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Osteoporosis is one of the most common bone pathologies.
A number of novel molecules have been reported to increase
bone formation including cysteine-rich protein 61 (CYR61), a
ligand of integrin receptor, but mechanisms remain unclear.
It is known that bone morphogenetic proteins (BMPs), es-
pecially BMP-2, are crucial regulators of osteogenesis. How-
ever, the interaction between CYR61 and BMP-2 is unclear.
We found that CYRG61 significantly increases proliferation
and osteoblastic differentiation in MC3T3-E1 osteoblasts and
primary cultured osteoblasts. CYR61 enhances mRNA and
protein expression of BMP-2 in a time- and dose-dependent
manner. Moreover, CYR61-mediated proliferation and osteo-
blastic differentiation are significantly decreased by knockdown
of BMP-2 expression or inhibition of BMP-2 activity. In this
study we found integrin «,f3; is critical for CYR61-mediated
BMP-2 expression and osteoblastic differentiation. We also
found that integrin-linked kinase, which is downstream of the
o, f3; receptor, is involved in CYR61-induced BMP-2 expression
and subsequent osteoblastic differentiation through an ERK-de-
pendent pathway. Taken together, our results show that CYR61
up-regulates BMP-2 mRNA and protein expression, resulting in
enhanced cell proliferation and osteoblastic differentiation
through activation of the o, f3; integrin/integrin-linked kinase/
ERK signaling pathway.
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Bone is a mineralized tissue that underlies multiple mechan-
ical and metabolic functions of the skeleton (1). Bone func-
tions include maintaining blood calcium levels, providing
mechanical support to soft tissues and serving as levers for
muscle action, supporting hematopoiesis, and housing the
brain and spinal cord (2). Formation and maintenance of
bone tissue are regulated in a sophisticated fashion by bone-
forming osteoblasts and bone-resorbing osteoclasts (3). De-
velopment and differentiation of these two cell types are
under tight regulation by a number of endogenous sub-
stances such as hormones, growth factors, and cytokines (4).
These factors are individually secreted through endocrine,
paracrine/autocrine, and neurocrine systems, with subse-
quent interaction essential to the delicate balance between
bone-forming and -resorbing cells in the marrow microen-
vironment. An imbalance between the two cell types leads to
pathogenesis of certain bone diseases including osteopetro-
sis and osteoporosis (5, 6).

Osteoporosis is the most common human metabolic bone
disorder characterized by progressive and age-dependent bone
loss and increasing bone fracture risk. It is an important public
health issue in postmenopausal women; if untreated, more than
half of white women will experience fractures during their life-
time. Between 30 and 50% of women and 15-30% of men will
suffer a fracture related to osteoporosis in their lifetime (7).
Fractures increase morbidity and mortality and impose a finan-
cial burden on the community (8). A most compelling thera-
peutic need for osteoporosis at the present time is a drug that
will substantially increase bone formation. The use of an ana-
bolic agent that stimulates bone formation, restores trabecular
bone microarchitecture, and rebuilds bone that has been lost,
possibly in conjunction with an inhibitor of bone resorption,
would be an ideal therapeutic approach for patients. Therefore,
it is clearly necessary to identify novel molecular targets to de-
velop bone-forming drugs aimed to combat osteoporosis by
rebuilding the lost bone.

Multiple anabolic signaling pathways are positively involved
in controlling bone formation, such as bone morphogenetic
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protein (BMP),® Wnt, and Runx2 pathways. Among the BMP
family, BMP2 is the best documented bone growth factor
that stimulates osteoblast differentiation and bone forma-
tion (9). Genetic manipulation studies suggest that BMP2
is critical for postnatal bone formation (10). Aging studies
have found that production and bone-forming activity of
BMP2 are both significantly decreased in aged bones (11, 12). In
human, BMP2 was recently recognized as an osteoporosis-as-
sociated gene through human polymorphism studies (13). Col-
lectively, these findings suggest that decay of BMP2 function,
which leads to an inhibition of bone formation, is one molecular
mechanism that contributes to the development of osteoporo-
sis with aging. Therefore, BMP2 has become an ideal target
for drug development (14 -17). BMP2 gene expression is tran-
scriptionally regulated through various intracellular mecha-
nisms that constitute a complex cross-talk between multiple
signaling pathways, including estrogen receptors (18), PGE2
(19), HOXal3 (20), retinoic acid (21), 1,25(OH) vitamin D3
(19), hedgehog/Gli (22), Wnt/B-catenin (23) and BMP/Smad
(24), responsible for regulation of osteoblast functions. How-
ever, the precise mechanisms by which some of these pathways,
such as 1,25-(OH) vitamin D3 and Wnt/B-catenin, regulate
BMP2 expression in osteoblasts need to be well elucidated.
Recent evidence has indicated that cysteine-rich protein 61
(CYR61), a member of the connective tissue growth factor/cys-
teine-rich 61/nephroblastoma overexpressed (CCN) family
(25), may play a important role in regulating BMP2 expression
in osteoblasts by mediating the effects of 1,25-(OH) vitamin D3
and Wnt/B-catenin on BMP2 genes.

CYR61 is the first cloned member of the CCN family, an
immediate early gene family consisting of six members with
homologous DNA sequence that exhibit diverse cellular func-
tions such as regulation of cell division, chemotaxis, adhesion,
motility, tumorigenesis, angiogenesis, and ion transport (26—
34). Interestingly, in vitro evidence has suggested that CYR61,
as an extracellular signaling molecule in bone (35), plays
an essential role in maintaining normal osteoblast functions,
including osteogenic commitment of mesenchymal cells (36,
37), proliferation and maturation of osteoblast precursor cells
(37, 38), and migration of osteoblastic cells (37, 39). In osteo-
blastic cells, CYR61 mRNA expression is up-regulated by 1,25-
(OH) vitamin D3 (36) and the canonical Wnt signaling (37),
Both 1,25-(OH) vitamin D3 and Wnt signaling are important
for osteoblast differentiation of mesenchymal stem cells. Be-
cause these two mechanisms were found to induce BMP2 gene
expression in osteoblasts (19, 23) and BMP2 is a critical fac-
tor responsible for osteoblast differentiation, we hypothe-
sized that, as a positive extracellular signaling protein,
CYR61 controls osteoblast functions by regulating BMP2
gene expression in osteoblasts. This study was designed to
test this hypothesis and also determine the precise signaling

3 The abbreviations used are: BMP, bone morphogenetic protein; CCN family,
connective tissue growth factor/cysteine-rich 61/nephroblastoma-over-
expressed family; CYR61, cysteine-rich protein 61; rCYR61, recombinant
CYR61; ILK, integrin-linked kinase; GSK3, glycogen synthase kinase 33;
qPCR, quantitative real-time PCR; aMEM, a-minimal essential medium;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ALP,
alkaline phosphatase.
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mechanisms involved in CYR61 regulation of BMP2 tran-
scription in osteoblasts.

In the current work we found that CYR61 increases cell
proliferation and osteoblastic differentiation; these results
fit in with previous studies (36 -39). We also provide the
novel molecular mechanisms involved in CYR61-mediated
osteogenic effects in this study. BMP-2-dependent phenome-
non is critical for CYR61-induced osteogenic effects in fetal
mouse pre-osteoblast MC3T3-E1 cells and primary cultured
osteoblast cells. In addition, &, (B, integrin/integrin-linked ki-
nase (ILK)/extracellular signal-regulated kinase (ERK) signal-
ing pathways are involved in CYR61-mediated induction of
BMP-2 expression and subsequent cell proliferation and osteo-
blastic differentiation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Anti-mouse BMP-2 antibody,
BMP-2 ELISA kit, and noggin were purchased from R&D
Systems (Minneapolis, MN). Anti-a-tubulin antibody, anti-
pERK1/2 or ERK1 antibodies, anti-pAKT1/2/3 (ser-473) or
total AKT-1 antibodies, anti-pJNK or JNK antibodies, anti-p-
p38 or total p38 antibodies, and protein A/G beads were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
Recombinant CYR61 protein was purchased from Abnova
(Taipei, Taiwan). Chemicals, anti-B-actin antibody, and an
Alkaline Phosphatase activity kit were purchased from Sigma.
An in vitro osteogenesis kit and « fB; neutralizing antibody
were purchased from Chemicom (Temecula, CA). Rabbit poly-
clonal antibody for ILK was purchased from Upstate Biotech-
nology (Lake Placid, NY). Rabbit polyclonal antibody for glyco-
gen synthase kinase 33 (GSK3B) and phosphor-GSK3p were
purchased from Cell Signaling Technology (Beverly, MA).

Cell Culture—MC3T3-E1 cells were purchased from ATCC
(Manassas, VA) and grown in «aMEM (Invitrogen, catalog no.
001008-3D], Invitrogen) containing 10% FBS, 100 units/ml
penicillin, and 100 ug/ml streptomycin. Medium was changed
every 48 h. Murine primary osteoblastic cells (pOB cells) were
prepared as described previously (40). Calvaria were dissected
from murine fetuses, divided into small pieces, and treated with
0.1% type I collagenase solution for 10 min at 37 °C. The next
two 20-min sequential collagenase digestions were pooled and
filtered through 70-um nylon filters (Falcon, NJ). Cells were
grown on plastic cell culture dishes in 95% air, 5% CO, with
aMEM that was supplemented with 20 mm HEPES and 10%
heat-inactivated fetal calf serum (FCS), 2 mm glutamine, peni-
cillin (100 units/ml), and streptomycin (100 ug/ml). The char-
acteristics of osteoblasts were confirmed by morphology and
expression of AP enzymatic activity.

MTT Assay—Growth rates of recombinant CYR61 (rCYR61)-
treated MC3T3-E1 cells were determined using MTT as a sub-
strate. The MTT assay is based on the activity of mitochondrial
dehydrogenases, which reduce the water-soluble tetrazolium
salt to a purple insoluble formazan product. The amount of
MTT formazan product was analyzed spectrophotometrically
at a wavelength of 570 nm. Each individual experiment was
repeated at least three times.

Colony Formation Assay—Aliquots of 1000 cells were seeded
into six-well culture dishes. The next day cells were exposed to
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recombinant CYR61 protein in serum-free medium at the
appropriate times. Cells were washed and further incubated
with 2% FCS medium until further analysis. After incubation
for 7 days, cells were washed with 1 X PBS and fixed with meth-
anol at room temperature for 10 —20 min. After washing with 1x
PBS again, cells were stained with 0.1% crystal violet, PBS, and
colonies were counted. All experiments were carried out in
triplicate.

Boyden Chamber Assay—Migration assays were performed
using modified Boyden chambers with filter inserts for 24-well
dishes containing 8-um pores (Nucleopore Corp, Pleasanton,
CA). Cells (2 X 10*) were plated into 100 ul of complete «MEM
in the upper chamber, and the lower chamber was filled with 1
ml of MEM with various doses of rCYR61 or PBS. After 12 hin
culture, cells were fixed in methanol for 15 min and stained with
0.05% crystal violet in PBS for 15 min. Cells on the upper side of
filters were removed with cotton-tipped swabs, and filters were
washed in PBS. Cells on the underside of filters were viewed and
counted under a microscope (type 090-135.001, Leica Micro-
systems, Wetzlar, Germany). Each clone was plated in triplicate
in each experiment, and each experiment was repeated at least
three times.

Wound-healing Migration Assay—For the wound-healing
migration assay, cells were seeded on 12-well plates at a density
of 1 X 10° cells/well in culture medium. At 24 h after seeding,
the confluent monolayer of culture was scratched with a fine
pipette tip, and migration was visualized by microscope and
magnification. The rate of wound closure was observed at the
indicated time.

Differentiation Assay—To induce differentiation, confluent
MC3T3-E1 cells were transferred to differentiation medium
(«MEM supplemented with 10% FCS, 100 units/ml penicillin,
100 wg/ml streptomycin, 0.2 mM ascorbic acid (Sigma), and 10
mM f3-glycerol phosphate (Sigma) Osteogenesis was deter-
mined by staining with Alizarin red solution. Cells were washed
with PBS or Hanks’ balanced salt solution and then fixed with
70% ethanol for 15 min. After fixation, cells were rinsed three
times with distilled water for 10~15 min each time. One ml of
Alizarin red solution was added into the well followed by incu-
bation at room temperature for at least 20 min. Excess dye was
removed, and then cells were washed four times with deionized
water. Differentiated cells containing mineral deposits stained
bright red with Alizarin red solution. After photography, bound
staining was eluted with 10% (w/v) cetylpyridinium chloride,
and Alizarin red solution in samples was quantified by mea-
suring absorbance at 550 nm and calculated according to a
standard curve. One molar Alizarin solution selectively binds
about 2 mol of calcium.

ALP Activity Assay—MC3T3-E1 cells were cultured in cMEM
containing 50 ug/ml vitamin C and 10 mm 3-glycerophosphate
for 2 weeks, with medium changed every 3 days. After 14 days,
cells were harvested in 1 ml of 0.2% Nonidet P-40, and the cell
suspension was disrupted by sonication. After centrifugation at
1500 X g for 5 min, ALP activity in the supernatant was mea-
sured using the method of Lowry et al. (41).

Total RNA Extraction and RT-PCR—Total RNA was isolated
using Trizol reagent according to the manufacturer’s instruc-
tions. Total RNA (5 ug) was reverse-transcribed into single-
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stranded cDNA using a Moloney murine leukemia-virus
reverse transcriptase and random hexamers (Promega, Madi-
son, WI). Primers were used at a final concentration of 0.5 um.
The reaction mixture was first denatured at 95 °C for 5 min.
The cDNAs were amplified with the forward (F) and reverse (R)
primers by PCR as described. The primer sequences for BMP-2
were 5'-CCAAGAGACATGTGAGGATT-3' (F) and 5'-TTA-
GTGGAGTTCAGGTGGTC-3' (R). The primer sequences
for BMP-4 were 5'-ACGACTACTGGACACCAGAC-3' (F)
and 5'-GTTGGTTGAGTTGAGGTGAT-3" (R). The primer
sequences for BMP-6 were 5'-GACATCACAGCAACTAG-
CAA-3' (F) and 5'-AGGAACACTCTCCATCACAG-3" (R).
The primer sequences for BMP-7 were 5'-GCTTACAGCTC-
TCTGTGGAG-3' (F) and 5'-GGTTGATGAAGTGAACA-
AGT-3' (R). The primer sequences for BMP-9 were 5'-TACC-
ACTATGAGGGGATGAG-3' (F)and 5'-CTATGAGCCACA-
GGAGAGTC-3' (R). The primer sequences for GAPDH were
5'-CTCACTCAAGATTGTCAGCA-3' (F) and 5'-GTCATC-
ATACTTGGCAGGTT-3’ (R). PCR conditions were 30 cycles
of 95 °C for 30's, 52 °C for 30 s, and 72 °C for 1 min followed by
72 °C for 10 min. PCR products were visualized by ethidium
bromide staining after agarose gel electrophoresis.

Quantitative Real-time PCR—Quantitative real-time PCR
(qPCR) analysis was carried out using Tagman one-step PCR
Master Mix (Applied Biosystems, Foster City, CA). One hun-
dred nanograms of total cDNA were added per 25 ul reaction
with sequence-specific primers and Tagman probes. Sequences
for all target gene primers and probes were purchased commer-
cially (GAPDH was used as internal control) (Applied Biosys-
tems). The qPCR assays were carried out in triplicate on an ABI
Prism 7900 sequence detection system. Cycling conditions
were 10 min of polymerase activation at 95 °C followed by 40
cycles at 95 °C for 15 s and 60 °C for 60 s. The threshold was set
above the non-template control background and within the lin-
ear phase of target gene amplification to calculate the cycle
number at which transcript was detected (denoted C.).

Western Blot Analysis—MC3T3-E1 cells were incubated in
serum-free «MEM during treatment with rCYR61 (100 ng/ml),
and cells were lysed in radioimmune precipitation assay buffer
(50 mm Tris-HCI, pH 7.5, 120 mMm NaCl, 0.5% Nonidet P-40, 100
mm NaF, 200 mm Na3VO4, 1 mm phenylmethylsulfonyl fluo-
ride, 1 ug/ml leupeptin, and 1 ug/ml aprotinin) for 15 min on
ice. Cellular lysates were prepared as described previously (48).
An equal quantity of protein from cell lysates was resuspended
in gel sample buffer, resolved by 10% SDS-polyacrylamide gel
electrophoresis, and transferred to nitrocellulose membranes
(Millipore). After blocking, blots were incubated with specific
primary antibodies, and after washing and incubating with sec-
ondary antibodies, immunoreactive proteins were visualized
using an enhanced chemiluminescence detection system (GE
Healthcare). Where indicated, membranes were stripped and
reprobed with another antibody.

Assay of BMP-2—BMP-2 ELISA kits were used to detect
BMP-2 levels. Briefly, cells were treated with various concen-
trations of rCYRG61 for the indicated time. Culture medium
was collected for measurement of BMP-2. Samples were
placed in 96-well microtiter plates coated with monoclonal
detective antibodies and incubated for 2 h at room tempera-
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FIGURE 1. Recombinant CYR61 protein induces proliferation, migration, and osteoblastic differentiation of
MC3T3-E1 cells. A, treatment with rCYR61 increased proliferation per MTT assay is shown. After treatment at various
doses, growth rates were measured by MTT assay. B, treatment with rCYR61 increased proliferation per colony
counts. After 7 days colonies were stained with crystal violet and counted. C, migration ability of MC3T3-E1 cells
increased after rCYR61 treatment. Cells that migrated were stained with crystal violet and counted (upper). Cells
were incubated with 100 ng/mlrCYR61 in Transwell plates for indicated times. Cells that migrated were stained with
crystal violet and counted (lower). D, treatment with rCYR61 increased wound-healing migration. Still images were
captured at the indicated times after wounding, and then cells were counted. E, cells were incubated with rCYR61 in
theindicated doses. After 14 days cells were stained with Alizarin red (upper). The quantitative data of mineralization
ability are shown in the lower panel. F, ALP activity assay identified osteoblastic differentiation of MC3T3-E1 and
primary cultured osteoblasts after rCYR61 treatment. Cells were incubated with rCYR61 in the indicated doses. After
14 days, cells were collected to determine ALP activity. The upper panel indicates enzyme activity of MC3T3-E1 cells;
the lower panel indicates enzyme activity of primary cultured osteoblasts (OB). Each experiment was performed in
triplicate, and results represent the mean = S.D. of three independent experiments. The asterisks indicate a signifi-
cant difference (¥, p < 0.05; **, p < 0.01; ***, p < 0.001) between rCYR61 treatment and vehicle treatment cells.
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ture. After removing unbound
material by washing with washing
buffer (50 mm Tris, 200 mm NaCl,
and 0.2% Tween 20), horseradish
peroxidase-conjugated streptavidin
was added to bind to the antibodies.
Horseradish peroxidase catalyzed
conversion of the chromogenic sub-
strate (tetramethylbenzidine) to a
colored solution, with color inten-
sity proportional to the amount of
protein present in the sample. The
absorbance of each well was mea-
sured at 450 nm. Results are pre-
sented as the percentage of change
in activity compared with activity in
untreated controls.

ILK Kinase Assay—ILK enzymatic
activity was assayed in MC3T3-E1
cells lysed in Nonidet P-40 buffer
(0.5% sodium deoxycholate, 1% Non-
idet P-40, 50 mm HEPES, pH 7.4, 150
mM NaCl) as previous reported (42).
Briefly, ILK was immunoprecipi-
tated with ILK antibody overnight
at 4 °C from 250 ug of lysate. After
immunoprecipitation, beads were
resuspended in 30 liters of kinase
buffer containing 1 mg of recombi-
nant substrate (GSK3 fusion pro-
tein) and 200 M cold ATP, and the
reaction was carried out for 30 min
at 30 °C. Phosphorylated substrate
was visualized by Western blot with
phosphor-GSK38 antibody. Total
GSK3p was detected with the ap-
propriate antibody.

Statistical Analysis—Data are pre-
sented as the mean = S.D. Student’s
t test was used to compare data
between groups. All statistical tests
included two-way analysis of vari-
ance. p values of less than 0.05
were considered to be statistically
significant.

RESULTS

Recombinant CYR61 Protein In-
duced Differentiation in MC3T3-
El Cells—In this study we in-
vestigated the role of CYR61 in
osteoblast proliferation and dif-
ferentiation. We found that treat-
ment with rCYR61 protein signifi-
cantly increased proliferation of
mouse osteoblast MC3T3-E1 cells
in a dose-dependent manner to
~200 ng/ml (Fig. 14), after which
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ation and migration of osteoblasts,
we also tested the migrative ability
of MC3T3-E1 cells after treatment
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we found that higher concentrations of rCYR61 decrease the
proliferation of MC3T3-E1 cells (supplemental Fig. 14). The
above data imply that CYR61 may has a biphasic effect
on MC3T3-E1 cell proliferation. The different results of
CYR61 on MC3T3-E1 cell proliferation reported by our
study and that Craig et al. (61) may be caused by the different
experimental conditions and the biphasic effect of CYR61.
Colony formation assay produced similar results (Fig. 1B).
We also treated MC3T3-E1 cells with rCYR61 in a time-de-
pendent manner (0, 24, 48, 72 h) and found that CYR61-in-
duced MC3T3-E1 cells proliferation was detectable at 48 h as
well as 72 h (supplemental Fig. 1B). Because osteoblastic
differentiation is a complicated process that includes prolifer-
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FIGURE 2. Recombinant CYR61 induces BMP-2 expression. A and B, RT-PCR for mRNA of different BMP
family members is shown. The coding regions of cDNA were used as probes as indicated under “Experi-
mental Procedures.” A GAPDH probe was used as an internal control for RNA quantity. C, MC3T3-E1 cells
were incubated with rCYR61 for 8 h, after which mRNA expression of BMP-2 was determined using qPCR.
D, shown is Western blot analysis of BMP-2 protein expression in MC3T3-E1 cells. Total proteins were
extracted from cells and probed with polyclonal antibody specific for BMP-2. Each lane contains 80 ug of
total protein. The internal loading control was B-actin. E, shown is an ELISA assay of BMP-2 protein
expression in MC3T3-E1 cells (left) and primary cultured osteoblasts (right). MC3T3-E1 cells were incu-
bated with the indicated dose of rCYR61 for 24 h. The protein secreted into conditioned medium was
determined by BMP-2 ELISA assay kit. All the results except those in D are expressed as the means = S.E.
Each assay was performed in three separate experiments. The asterisk indicates p < 0.05 between rCYR61

ferentiation. We examined expres-
sion levels of members of the BMP
family by RT-PCR in MC3T3-E1
osteoblast cells in response to
rCYR61 treatment. Treatment with
rCYR61 stimulated BMP-2 expres-
sion in a time-dependent manner by
RT-PCR and Western blot analysis
(Fig. 2, A and D). A significant in-
crease in BMP-2 mRNA could be
detected as early as 2 h after rCYR61
treatment. Elevation of BMP-2
mRNA was maximal at 8 h and lasted until 24 h after treatment.
Expression level of other BMP mRNAs, such as BMP-4, -6,
-7, and -9, were not significantly affected by rCYR61 (Fig.
2A). In addition, the stimulatory effect of rCYR61 on BMP-2
expression was dose-dependent in the range between 10 and
200 ng/ml (Fig. 2, B and C). The BMP-2 protein expression
level in response to rCYR61 treatment was increased at
4~24 h after treatment (Fig. 2D). Furthermore, we found
rCYR61 induced BMP-2 secretion into cultured medium of
both MC3T3-E1 cells and primary osteoblasts by BMP-2
ELISA assay (Fig. 2E). These data indicate that rCYR61
induces expression of BMP-2 in osteoblast cells in a time-
and dose-dependent manner.
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FIGURE 3. BMP-2 is critical for CYR61-mediated osteoblastic differentiation. A, cells were incubated with rCYR61 and BMP-2 neutralizing antibodies for the
indicated times in 24-well plates. Growth rates were measured by MTT assay. B, cells were incubated with rCYR61- and BMP-2-neutralizing antibodies or with Noggin
for the indicated doses in Transwell plates. Migrated cells were stained and counted. C, MC3T3-E1 cells were incubated with rCYR61- and BMP-2-neutralizing antibod-
ies in the indicated doses. Cells were stained with Alizarin red (upper). The quantitative data are shown in the lower panel. D, MC3T3-E1 cells were incubated with
rCYR61- and BMP-2-neutralizing antibodies in indicated doses. Cells were assayed with ALP activity assay kit. £, MC3T3-E1 cells were incubated with rCYR61 and
Noggin in the indicated doses. Cells were assayed with ALP activity assay kit. Each assay was performed in three independent experiments. The asterisk indicates p <
0.05 between rCYR61 treatment and vehicle treatment cells. The # symbol indicates a significant difference (p < 0.05) between BMP-2 monoclonal antibody treatment
and rCYR61 treatment cells.
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FIGURE 4. Knockdown of BMP-2 inhibits CYR61-induced osteoblastic differentiation. A, MC3T3-E1 cells were transfected with BMP-2 or control
siRNA for 24 h, after which protein levels of BMP-2 were examined using Western blot analysis. B, MC3T3-E1 cells were transfected with BMP-2 or control
siRNA for 24 h followed by stimulation with CYR61 for 24h, after which secreted protein levels of BMP-2 were examined using an ELISA assay.
C, MC3T3-E1 cells were transfected with BMP-2 or control siRNA for 24 h followed by stimulation with CYR61 for 24 h, then proliferation was measured
with an MTT assay. D, MC3T3-E1 cells were transfected with BMP-2 or control siRNA for 24 h followed by stimulation with CYR61, after which osteoblastic
differentiation was measured with ALP activity assay after 14 days. Each assay was performed in three independent experiments. The asterisk indicates
p < 0.05 between rCYR61 treatment and vehicle treatment cells. The # symbol indicates a significant difference (p < 0.05) between BMP-2 monoclonal

antibody treatment and rCYR61 treatment cells.

BMP-2 Is Critical for CYR61-mediated Osteoblastic Dif-
ferentiation—To determine whether induction of BMP-2 is
critical for CYR61-mediated osteogenesis, the inhibitory
effect of BMP-2 neutralizing antibody on rCYR61-induced
MC3T3-E1 osteoblast cell migration, proliferation, and differ-
entiation was investigated. Our data showed that rCYR61-in-
duced osteoblast proliferation and migration activity were sig-
nificantly decreased after treatment with neutralizing BMP-2
antibodies for indicated times and dosages (Fig. 3A). Further
evidence showed that CYR61-induced migration of osteoblast
cells was also inhibited by the BMP-2 inhibitor Noggin (Fig. 3B).
These observations suggest that CYR61-induced osteoblast
proliferation and migration may be due to BMP-2 expression.
In the in vitro differentiation assay, CYR61-induced bone min-
eralization was inhibited by neutralizing BMP-2 antibodies in a
dose-dependent manner (Fig. 3C). In an ALP activity assay,
both BMP-2 neutralizing antibody and Noggin inhibited
rCYR61-induced ALP activity in osteoblast cells (Fig. 3, D and
E). To further confirm the role of BMP-2 in rCYR61-mediated
osteoblastic function, MC3T3-E1 cells were treated with BMP-
2-specific siRNA or control siRNA. Western blot and ELISA
analysis showed that expression levels of BMP-2 protein were
significantly suppressed by transfection with BMP-2 siRNA
(Fig. 4, A and B). Treatment with BMP-2 siRNA also reduced
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CYR61-induced proliferation and differentiation of MC3T3-E1
osteoblast cells (Fig. 4, C and D). The above data show that
rCYR61 induces proliferation, migration, and differentiation of
osteoblast cells via a BMP-2-dependent pathway.
CYR61-induced BMP-2 Expression and Subsequent Osteo-
genesis Were Dependent on Integrin o, 35 Receptor—According
to previous study, MC3T3-E1 cells express integrin receptor «,,
a,, 3, and B;, and CYR61 is the ligand of integrin af3;, o B,
a,Bs, and oyB; (44). This implies that CYR61 may affect
MC3T3-E1 cells through integrins a 35 or a (5. To examine
this hypothesis, MC3T3-E1 cells were treated with anti-a f35
and anti-« 5 inhibitory monoclonal antibodies to evaluate
which integrin was involved in CYR61-induced BMP-2 expres-
sion and subsequent osteogenesis. Pretreatment of cells for 30
min with anti-a,8; but not anti-a 3 inhibitory monoclonal
antibody markedly inhibited CYR61-induced BMP-2 mRNA
and protein expression using qPCR analysis (Fig. 54), ELISA
assay, and Western blot analysis (Fig. 5B). Treatment with
cyclic (RGD) peptides, which has been reported to bind «, 35
at high affinity and block its function (45), but not treatment
with low «, 3, binding affinity (RAD) peptides, also inhibited
CYR61-induced BMP-2 protein expression (supplemental Fig.
2). CYR61-induced increases in proliferation and migration
ability as well as differentiation activity of MC3T3-E1 osteo-
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FIGURE 5. Integrin «,3; is involved in CYR61-induced BMP-2 expression and osteoblastic differentia-
tion. A, cells were pretreated with «,8; «,Bs, and IgG control antibody (10 ug/ml) for 30 min followed by
stimulation with CYR61 (100 ng/ml) for 24 h, then mRNA levels of BMP-2 were determined using qPCR assay.
B, cells were pretreated with «, 85 85 and IgG control antibody (10 g/ml) for 30 min followed by stimulation
with CYR61 (100 ng/ml) for 24 h, then protein levels of BMP-2 were determined using ELISA assay and Western
blot analysis. C, cells were incubated with rCYR61 and «, 35 neutralizing antibodies at the indicated doses in
24-well plates. Growth rates were measured by MTT assay. D, cells were incubated with rCYR61 and «, 35
neutralizing antibodies for the indicated times in Transwell plates. Migrated cells were stained and counted.
E, cells were incubated with rCYR61 and «, 35 neutralizing antibodies for the indicated number of days. Cells
were stained with Alizarin red. The quantitative data of mineralization ability are shown in the lower panel. Each
assay was performed in three independent experiments. The asterisk indicates p < 0.05 between rCYR61
treatment and vehicle treatment cells. The # indicates a significant difference (p < 0.05) between «, 35 anti-

body treatment and rCYR61 treatment cells.

blast cells were decreased by treatment with integrin «, B,
inhibitory antibody in a dose-dependent manner (Fig. 5, C-E).
This evidence taken together shows that «, 3, integrin is critical
for CYR61-induced bone differentiation through a BMP-2-de-
pendent pathway.

ILK/ERK Pathway Is Required for CYR6I1-induced BMP-
2 Expression and Osteoblastic Differentiation—ILK has been
shown to be capable of regulating integrin-mediated signaling
and biological functions such as cell spreading, migration, inva-
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effect on rCYR61-induced BMP-2
protein secretion (Fig. 6E) and ALP
activity (Fig. 6F).

It has been reported that BMP-
2 expression in osteoblasts is reg-
ulated by MAPK and PI3K/Akt
pathways (48, 49). Thus, we used
Western blotting assay to check
the phosphorylation status of some
candidate signaling molecules, in-
cluding JNK, p38, ERK, and Akt. As
shown in Fig. 7A, treatment of
MC3T3-E1 cells with rCYR61 in-
creased ERK phosphorylation but
not phosphorylation of JNK, p38, or
Akt. Moreover, pretreatment with
U0126 and PD98059 (MEK inhi-
bitor) deceased CYR61-stimulated
BMP-2 protein expression by ELISA
assay (Fig. 7B). We further exam-
ined whether the ERK pathway is
involved in CYR61-mediated osteo-
blastic function of MC3T3-E1 cells.
CYR61-induced MC3T3-E1 osteo-
blastic differentiation was inhibited not only by treatment with
ERK inhibitors but also by transfection of an ERK inactive
mutant form-expressing vector (Fig. 7, C and D). Furthermore,
we found that CYR61-mediated ERK phosphorylation was
inhibited by treatment with ILK-specific siRNA or the ILK
chemical inhibitor KP392 (Fig. 7E). These results indicate that
the & fB; integrin/ILK/ERK pathways are involved in CYR61-
induced BMP-2 up-regulation and subsequent osteoblastic dif-
ferentiation in MC3T3-E1 osteoblast cells.
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FIGURE 6. ILK activity is involved in CYR61-induced BMP-2 expression and osteoblastic differentiation.
A, cells were incubated with rCYR61 (100 ng/ml) for the indicated times. Cell lysates were collected and ana-
lyzed by immunoprecipitation (IP)/immunoblotting (anti-ILK/anti-p-GSK3p). The internal loading control was
GSK3p. The quantitative data are shown in the bottom. B, cells were pretreated with «, 85 antibody (10 wg/ml)
and RGD (100 nm) for 30 min followed by stimulation with CYR61 (100 ng/ml) for the indicated times. Cell
lysates were then collected and analyzed by immunoprecipitation/immunoblotting (anti-ILK/anti-p-GSK3p).
The internal loading control was GSK3 . Quantitative data are shown in the bottom. C, cells were incubated
with rCYR61 (100 ng/ml) and ILK inhibitor KP392 at the indicated doses. The mRNA levels of BMP-2 were
determined using gPCR (left), and the protein levels were determined using ELISA assay (right). D, cells were
incubated with rCYR61 (100 ng/ml) and ILK inhibitor KP392 at the indicated doses. Osteoblastic differentiation
was examined using an ALP activity assay. E, cells were transfected with control and ILK siRNA for 24 h. ILK
protein level was determined using Western blot analysis (left panel). BMP-2 protein level was determined
using an ELISA assay (right panel). F, cells were transfected with ILK siRNA at indicated doses and incubated with
CYR61 (100 ng/ml) for the indicated times. Osteoblastic differentiation was determined using an ALP activity
assay. Each assay was performed in at least three independent experiments. The asterisk indicates p < 0.05
between rCYR61 treatment and vehicle treatment cells. The # symbol indicates significant difference (p < 0.05)
between KP392 or silLK treatment and rCYR61 treatment cells.

DISCUSSION

of human CYR61 protein are very
similar to mouse CYR61 protein
(35), our experimental model seems
to be appropriate. It has been
reported that BMP-2 can induce
expression of several CCN family
proteins such as CYR61, Connective
Tissue Growth Factor, WISP1, and
WISP2 (50). Our results show for
the first time that CYR61 can also
actas an inducer to enhance BMP-2
expression in osteoblast cells (Fig. 2).
Taking together our data and the data
of others, we hypothesize there
might be a feedback regulatory loop
between CYR61 and BMP-2 or fur-
ther CCN family and BMP family
members. Feedback mechanism
and other biological functions
require further examination.

BMPs play an important role in
bone tissue formation and remodel-
ing (51). It has been well docu-
mented that stimulation of osteo-
blastic differentiation is characterized
mainly by increased expression of AP,
type I collagen, and osteocalcin (51).
BMP-2 has been shown to activate
SMAD signaling, but it inhibits the
p38 MAPK and PI3K/p70 S6K sig-
naling pathway, which is involved in
osteoblastic differentiation (52, 53).
Our study indicates that production
of BMP-2 increased in rCYR61-
treated MC3T3-E1 cells and that
treatment with BMP-2-neutralizing
antibody or BMP-2-specific siRNA
can inhibit MC3T3-E1 osteoblastic
cell proliferation, migration, and
differentiation.

Integrin-linked kinase (4) was
discovered in 1996; its kinase activ-

In this study with osteoblasts, elevation of BMP-2 mRNA and
protein levels followed recombinant CYR61 protein treatment
through integrin «,3; receptor induction of the ILK and ERK
signaling pathway. Our findings provide the first evidence that
BMP-2-dependent osteoblastic differentiation may be regu-
lated by CYR61, providing a link and molecular mechanism
between CCN family and BMP family proteins in the physiol-
ogy of bone.

CCN proteins are known to be involved in development,
homeostasis, and repair of mesenchymal tissues. CCN pro-
teins have four modules; they are an insulin-like growth
factor-binding protein domain (module I), a Von Willebrand
factor domain (module II), a thrombospondin-homology
domain (module III), and a cysteine knot, heparin bind-
ing domain (module IV). Because the amino acid sequences
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ity is stimulated by integrins and soluble mediators including
growth factors and chemokines (46). The same paper reported
that the function of ILK in bone formation is promotion of
chondrocyte proliferation, adhesion, and spreading. However,
the role of ILK in osteoblastic differentiation is still unclear (46).
We present in this study the first evidence to show that ILK also
plays a critical role in CYR61-mediated BMP-2 expression
and subsequent osteoblastic differentiation (Fig. 6). Previous
research showed that ILK was not required for some specific
conditions, such as cyclic strain-mediated ERK1/2 activation
(54). In our study we found ILK is involved in CYR61-mediated
ERK activation. This discrepancy may be due to different cell
types as well as different experimental conditions. It has been
reported that ILK modulates cell spreading, migration, and
cytoskeletal organization by activating p21-Activated Kinase
interactive exchange factor («-PIX, also known as ARHGEF6),
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role in cell replication during osteo-
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FIGURE 7. CYR61-induced ERK phosphorylation is essential for BMP-2 expression and osteoblastic dif-
ferentiation. A, cells were plated at 5 X 10° in 6-cm plates. After a 24-h starvation, rCYR61 at 100 ng/ml was
added to MC3T3-E1 cells for the indicated times. Whole cell extracts were prepared, and 40 n.g total protein of
lysate was subjected to Western blot analysis using antibody against phosphorylated ERK (p-ERK), phosphor-
ylated AKT (p-Akt), phosphorylated JNK (p-JNK), and phosphorylated p38 (p-p38). The Western blot was
stripped and probed with antibody against total ERK, AKT, JNK, p38 (ERK1, AKT1, JNK1, and p38) to confirm that
the same amounts of whole-cell extracts were analyzed. B, cells were incubated with rCYR61 (100 ng/ml) and
MEK inhibitor PD98059 and U0126 at the indicated doses. BMP-2 protein level was determined using an ELISA
assay. C, cells were incubated with rCYR61 (100 ng/ml) and MEK inhibitor PD98059 and U0126 at the indicated
doses. Osteoblastic differentiation was determined using an ALP activity assay. D, cells were transfected with
ERK-mutated vector at indicated doses followed by stimulation with rCYR61 (100 ng/ml). Osteoblastic differ-
entiation was determined using an ALP activity assay. E, cells were transfected with ILK siRNA or KP392 at the
indicated doses and incubated with CYR61 (100 ng/ml) for the indicated times. The phosphorylation activity of
ERK was determined using Western blot analysis. Each assay was performed in at least three independent
experiments. The asterisk indicates p < 0.05 between rCYR61 treatment and vehicle treatment cells. The #
symbol indicates significant difference (p < 0.05) between inhibitors or ERK mutant vector treatment and

rCYR61 treatment cells.

a guanine-nucleotide exchange factor for Racl and Cdc42 (55).
Other studies have indicated that Rac/Cdc42 activates the ERK
pathway and promotes cell migration (56). Considering previ-
ous studies and our current data raises the possibility that ILK
might regulate ERK through indirect interaction.

The ERK1/2 signaling pathway is important in osteoblast cell
proliferation and differentiation (57, 58). A number of studies
have reported that ERK is an important mediator of BMP-2-
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Cyr61 up-regulates «,3; and binds
to it to activate ERK1/2 MAPK, thus
promoting cell proliferation and
survival (60). In the present study,
integrin « B, was proven able to
regulate rCYR61-induced BMP-2
expression, osteoblast cell prolif-
eration and migration, and osteo-
blastic differentiation (Fig. 5). Fur-
thermore, blockade of integrin
a5 inhibited ERK1/2 phosphory-
lation and BMP-2 protein expres-
sion. Thus, these results indicate
that rCYR61-induced BMP-2-de-
pendent osteoblastic differentiation
is mediated through integrin o, 35
In addition to the BMP path-
way that we have demonstrated
here to be involved in CYR61 ac-
tion on osteoblasts, the canonical
Wnt pathway is also an important
regulator of CYR61 activity in bone
cells, as we described in the Intro-
duction (37, 39). It has been
reported that Wnt3a treatment sig-
nificantly increased CYR61 mRNA
levels in osteoblast-like cells (37), suggesting that CYR61 is
potential downstream target of the Wnt signaling in controlling
osteoblast maturation. Previously, we have found that the Wnt/
B-catenin signaling pathway is a powerful enhancer of BMP2
gene expression in osteoblasts (23). However, we were not able
to identify the functional binding site(s) in the BMP2 promoter
responsible for B-catenin/TCF4 transactivation. Based on the
results of current study, we reason that the stimulation of BMP2
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expression by Wnt signaling in osteoblasts is likely mediated
through CYR61. Not only regulating CYR61 gene expression,
the recent report of Craig et al. (61) suggests that Wnt pathway
may also directly bind to CYR61 and modulate CYR61 activity
on osteoblasts. They found that Sclerostin, a proven endoge-
nous antagonist that blocks both BMP and Wnt signaling path-
ways by binding to BMP ligands (62, 63) or Wnt receptor LRP5
(64, 65), can directly interact with CYR61 protein and affect
proliferation of mature MC3T3/E1 osteoblast cells. The results
from another study have suggested that Wnt induces osteoblast
differentiation through BMPs, which is blocked by BMP antag-
onist Sclerostin, and the expression of BMP proteins in this
autocrine loop is essential for Wnt-3A-induced osteoblast dif-
ferentiation (66). Given the fact that both Wnt and BMP signal-
ing pathways are extremely critical for osteoblast differentia-
tion and bone formation, we think that, as an active coordinator
in the cross-talk between these anabolic pathways, CYR61 and
its signaling mechanism are a potential molecular target for
identifying drugs that stimulate bone formation.

In summary, BMP-2-dependent osteoblastic differentiation
may be regulated by CYR61 in pre-osteoblastic cells. The effects
of rCYR61 on osteoblast cell maturation are strongly associated
with BMP-2 production followed by ERK1/2 activation. There-
fore, data suggest that rCYR61 may be beneficial in stimulating
osteoblastic activity and promoting formation of bone tissue
through integrin o 8;/ILK/ERK signaling.
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