing, Y., Folkman, J., Sullivan, R., Buttterfield, C., Murray, J.,
and Klagsbrun, M. (1984) Heparin affinity: Duplication of a
tumour derived capillary endothelial cell growth factor. Science
223, 1926–1928.

5. Hurley, M. M., Kessler, M., Gronowicz, G., and Raisz L. G. (1992)
The interaction of heparin and basic fibroblast growth factor on
collagen synthesis in 21-day fetal rat calvariae. Endocrinology
130, 2675–2681.

6. Saksela, O., and Rifkin, D. (1990) Release of basic fibroblast
growth factor–heparan sulfate complexes from endothelial cells
by plasminogen activator-mediated proteolytic activity. J. Cell
Biol. 110, 767–775.

7. Globus, R. K., Plouet, J., and Gospodarowicz, D. (1989) Cultured
bovine bone cells synthesize basic fibroblast growth factor and
store it in their extracellular matrix. Endocrinology 124, 1539–
1547.

8. Hurley, M. M., Marcello, K., Abreu, C., Brinckerhoff, C. E.,
Powik, C. C., and Hibbs, M. S. (1995) Transcriptional regulation
of the collagenase gene by basic fibroblast growth factor in os-
teoblastic MC3T3-E1 cells. Biochem. Biophys. Res. Commun.
214, 331–339.

9. Okazaki, R., Ikeda, K., Sakamoto, A., Nakano, T., Morimoto, K.,
Kikuchi, T., Urakawa, K., Ogata, E., and Matsumoto, T. (1992)
Transcriptional activation of the c-fos and c-jun proto-oncogenes
by serum growth factors in osteoblast-like MC3T3-E1 cells.
J. Bone Miner. Res. 7, 1149–1155.

10. Hurley, M. M., Marcello, K., Abreu, C., and Kessler, M. (1996)
Signal transduction by basic fibroblast growth factor in rat os-
teoblastic Py1a cells. J. Bone Miner. Res. 11, 1256–1263.

11. Coffin, J. D., Florkiewicz, R. Z., Neumann, J., Mort-Hopkins, T.,
Dorn, G. W., III, Lightfoot, P., German, R., Howles, P. N., Kier,
A., O’Toole, B. A., Sassa, J., Gonzales, A. M., Baird, A., and
Doeschman, T. C. (1995) Abnormal bone growth and selective
translational regulation in basic fibroblast growth factor (FGF-2)
transgenic mice. Mol. Biol. Cell 6, 1861–1873.

12. Partanen, J., Makela, T. P., Eerola, E., Korhonen, J., Hirvonen,
H., Claesson-Welsh, L., and Alitalo, K. (1991) FGFR4, a novel
acidic fibroblast growth factor receptor with a distinct expression
pattern. EMBO J. 10, 1347–1354.

13. Orr-Urtreger, A., Givol, D., Yayon, A., Yarden, Y., and Lonai, P.
(1991) Developmental expression of two murine fibroblast
growth factor receptors, FLG and BEK. (1991) Development 113,
1419–1439.

14. Russeau, F., Bonaventure, J., Legeal-Mallet, L., Pelet, A., Rozet,
J., Maroteaux, P., LeMerrer, M., and Munnich, A. (1994) Muta-
tions in the gene encoding fibroblast growth receptor 3 in
achrondroplasia. Nature 371, 252–254.

15. Shiang, R., Thompson, M., Zhu, Z., Church, M., Fielder, J.,
530
the transmembrane domain of FGFR3 cause the most common
genetic form of dwarfism, achondroplasia. Cell 78, 335–342.

16. Deng, C., Wynshaw-Boris, A., Zhou, F., Kuo, A., and Leder, P.
(1996) Fibroblast growth factor receptor 3 is a negative regulator
of bone growth. Cell 84, 911–921.

17. Lomri, A., Lemonnier, J., Hott, M., de Parseval, N., Lajeunie, E.,
Munnich, A., Renier, D., and Marie, P. J. (1998) Increased cal-
varial cell differentiation and bone matrix formation induced by
fibroblast growth receptor 2 mutations in Apert syndrome.
J. Clin. Invest. 101, 1310–1317.

18. Montero, A., Okada, Y., Tomita, M., Ito, M., Tsurakami, H.,
Nakamura, T., Doetschman, T., Coffin, J. D., and Hurley, M.
(2000) Disruption of the fibroblast growth factor gene results in
decreased bone mass and bone formation. J. Clin. Invest. 105,
1085–1093.

19. Globus, R. K., Patterson-Buckendahl, P., and Gospodarowicz, D.
(1988) Regulation of bovine bone cell proliferation by fibroblast
growth factor and transforming growth factor b. Endocrinology
123, 98–105.

20. Rodan, S. B., Wesolowski, G., Yoon, K., and Rodan, G. A. (1989)
Opposing effects of fibroblast growth factor and pertussis toxin
on alkaline phosphatase, osteopontin, osteocalcin and type I
collagen mRNA levels in ROS 17/2.8 cells. J. Biol. Chem. 264,
19934–19941.

21. McCarthy, T. L., Centrella, M., and Canalis, E. (1989) Effects of
fibroblast growth factors on deoxyribonucleic acid and collagen
synthesis in rat parietal bone cells. Endocrinology 125, 2118–
2126.

22. Canalis, E., Centrella, M., and McCarthy, T. (1988) Effects of
basic fibroblast growth factor on bone formation in vitro. J. Clin.
Invest. 81, 1572–1577.

23. Hurley, M. M., Abreu, C., Harrison, J. R., Lichtler, A., Raisz,
L. G., and Kream, B. E. (1993) Basic fibroblast growth factor
inhibits type I collagen gene expression in osteoblastic
MC3T3-E1 cells. J. Biol. Chem. 268, 5588–5593.

24. Lennon, D. P., Haynesworth, S. E., Young, R. G., Dennis, J. E.,
and Caplan, A. I. (1995) A chemically defined medium supports
in vitro proliferation and maintains the osteochondral potential
of rat marrow-derived mesenchymal stem cells. J. Exp. Cell Res.
219, 211–222.

25. Noff, D., Pitaru, S., and Savion, N. (1989) Basic fibroblast growth
factor enhances the capacity of bone marrow cells to form bone-
like nodules in vitro. FEBS Lett. 250, 619–621.

26. Pitaru, S., Kotev-Emeth, S., Noff, D., Kaffuler, S., and Savion, N.
(1993) Effect of basic fibroblast growth factor on the growth and
differentiation of adult stromal bone marrow cells: Enhanced
development of mineralized bone-like tissue in culture. J. Bone
Miner. Res. 8, 919–926.

27. Scutt, A., and Bertram, P. (1999) Basic fibroblast growth factor
in the presence of dexamethasone stimulates colony formation,
expansion, and osteoblastic differentiation by rat bone marrow
stromal cells. Calcif. Tissue Int. 64, 69–77.

28. Hanada, K., Dennis, J. E., and Caplan, A. I. (1997) Stimulatory
effects of basic fibroblast growth factor and bone morphogenetic
protein-2 on osteogenic differentiation of rat bone marrow-
derived mesenchymal stem cells. J. Bone Miner. Res. 12, 1606–
1614.

29. Berrada, S., Lefebvre, F., and Harmand, M. F. (1995) The effect
of recombinant human basic fibroblast growth factor RHFGF-2
on human osteoblasts in growth and phenotype expression. In
Vitro Cell Dev. Biol.–Anim. 31, 698–702.

30. Martin, I., Muraglia, A., Campanile, G., Cancedda, R., and
Quarto, R. (1997) Fibroblast growth factor-2 supports ex vivo



expansion and maintenance of osteogenic precursors from hu- RNA isolation by acid guanidinium thiocyanate–phenol–

Vol. 290, No. 1, 2002 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
man bone marrow. Endocrinology 138, 4456–4462.
31. Mayahara, H., Ito, T., Nagai, H., Miyajima, H., Tsukuda, R.,

Takatomi, S., Mizoguchi, J., and Kato, K. (1993) In vivo stimu-
lation of endosteal bone formation by basic fibroblast growth
factor in rats. Growth Factors 9, 73–80.

32. Kawaguchi, H., Kurokawa, T., Hanada, K., Hiyama, Y., Tamura,
M., Ogata, E., and Matsumoto, T. (1994) Stimulation of fracture
repair by recombinant human basic fibroblast growth factor in
normal and streptozotocin-diabetic rats. Endocrinology 135,
774–781.

33. Wildburger, R., Zarkovic, N., Egger, G., Petek, W., Zarkovic, K.,
and Hofer, H. P. (1994) Basic fibroblast growth factor (bFGF)
immunoreactivity as a possible link between head injury and
impaired bone fracture healing. Bone Miner. 27, 183–193.

34. Scully, S. P., Joyce, M. E., Abidi, N., and Bolander, M. E. (1990)
The use of polymerase chain reaction generated nucleotide se-
quences as probes for hybridization. Mol. Cell Probes 4, 485–495.

35. Hurley, M. M., Lee, S. K., Raisz, L. G., Bernicker, P., and
Lorenzo, J. A. (1998) Basic fibroblast growth factor induces os-
teoclast formation in murine bone marrow cultures. Bone 22,
309–316.

36. Kawaguchi, H., Pilbeam, C. C., Gronowicz, G., Abreu, C.,
Fletcher, B. S., Herschman, H. R., Raisz, L. G., and Hurley,
M. M. (1995) Transcription induction of prostaglandin G/H
synthase-2 by basic fibroblast growth factor. J. Clin. Invest. 96,
923–930.

37. Hurley, M. M., Abreu, C., Gronowicz, G., Kawaguchi, H., and
Lorenzo, J. (1994) Expression and regulation of basic fibroblast
growth factor mRNA levels in mouse osteoblastic MC3T3-E1
cells. J. Biol. Chem. 269, 9392–9396.

38. Sabbieti, M. G., Marchetti, L., Abreu, C., Hand, A., Raisz, L. G.,
and Hurley, M. M. (1999) Prostaglandins regulate the expression
of fibroblast growth factor-2 in bone. Endocrinology 140, 434–
444.

39. Hurley, M. M., Abreu, C., Marcello, K., Gronowicz, G., and Raisz,
L. G. (1996) Transcriptional regulation of the FGF-2 gene by 17b
estradiol. Sixth Workshop on Cells and Cytokines in Bone and
Cartilage, Davos, Switzerland. Bone 17, S31a.

40. Hurley, M. M., Tetradis, S., Huang, Y. F., Hock, J., Kream, B. E.,
Raisz, L. G., and Sabbieti, M. G. (1999) Parathyroid hormone
regulates the expression of fibroblast growth factor-2 mRNA and
fibroblast growth factor receptor mRNA in osteoblastic cells.
J. Bone Miner. Res. 14, 776–783.

41. Sobue, T., Zhang, X., Florkiewicz, R. Z., and Hurley, M. M. (2001)
Interleukin-1 regulates FGF-2 mRNA and localization of FGF-2
protein in human osteoblasts. Biochem. Biophys. Res. Commun.
286, 33–40.

42. Scutt, A., and Bertram, P. (1995) Bone marrow cells are targets
for the anabolic actions of prostaglandin E2 on bone: Induction of
a transition from nonadherent to adherent osteoblast precur-
sors. J. Bone Miner. Res. 10, 474–487.

43. Pri-Chen, S., Pitaru, S., Lokiec, F., and Savion, N. (1998) Basic
fibroblast growth factor enhances the growth and expression of
the osteogenic phenotype of dexamethasone-treated human bone
marrow-derived bone-like cells in culture. Bone 23, 111–117.

44. Chomczynski, P., and Sacchi, N. (1987) Single-step method of
531
chloroform extraction. Anal. Biochem. 162, 156–159.
45. Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic

transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc. Natl. Acad. Sci.
USA 76, 4350–4354.

46. Owen, M. (1985) Lineage of osteogenic cells and their relation-
ship to the stromal system. Bone Miner. Res. 3, 1–25.

47. Friedenstein, A. J. (1990) Osteogenic stem cells in the bone
marrow. Bone Miner. Res. 7, 243–272.

48. Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S.
(1970) The development of fibroblast colonies in monolayer cul-
tures of guinea-pig bone marrow and spleen cells. Cell Tissue
Kinet. 3, 393–403.

49. Stein, G. S., and Lian, J. B. (1993) Molecular mechanisms me-
diating proliferation/differentiation interrelationships during
progressive development of the osteoblast phenotype. Endocr.
Rev. 14, 424–442.

50. Nakamura, T., Hanada, K., Tamura, M., Shibanushi, T., Nigi,
H., Tagawa, M., Fukumoto, S., and Matsumoto, T. (1995) Stim-
ulation of endosteal bone formation by systemic injections of
recombinant basic fibroblast growth factor in rats. Endocrinol-
ogy 136, 1276–1284.

51. Maniatopoulus, C., Sodek, J., and Melcher, A. H. (1988) Bone
formation in vitro by stromal cells obtained from bone marrow of
young adult rats. Cell Tissue Res. 254, 317–330.

52. Ducy, P., and Karsenty, G. (1996) in Principles of Bone Biology
(Bilzikian, J. P., Raisz, L. G., and Rodan, G. A., Eds.), 1st ed., pp.
183–195, Academic Press, San Diego.

53. Ducy, P., Zhang, R., Geoffrey, V., Ridall, A. L., and Karsenty, G.
(1997) Cell 89, 747–754.

54. Segre, G. V. (1996) Receptors for parathyroid hormone and para-
thyroid hormone-related protein. In Principles of Bone Biology
(Bilzikian, J. P., Raisz, L. G., and Rodan, G. A., Eds.), 1st ed., pp.
377–403, Academic Press, San Diego.

55. Calvi, L. M., Sims, N. A., Hunzelman, J. L, Knight, M. C.,
Giovannetti, A., Saxton, J. M., Kronenberg, H. M., Baron, R., and
Schipani, E. (2001) Activated parathyroid hormone/parathyroid-
related protein receptor in osteoblastic cells differentially affects
cortical and trabecular bone. J. Clin. Invest. 107, 277–286.

56. Canalis, E., McCarthy, T., and Centrella, M. (1998) Growth
factors and the regulation of bone remodeling. J. Clin. Invest. 81,
277–281.

57. Mohan, S., and Baylink, D. J. (1991) Bone growth factors. Clin.
Orthop. Rel. Res. 263, 30–48.

58. Wergedal, J. E., Mohan, S., Lundy, M., and Baylink, D. J. (1990)
Skeletal growth factor and other growth factors known to be
present in bone matrix stimulate proliferation and protein syn-
thesis in human bone cells. J. Bone Miner. Res. 5, 179–185.

59. Johansson, A., and Rosen, C. J. (1996) The IGFs as potential
therapy for metabolic bone diseases. In Principles of Bone Biol-
ogy (Bilzikian, J. P., Raisz, L. G., and Rodan, G. A., Eds.), 1st ed.,
pp. 1099–1109, Academic Press, San Diego.

60. Canalis, E., Centrella, M., Burch, W., and McCarthy, T. L. (1989)
Insulin-like growth factor I mediates selective anabolic effects of
parathyroid hormone in bone cultures. J. Clin. Invest. 83, 60–
65.


	FIG. 1
	MATERIALS AND METHODS
	RESULTS
	FIG. 2
	FIG. 3
	TABLE 1

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

