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ABSTRACT

c-fos gene has a close relationship with the osteoblasts. Mechanical signal effect on osteoblasts would change the expression level of c-fos.
Authors introduce the signal pathways of four cis-response elements on the promoter of c-fos, that is, CRE (cCAMP responsive element), FAP-1
(Fbs-AP-1 site), SRE (serum response element), and SIE (sis-inducible element), as the regulatory mechanism for c-fos gene expression
following various stimuli. J. Cell. Biochem. 106: 764-768, 2009. © 2009 Wiley-Liss, Inc.
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B esides c-jun, myb, myc, ets, and ski, c-fos is also one of the
hundred members in the family of immediate early genes
(IEGs) which are considered to be the link between acute activity-
dependent events and the long-term expression of gene, and which
change the structure and function of a cell by coding the intra-
nuclear protein and regulating the downstream gene expression
[Deleu et al., 1999]. The length of human c-fos gene is 9 kb,
including four exons and three introns, located at 14q of the
chromosome. Encoding a 2.2 kb of mature mRNA, c-fos gene 3
product c-Fos is composed of 380 amino acids with a molecular
weight of 55 kDa, sites in nucleus, is a nuclear phosphorylated
protein. c-fos is a key regulatory factor for bone cell’s growth and
differentiation and has much effect on osteoblasts and osteoclasts
during the normal development and bone diseases [Miyauchi et al.,
1994; Olena, 1995; David, 1997; Papachristou et al., 2003]. The
overexpression of c-fos gene in the transgenic mice would result in
tumors of osteoblasts or cartilage cells [David, 1997]. On the
contrary, the missing of c-Fos in transgenic mice, which completely
blocks the differentiation of osteoclast will lead to bone sclerosis
[Matsuo et al., 1999]. Researches in recent years show that among
the IEGs family, c-fos gene has a close relationship with the
osteoblasts [Laura et al., 1995; David, 1997; Nina et al., 1997; Jane
et al., 1999; Sato et al., 1999; Bowler et al., 2001; Sze et al., 2004;
Jun et al., 2006; Elisabetta et al., 2008; Jinbin et al., 2008; Schwartz
et al., 2008; Yung et al., 2008].

Research has confirmed that some of the bone cells can perceive
biophysical conditions such as mechanical and electrical signals and
transfer them into a corresponding change in bone structure after
processing and integration [Joseph et al., 1994; Sato et al., 1999;
Turner and Akhter, 1999; Jun et al., 2006; Schwartz et al., 2008;
Yung et al., 2008]. A study on the in vitro cultivation of cell strain
found that an increase in mRNA levels of c-fos can be induced by
tension, centrifugal force, vibration force, and so on significantly in
a short term, and there would be a recovery to a normal level after a
few hours. While Kostenuik [Kostenuik et al., 1997] once raised the
hind limb of SD rats, non-weight-bearing, collected the tibia bone
marrow stromal cells for cell culture 5 days later, and then after
the cultivation of 10, 15, 20, 28 days analyzed the c-fos gene, ALP,
and osteocalcin mRNA expression level.

It was found that c-fos mRNA expression level reduced by 50%
than in the control group, ALP increased to 61%, osteocalcin
reduced by 35%, which inferred that non-weight-bearing bone
would inhibit the proliferation and differentiation of the in vitro
bone cell. On hanging the rat by the tail for 2 weeks, there was
significant inhibition of the c-fos gene expression and bone mineral
density (BMD) increased in the region under the periosteum
[Matsumoto et al., 1998]. On allowing the hind limbs to be
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mechanical-weight-bearing, c-fos gene expression of periosteal cell
showed an instantaneous increase in less than 2 h. These studies
suggested that c-fos can be used as a marker for bone cells reacting
to some mechanical and other stimuli.

Regulatory mechanism for c-fos gene expression is far from clear.
Several parts in the DNA sequence have been found in the c-fos gene
as the adjustment components taking part in regulation either in the
physical condition or when the cells are exposed to various stimuli
[Sato et al., 1999; Bowler et al., 2001; Jun et al., 2006; Schwartz
et al., 2008; Yung et al., 2008]. They are the four cis-response
elements [Joseph et al., 1994; Melissa, 2002; Hideki et al., 2007] on
the promoter of c-fos, that is, CRE (cAMP responsive element), FAP-
1 (Fbs-AP-1 site), SRE (serum response element), and SIE (sis-
inducible element). We present them in the following to study the
intracellular signaling pathways leading to c-fos gene expression
caused by outside stimulus.

REGULATORY MECHANISM OF SIE RESPONSE ELEMENT

SIE sites at the 5’-end of the promoter, —348, have a basic sequence
of TI'CCCGTCAA. It combines signal transducer and transcription
activator. Studies found outside stimulus, such as colony stimulat-
ing factor (CSF-1), platelet-derived growth factor (PDGF) and so on,
can stimulate c-fos gene transcription. They submit signal from
outside into inside of cell by the composite JAKs-STAT pathway.
Then the Tyr at the C end of STAT is phosphorylated and activated by
JAK; this is very important which can dimerize STAT1 and STATS3.
SIE combines with STAT1 and STAT3 complex [Benbassat et al.,
1999] to induce c-fos gene expression. Other research holds that it is
only STAT3, instead of STAT1, that gathers to SIE and activates c-
fos transcription [Edwa et al., 2003].

REGULATORY MECHANISM OF SRE

SRE is just adjacent to FAP-1, —319; its basic sequence is
GGATGTCCATATYAGGACATCT. It has a 10 bp of core sequence
as CCATATTAGG, also known as the CArG box; E-box-binding
sequence: CATCTG; C/EBP-binding sequence: TTAGGACAT; as well
as the Ets-binding sequence: GGA. It is a same type of dimer, serum
response factor (SRF) and triple composite factor (ternary complex
factor, TCF) that binds with it. SRF can identify CArG box on SRE.
TCF, which is a subfamily member of the Ets-structure domain
transcription factor family, at least three compositions, Elk-1, SAP-
1, SAP-2/ERP/Net, does not automatically bind with SRE and so as
to combine with DNA effectively without the assistance of SRF
[Ramirez et al., 1997].

RTK-Ras-MAPK Signal Pathway. During the course of the
outside stimulation signal submission to the nucleus, tyrosine kinase
receptor (RTK)-Ras-MAPK is the most important signal pathway
[Dunn et al., 2005]. Extracellular signal binds with Ras protein to
form complex under the membrane through the “joint proteins,”
such as growth factor receptor binding protein 2 (Grb,), SOS (son

of sevenless), and so on. Ras protein is a representative of GTP-
binding protein family, reputed as a “molecular switch,” exchan-
ging circularly from activity GTP-binding type to non-activity GDP-
binding type as one of the key regulatory moleculars for cell
proliferation and differentiation. Ras interacts with serine/threonine
protein kinase Rafl by GTP-dependent mode and activates it by
entering into the MAPK pathway. MAPK pathway contains a series
of cascading events involving three key kinases: Raf (MAPK kinase
kinase, MAPKKK), MEK (MAPK kinase, MAPKK), and MAPK (also
known as the extracellular signal-regulated kinase, ERK). C-Raf-1 is
an important effector in the downstream of Ras, bear the work of
MAPK kinase kinase (MAPKKK/MEKK) as a bridge of Ras signal
entering into MAPK signal pathway. Activated c-Raf-1 brings a
selected phosphorylation and activation of MAPKK (MEK1 and
MEK?2, dual-specificity kinase, activates ERK subfamily of MAPK)
which would make some ERK 1 and ERK2 shift from cytoplasm to the
nucleus and affect the nuclear material Elk-1 to promote the
transcription of c-fos [Chen et al., 2004; Sze et al., 2004; Reuter
et al., 2000].

Rho GTPase Signal Pathway. A study found that the mutation of
c-fos promoter cannot combine with TCF to start the RTK-Ras-
MAPK pathway, but it is still able to respond to stimulation signal
from the serum. Research further shows that there is still another
pathway different from the RTK-Ras-MAPK pathway which
regulates the activity of SRE through SRF and known as Rho
GTPase (Cdc42, Racl, and RhoA) signal pathway being a member of
the Ras super-family including the three members. Activated Rho
family member can regulate the activities of different transcription
factors. Transcription activity of SRF is regulated by RhoA, Racl, and
Cdc42Hs using two independent mechanisms that promote the
activation of transcription factor NF-kB through the transfer of
intracytoplasmic RelA/p50 and P50/p65 dimers to the nucleus
[Reuter et al., 2000]. This path is different from Ras/Raf pathway. For
example, Rac1 phosphorylates GDP/GTP exchange (activating IkB)
and specifically activates the NF-kB depending on Vav and casein
protein. Cdc42Hs catalyzes GDP/GTP exchange and specifically
activates the NF-«kB depending on Dbl. RhoA and Cdc42Hs
specifically activate the NF-kB through catalyzed by Ost (activates
neither IKBa nor IKBR). It is inferred that there exists a JNK/SAPK
pathway [Papachristou et al., 2003; Yung et al., 2008] in series for
that wild-type MEKK1 can activate IKBa enzyme complex, while
Rac1 and Cdc42Hs induce the present negative MEKK1 to inhibit the
activity of NF-kB [Ysadora et al., 2008]. Moreover, activated Racl,
Cdc42Hs, and RhoA enhance the activity of ERK2 with the
cooperation of Raf, and after a series of kinase activity level
amplification, RhoA can activate ERK6 (P38+v) to constitute a new
signal pathway by RhoA, PKN, MKK3/MKK6, and ERK6 (P38vy)
[Marinissen et al., 2001; Yung et al., 2008].

REGULATORY MECHANISM OF CRE

CRE is at the 3-end of the promoter, —63; its basic sequence is
TGACGTCA, mainly binding the cAMP response element binding
protein (CREB) family member. CREB has two forms: transcription
active dimer and non-transcription active monomer. CBEB activity
adjustment mechanism is realized by the phosphorylation of the site
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points (Ser98, Ser129, Ser133, Ser142), in which, Ser133 is the key
site to activate; its phosphorus acidification can be a variety of
catalytic protein kinases, including Ca®"/CaM-dependent protein
kinase, cAMP-dependent protein kinase, etc. [Cammarano and
Minden, 2001; Servillo et al., 2002; Hideki et al., 2007].

Ca”/CaM—Dependent Protein Kinase. The multi-functional
Ca®"/CaM-dependent protein kinase (CaMK) is the Ser/Thr type
protein kinase family, including I, II, IV, V subtypes, in which both
CaMK II and IV have nuclear activity to identify the Ca®" signal
frequency, magnitude, and duration, and to control the gene
expression through phosphorylation of the key site of nuclear
transcription factor [Brigitte et al., 2000; Servillo et al., 2002].

Ca®" signal that activates c-fos gene expression has a specific
characteristic of the space. Studies have shown that nuclear Ca®"
signal activates the c-fos transcription through CRE, but the
cytoplasm Ca”* signal controls gene expression through a different
mechanism, including stimulating the interaction between the
transcription factor and the other cis-response element SRE on the
c-fos promoter [Zayzafoon et al., 2005]. And the nuclear Ca®" signal
activates the CRE-dependent c-fos transcription is a course that
needs a multi-step process; recent studies have revealed that the co-
activated CREB-binding protein (CBP), containing a transcription
activation area of signal regulation, is the target protein of signaling
pathway activated by the nuclear Ca®" [Maturana et al., 2002].
Nuclear Ca®" signal activates the transcription of CBP after
phosphorylated by CaMK IV; phosphorylated CBP combines with
phosphorylated CREB by mutual activation, by which the specific
sequence of the transcription exciter is connected to the transcrip-
tion machinery, and then affects the transcription of the c-fos after
the gathered chromatin depolymerization through its built-in or
related group acetyltransferase activity.

CAMP-Dependent Protein Kinase. cAMP is a second messenger
of intracellular messenger discovered earlier, which is the product of
extracellular ligand after combining with its receptor through the G
protein and the activated adenylyl cyclase; it continues to transmit
information by a specific enzyme within cells that is cAMP-
dependent protein kinase (PKA) [McGillis et al., 2002; Shimizu et al.,
2004; Fitzgerald et al., 2000]. The whole PKA is constituted by four
subunits (R,C,) in which two were of the same regulatory subunit (R)
and two were of the same catalytic subunit (C). Subunit C has the
catalytic activity structure district of kinase; subunit R has the
site and regulation function in combination with two cAMPs. It is
considered that subunit R has an inhibition to subunit C in the whole
enzyme polymerized of subunits R and C, which has no catalytic
activity. The combination of subunit R and cAMP leads to the
dissociation of subunit R with C and the presentation of catalytic
activity of subunit C. Immediately catalytic subunit C enters into the
nucleus from cytoplasm, making the Ser133 phosphorylation
activated in the vicinity of N-end transcription activity district of
transcription factor CREB, so that the acidified CREB combines with
the palindrome sequence (TGACGTCA) of the CRE so as to regulate
c-fos expression.

REGULATORY MECHANISM OF FAP-1 RESPONSE ELEMENT
FAP-1 sites at the 5-end of CRE, —303, have a basic sequence of
TGACTCA. This sequence having a binding site homology with

activator protein-1 (AP-1) [Hideki et al., 2008], also named TPA
response element (TRE), can bind with AP-1 protein family factor
and CREB members under different conditions. AP-1 is referred to a
class of protein family factor that can bind with AP-1-binding site,
which is also called phorbol response elements (TPA responsive
element, TRE) in many genes, and play an important role in cell
differentiation, transcription, and apoptosis. AP-l is a series of
collected protein dimers that all have “Leucine zipper” (basic
region-leucine zipper, bZIP) structure including Jun (c-Jun, JunB,
JunD), Fos (c-Fos, FosB, Fra-1, Fra-2), Maf (c-Maf, MafB, MafA,
MafG/F/K, NrL), ATF (ATF2, LRF1/ATF3, B-ATF, JDP1, JDP2),
and other subfamilies. Jun family members may be homologous
polymerized with the family members or heterologous polymerized
with Fos family members, with a stronger stability and activity of
inducing gene transcription for a Fos heterologous dimer of AP-1
molecular than a Jun homologous dimer of AP-1 molecular [Laura
et al., 1995; Jinbin et al., 2008]. A Fos family member can only bind
with a Jun family member to be a AP-1 type of heterologous dimer.
Then Jun-Jun and Jun-Fos dimers have a tendency to bind with
FAP-1 which may be related to the role of Fos transcription of the
negative feedback regulation. Phosphorylation of CREB can also be
combined with FAP-1, which was studied to show a probable
promoted interaction between the cis-response elements CRE and
FAP-1 [Melissa, 2002].

Serving as the third nuclear messenger and as a molecular switch
of gene transcription regulation, AP-1 family member c-fos’s
expression plays an important role in the coupling in information
delivery cascade reaction stimulated by outside stimulating signals
after osteoblasts are affected by outside mechanical stimulation. c-
fos sites in many bone-specific gene promoters, such as alkaline
phosphatase, human osteocalcin, osteocalcilin (which is related to
bone mineralization), collagenase I (which is directly related to bone
resorption), and so on [Mi et al., 1996; Nina et al., 1997; Daniella
et al., 1999; Jane et al., 1999], indicate that c-fos is closely related to
bone alteration and metabolism, and its expression directly affects
the downstream long-term gene expression, changes cell phenotype,
and produces biological effects. This would or might guide people
apply the integration of such signal network to specifically
regulating c-fos gene expression as well as the downstream cell
reaction by some biomedical intervention.

ACKNOWLEDGMENTS

This work was supported by the Research and Development
Program of Science and Technology in Zhejiang of China
(2008C33026 and 2007C30030).

REFERENCES

Benbassat C, Shoba LN, Newman M, Adamo ML, Frank SJ, Lowe WL. 1999.
Growth hormone-mediated regulation of insulin-like gorwth factor I pro-
moter activity in C6 glioma cells. Endocrinology 140(7):3073-3081.
Bowler WB, Buckley KA, Gartland A, Hipskind RA, Bilbe G, Gallagher A.
2001. Extracellular nucleotide signaling: A mechanism for integrating local
and systemic responses in the activation of bone remodeling. Bone 2:507-
512.

766

FOUR INTRACELLULAR SIGNAL PATHWAYS

JOURNAL OF CELLULAR BIOCHEMISTRY



Brigitte G, Moustapha K, Véronique LM, Michele L. 2000. Membrane signal-
ling and progesterone in female and male osteoblasts. I. Involvement of
intracellular Ca2+, inositol trisphosphate, and diacylglycerol, but not cAMP.
J Cell Biochem 79:334-345.

Cammarano MS, Minden A. 2001. Dbl and the Rho GTPases activate NF
kappa B by I kappa B kinase (IKK)-dependent and I KK-independent pathway.
J Biol Chem 276(28):25876-25882.

Chen C, Koh AJ, Datta NS, Zhang J, Keller ET, Xiao GZ, Franceschi RT, D’Silva
NJ, McCauley LK. 2004. Impact of the mitogen-activated protein kinase
pathway on parathyroid hormone-related protein a ctions in oteoblasts.
J Biol Chem 279(28):29121-29129.

Daniella G, Patsie P, John AE, Nigel AM. 1999. Identification of an osteo-
calcin gene promoter sequence that binds AP1. J Cell Biochem 60:447-
457.

David G. 1997. Mechanisms of the development of osteoblastic metastases.
Cancer 80:1581-1587.

Deleu S, Pirson I, Clermont F, Nakamura T, Dumont JE, Maenhaut C. 1999.
Immediate early gene expression in dog thyrocytes in response to
growth, proliferation, and differentiation stimuli. J Cell Physiol 181:342-
354.

Dunn KL, Espino IS, Drobie B, He S, Davie JR. 2005. The Ras-MAPK signal
transduction pathway, cancer and chromatin remodeling. Biochem Cell Biol
83(1):1-14.

Edwa Y, Lorena L, Daniel B. 2003. Independent and cooperative activation

of chormosomal c-fos promoter by STAT3. J Biol Chem 278(18):15794-
15799.

Elisabetta L, Elisa T, Elena T, Letizia P, Roberto G, Roberta P. 2008. ERa and
AP-1 interact in vivo with a specific sequence of the F promoter of the human
ERa gene in osteoblasts. J Cell Physiol 216:101-110.

Fitzgerald J, Dietz TJ, Hughes-Fulford M. 2000. Prostaglandin E2-induced
up-regulation of c-fos messenger ribonucleic acid is primarily mediated by
3’, 5'-cyclic adenosine monophosphate in MC3T3-El osteoblasts. Endocri-
nology 141(1):291-298.

Hideki T, Youhei N, Dong Soon K, Masato A, Shouta A, Masaru M, Yu N,
Naoko K, Hiroshi M, Yorimasa O. 2007. Androgen receptor stimulates bone
sialoprotein (BSP) gene transcription via cAMP response element and acti-
vator protein 1/glucocorticoid response elements. J Cell Biochem 102:240-
251.

Hideki T, Shouta A, Masaru M, Dong SK, Xinyue L, Li Y, Zhengyang L,
Zhitao W, Youhei N, Yorimasa 0. 2008. AP1 binding site is another target of
FGF2 regulation of bone sialoprotein gene transcription. Gene 41:97-
104.

Jane BL, Gary SS, Janet LS, André JW. 1999. Osteocalcin gene promoter:
Unlocking the secrets for regulation of osteoblast growth and differentiation.
J Cell Biochem 72:62-72.

Jinbin W, Yichin F, Hueiyann T, Yuhfung C, Minoru T, Chihhsin T. 2008.
Naringin-induced bone morphogenetic protein-2 expression via PI3K, Akt,
c-Fos/c-Jun and AP-1 pathway in osteoblasts. Eur J Pharmacol 588:333-
341.

Joseph OF, Jorge S, Samreung R, Russell ML. 1994. Mediation of suppression
of c-fos transcription in rasT24-transformed rat cells by a cis-acting represser
element. Mol Carcinogenesis 10:72-81.

Jun L, Tingting L, Yi Z, Zhihe Z, Ying L, Hui C, Songjiao L, Yangxi C. 2006.
Early responses of osteoblast-like cells to different mechanical signals
through various signaling pathways. Biochem Biophy Res Commun
348:1167-1173.

Kostenuik PJ, Halloran BP. Morey HER. 1997. Skeletal unloading inhibits the
in vitro proliferation and differentiation of rat osteoprogenitor cells. Am J
Physiol 273:E1133-E1139.

Laura RM, Maaike K, Jane L, Janet S. 1995. Gary Stein selective expression of
fos- and jun-related genes during osteoblast proliferation and differentia-
tion. Exp Cell Res 21:255-262.

Marinissen MJ, Chiariello M, Gutkind JS. 2001. Regulation of gene expres-
sion by the small GTPase Rho through the ERK6 (p38 gamma) MAP kinase
pathway. Genes Dev 15(5):535-553.

Matsumoto K, Nakayama I, Kodama Y, Fuse H, Nakamura T, Fukumoto S,
Gutkind JS. 1998. Effect of mechanical unloading and reloading on perios-
teal bone formation and gene expression in tail-suspended rapidly growing
rats. Bone 22(5 Supp1):89s-93s.

Matsuo K, Jochum W, Owens JM, Chambers TJ, Wagner EF. 1999. Function of
Fos proteins in bone cell differentiation. Bone 25(1):141.

Maturana A, Van HG, Piuz I, Castelbou C, Demaurex N, Schlegel W. 2002.
Spontaneous calcium oscillations control c-fos transcription via the serum
response element in neuroendocrine cells. J Biol Chem 277(42):39713-
39721.

McGillis JP, Miller CN, Schneider DB, Fernandez S, Knopf M. 2002. Calci-
tonin gene-related peptide induces AP-1 activity by a PKA and c-fos-
dependent mechanism in pre-B cells. J Neuroimmunol 123(1-2):83-90.

Melissa GG, Tim BG. 2002. Ultraviolet B (UVB) induction of the c-fos
promoter is mediated by phospho-cAMP response element binding protein
(CREB) binding to CRE and c-fos activator protein1 site (FAPI) cis elements.
Gene 293(12):169-179.

Mi ZH, Balram S, Howard CT. 1996. Expression of tissue non-specific alkaline
phosphatase stimulates differentiated behaviour in specific transformed cell
populations. Anat Rec 244:423-436.

Miyauchi A, Kuroki Y, Fukase M, Fujita T, Chihara K, Shiozawa S. 1994.
Persistent expression of proto-oncogene c-fos stimulates osteoclast differ-
entiation. Biochem Biophy Res Commun 205:1547-1555.

Nina J, Ulpu SK, Kristiina A, Riitta H, Liisa N, Jukka W, Eero V, Jyrki H, Veli
MK. 1997. Collagenase-3 (MMP-13) is expressed by hypertrophic chondro-
cytes, periosteal cells, and osteoblasts during human fetal bone development.
Dev Dyn 208:387-397.

Olena J. 1995. c-Fos and bone loss: A proto-oncogene regulates osteoclast
lineage determination. BioEssays 17:277-281.

Papachristou DJ, Batistatou A, Sykiotis GP, Varakis I, Papavassiliou AG.
2003. Activation of the JNK-AP-1 signal transduction pathway is associated
with pathogenesis and progression of human osteosarcomas. Bone 32:364-
371.

Ramirez S, Ali SAS, Robin P, Trouche D, Bellan AH. 1997. The CBP cooperates
with the seum response factor for transactivation of the c-fos serum response
element. J Biol Chem 272(49):31016-31021.

Reuter CW, Morgan MA, Bergmann L. 2000. Targeting the Ras signaling
pathway: A rational mechanism-based treatment for hematologic malig-
nancies? Blood 96(5):1655.

Sato A, Hamazaki T, Oomura T, Osada H, Kakeya M, Watanabe M, Nakamura
T, Nakamura Y, Koshikawa N, Yoshizaki I, Aizawa S, Yoda S, Ogiso A,
Takaoki M, Kohno Y, Tanaka H. 1999. Effects of microgravity on c-fos gene
expression in osteoblast-like MC3T3-E1 cells. Advan Space Res 24:807-813.

Schwartz Z, Simon BJ, Duran MA, Barabino G, Chaudhri R, Boyan BD. 2008.
Pulsed electromagnetic fields enhance BMP-2 dependent osteoblastic differ-
entiation of human mesenchymal stem cells. J Orthopaedic Res 26:1250-
1255.

Servillo G, DeUa Fazia MA, Sassone-Corsi P. 2002. Coupling cAMP signaling
to transcription in the liver: Pivotal role of CREB and CREM. Exp Cell Res
275(2):143-154.

Shimizu Y, Sugama S, Degiorgio LA, Choad BP, Joh TH. 2004. Cell-type
specific signal transduction and gene regulation via mitogen-activated
protein kinase pathway in catecholaminergic neurons by restraint stress.
Neuroscience 129(3):831-839.

Sze KL, Sang HK, Flora TCY, Mark YPK, Ching CL, Chih CW, Steven RG, Chi
YH. 2004. MEK/ERK and signal transducer and activator of transcription
signaling pathways modulate oncostatin M-stimulated CCL2 expression in
human osteoblasts through a common transcription factor. Arthritis Rheum
50:785-793.

JOURNAL OF CELLULAR BIOCHEMISTRY

767

FOUR INTRACELLULAR SIGNAL PATHWAYS



Turner CH, Akhter MP. 1999. The mechanics of bone adaptation. In:
Takahashi HE, editor. Mechanical loading of bones and joints. Tokyo:
Springer-Verlag. pp 79-91.

Ysadora MC, Goedele VH, Abbas M, Werner S, Toshitsugu F. 2008.
A functional NF-«B enhancer element in the first intron contributes to
the control of c-fos transcription. Gene 5:721-730.

Yung CC, Tsang HH, Wenmei F, RongSen Y, ChihHsin T. 2008. Ultrasound
stimulates MMP-13 expression through p38 and JNK pathway in osteoblasts.
J Cell Physiol 215:356-365.

Zayzafoon M, Fulzele K, McDonald JM. Calmodulin and calmodulin-depen-
dent kinase II alpha regulate osteoblast differentiation by contorlling c-fos
expression. J Biol Chem 2005. 280(8):7049-7059.

7 6 8 FOUR INTRACELLULAR SIGNAL PATHWAYS

JOURNAL OF CELLULAR BIOCHEMISTRY



