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Marrow mesenchymal stem cells are pluripotent progenitors that can differentiate into bone, cartilage,
muscle, and fat cells. Wnt signaling has been implicated in regulating osteogenic differentiation of mesenchy-
mal stem cells. Here, we analyzed the gene expression profile of mesenchymal stem cells that were stimulated
with Wnt3A. Among the 220 genes whose expression was significantly changed by 2.5-fold, we found that three
members of the CCN family, CCN1/Cyr61, CCN2/connective tissue growth factor (CTGF), and CCN5/WISP2,
were among the most significantly up-regulated genes. We further investigated the role of CCN1/Cyr61 in
Wnt3A-regulated osteogenic differentiation. We confirmed that CCN1/Cyr61 was up-regulated at the early
stage of Wnt3A stimulation. Chromatin immunoprecipitation analysis indicates that CCN1/Cyr61 is a direct
target of canonical Wnt/�-catenin signaling. RNA interference-mediated knockdown of CCN1/Cyr61 expres-
sion diminished Wnt3A-induced osteogenic differentiation. Furthermore, exogenously expressed CCN1/Cyr61
was shown to effectively promote mesenchymal stem cell migration. These findings suggest that tightly
regulated CCN1/Cyr61 expression may play an important role in Wnt3A-induced osteoblast differentiation of
mesenchymal stem cells.

Mesenchymal stem cells are adherent bone marrow stromal
cells that maintain their self-renewal stem cell phenotype and
give rise to osteogenic, chondrogenic, adipogenic, myogenic,
and fibroblastic lineages (10). Osteoblast lineage-specific dif-
ferentiation of mesenchymal stem cells is an essential process
of bone formation (1, 10, 16). Although not well understood,
osteoblast differentiation from mesenchymal stem cells is a
well-orchestrated process (1, 42, 48). Many factors have been
implicated in regulating osteoblast differentiation and subse-
quent bone formation (55, 57). We have recently demonstrated
that bone morphogenetic protein 2 (BMP-2), BMP-6, and BMP-9
are among the most potent inducers of osteogenic differentiation
both in vitro and in vivo (11, 26, 43, 44). Increasing evidence
suggests that the canonical Wnt signaling pathway may play an
important role in regulating osteoblast differentiation of mesen-
chymal stem cells (2, 9, 13, 20, 25, 27, 40).

The Wnt family consists of a large number of secreted gly-
coproteins that are involved in embryonic development, tissue
induction, and axis polarity (8, 56). Wnt ligands bind to the
frizzled receptorsandcoreceptorsLRP5/6, leading tophosphory-
lation of the disheveled protein, which, through its association

with Axin and the adenomatous polyposis coli tumor suppres-
sor, prevents glycogen synthase kinase 3� (GSK3�) from phos-
phorylating �-catenin. Antagonist Dkk1 competes with Wnt
for binding to LRP5/6. Unphosphorylated �-catenin is stabi-
lized by escaping recognition by �-TrCP, a component of an E3
ubiquitin ligase. Free �-catenin translocates to the nucleus,
where it engages transcription factors LEF/Tcf-4 to activate
expression of downstream genes (39) such as c-Myc, cyclin D1,
peroxisome proliferator-activated protein �, and Wnt1-in-
duced signaling proteins (WISPs) (22, 23, 45, 50, 52, 58).

Wnt proteins may play an important role in osteoblast dif-
ferentiation and osteogenesis (3, 18). Loss-of-function muta-
tions in the LRP5 gene cause the low-bone-mass phenotype of
the autosomal recessive disorder osteoporosis-pseudoglioma
syndrome (19). Conversely, activating mutations of LRP5 re-
sult in the autosomal dominant high-bone-density trait (5, 33).
These findings suggest that balanced function of LRP5 is crit-
ical to osteoblastic proliferation and differentiation. Consistent
with this notion is a recent report in which overexpression of
Dkk1 is associated with the presence of lytic bone lesions in
patients with multiple myeloma (53). We previously demon-
strated that Wnt/�-catenin signaling is frequently activated in
human osteosarcoma, the most common form of primary ma-
lignancy of bone (21), suggesting that a tight regulation of
Wnt/�-catenin activity is important for normal bone formation.

Although numerous Wnt/�-catenin target genes have been
identified (22, 23, 45, 50, 52, 58), it is not clear whether those
targets may play any role in Wnt-induced osteogenic differen-
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tiation. Thus, the identification of early targets regulated by
Wnt signaling in mesenchymal stem cells could lend insights
into the molecular framework of early osteogenesis. In this
report, we demonstrate that Wnt3A induced the activity of
alkaline phosphatase (ALP), a well-established early osteo-
genic marker, in mesenchymal stem cells, which was inhibited
by Dkk1 and dominant-negative Tcf4. An expression profiling
analysis of mesenchymal stem cells stimulated by Wnt3A re-
vealed that CCN1/Cyr61 was among the genes most signifi-
cantly up-regulated by Wnt3A. CCN1/Cyr61 is a member of
the CCN (acronym for Cyr61, connective tissue growth factor
[CTGF], and Nov) family that also includes CCN2/CTGF,
CCN3/Nov, CCN4/WISP1, CCN5/WISP2, and CCN6/WISP3
(4, 6, 7, 30, 38, 49). The CCN proteins are secreted cysteine-
rich multimodular extracellular matrix (ECM) proteins (4, 6, 7,
30, 38, 49). In this study, we demonstrated that CCN1/Cyr61
expression was induced at the early stage of Wnt3A stimulation.
RNA interference (RNAi)-mediated knockdown of CCN1/Cyr61
expression diminished the Wnt3A-induced osteogenic differenti-
ation of mesenchymal progenitor cells. Exogenously expressed
CCN1/Cyr61 was shown to effectively promote mesenchymal
stem cell migration. These findings suggest that tightly regulated
CCN1/Cyr61 expression may play an important role in Wnt3A-
induced early osteoblast differentiation.

MATERIALS AND METHODS

Cell culture and chemicals. HEK293, HCT116, and C3H10T1/2 cell lines were
obtained from the ATCC (Manassas, VA). HEK293 cells were maintained in
complete Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS; HyClone, Logan, UT), 100 units/ml penicillin, and
100 �g/ml streptomycin at 37°C in 5% CO2. C3H10T1/2 cells were maintained in
basal medium Eagle in Earle’s balanced salt solution supplemented with 10% FCS,
100 units/ml penicillin, and 100 �g/ml streptomycin at 37°C in 5% CO2. HCT116
cells were maintained in McCoys 5A (Mediatech) medium supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 �g/ml streptomycin at 37°C in
5% CO2. Unless otherwise indicated, all chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).

Recombinant adenoviral vectors expressing Wnt3A, dnTCF4, Dkk1, and
CCN1/Cyr61. Adenoviral vectors expressing the dominant-negative mutant form
of Tcf4 (dnTcf4), green fluorescent protein (GFP), or Wnt3A were described
previously (23, 24, 34). Adenovirus expressing Dkk1 or CCN1/Cyr61 was gener-
ated using the AdEasy system (24). Briefly, the coding regions of mouse CCN1/
Cyr61 and human Dkk1 were PCR amplified and subcloned into pAdTrack-
CMV, resulting in pAdTrack-CCN1 and pAdTrack-Dkk1, respectively. These
shuttle vectors were used to generate recombinant adenoviruses (i.e., AdCCN1
and AdDkk1) as described previously (24). All PCR-amplified fragments and
cloning junctions were verified by DNA sequencing.

Microarray analysis. Subconfluent C3H10T1/2 cells were seeded in 75-cm2

flasks for 12 h in complete medium supplemented with 0.5% FCS and infected
with AdWnt3A or AdGFP. At 30 h, total RNA was isolated using an RNAgent
Total RNA isolation kit (Promega, Madison, WI) according to the manufactur-
er’s instructions. The microarray analysis was carried out as described previously
(34, 43, 44). Briefly, fully characterized RNA samples were used for target
preparation and subjected to hybridizations to an Affymetrix MG 430A 2.0 chips.
The acquisition and initial quantitation of array images were performed using the
Affymetrix MAS 5.0 with the default parameters. Each sample was normalized to
medium signal intensity before significance analysis of microarray (SAM) anal-
ysis. Normalized and filtered data were subjected to SAM analysis (54). The
clustering analysis was carried out by using dChip 1.3 software (31). The Inge-
nuity Pathways Analysis program (http://www.ingenuity.com/index.html) was
used to further analyze the cellular functions and pathways that were significantly
regulated by Wnt3A in mesenchymal stem cells.

qPCR analysis. Quantitative real-time PCR (qPCR) assays were carried out as
described previously (34, 44). Briefly, 10 �g of total RNA was used for reverse
transcriptase PCR. First-strand cDNA synthesis was performed using a hexamer
and Superscript II (Invitrogen, Carlsbad, CA). The first-strand cDNA products
were further diluted 5- to 10-fold and used as qPCR templates. CCN1/Cyr61

expression was determined by qPCR analysis using oligonucleotides to amplify
the 3� end (approximately 120 bp) of the mouse CCN1/Cyr61 gene (5�-GGA
TGA ATG GTG CCT TGC-3� and 5�-GTC CAC ATC AGC CCC TTG-3�).
SYBR green-based qPCR analysis was carried out by using the Opticon DNA
Engine thermocycler (MJ Research, Waltham, MA). The cycling program was as
follows: 94°C for 2 min for 1 cycle and 30 cycles at 92°C for 20 s, 57°C for 30 s,
and 72°C for 20 s, followed by a plate read at 78°C for each cycle. The specificity
of qPCRs was verified by melting curve analysis and further confirmed by re-
solving the PCR products on 1.5% agarose gels. Tenfold serially diluted pUC19
was used as a standard. Triplicate reactions were carried out for each sample. All
samples were normalized by the expression level of GAPDH (glyceraldehyde-3-
phosphate dehydrogenase).

Western blot analysis. Western blotting was carried out as described previ-
ously (44). Briefly, C3H10T1/2 cells were infected with AdWnt3A or AdGFP. At
the indicated time points, the infected cells were lysed in Laemmli sample buffer
and loaded onto 4 to 20% gradient sodium dodecyl sulfate (SDS)-polyacrylamide
gels. After being resolved by electrophoresis, proteins were transferred onto an
Immobilon-P membrane (Millipore) via electroblotting. The membranes were
blocked with SuperBlock DryBlend blocking buffer in Tris-buffered saline
(Pierce) at room temperature for 1 h and probed with CCN1/Cyr61 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h, followed by a 0.5-h incu-
bation with a secondary antibody conjugated with horseradish peroxidase
(Pierce). The presence of CCN1/Cyr61 was detected by using the SuperSignal
West Pico or West Femto chemiluminescent substrate kit (Pierce). Anti-�-actin
was used for a loading control.

RNAi-mediated silencing of CCN1/Cyr61 expression. The small interfering
RNA (siRNA) pools were produced as described previously (34, 44). Briefly, a
pair of PCR primers (anchored with a T7 promoter sequence at the 5� end of
each primer) was used to amplify mouse CCN1/Cyr61 or GFP (for mouse
CCN1/Cyr61, 5�-GCG TAA TAC GAC TCA CTA TAG CTC CAG CAC CTT
CAG GAC GC-3� and 5�-GCG TAA TAC GAC TCA CTA TAG TCG TCC
AGG GAG TCC TTA ATG-3�; for GFP, 5�-GCG TAA TAC GAC TCA CTA
TAG GTC GAG CTG GAC GGC GAC GTA AAC-3� and 5�-GCG TAA TAC
GAC TCA CTA TAG GCG GCG GTC ACG AAC TCC AGC AGG-3�). The
purified PCR products were subjected to T7 RNA polymerase-mediated in vitro
transcription (Promega). The resultant double-stranded RNAs were subjected to
Shortcut RNase III digestion (New England Biolabs, Beverly, MA). Transfection
of the siRNA cocktails was carried out using Lipofectamine (Invitrogen) accord-
ing to the manufacturer’s instructions.

Determination of alkaline phosphatase activity. Alkaline phosphatase activity
was assessed by the colorimetric assay and/or histochemical staining assay as
previously described (11, 26, 34, 43, 44).

ChIP assay. Approximately 5 � 106 cells were used for each chromatin im-
munoprecipitation (ChIP) assay, and each assay condition was done in duplicate.
Briefly, subconfluent C3H10T1/2 cells were infected with AdWnt3A or AdGFP
for 36 h. Cells were cross-linked with 1% formaldehyde in phosphate-buffered
saline (PBS) at room temperature for 10 min. Cross-linking was stopped by
adding 1.0 M glycine to a final concentration of 125 mM at room temperature for
10 min. Cells were washed with ice-cold PBS twice and scraped into ice-cold PBS
containing proteinase inhibitors (Roche, Indianapolis, IN). Cells were then col-
lected and resuspended in lysis buffer (50 mM HEPES/KOH, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate)
containing proteinase inhibitors. The lysate was subjected to sonication to shear
chromatin to 200- to 1,000-bp fragments. One-third of the lysate was incubated
with 5 M NaCl at 65°C to reverse the cross-linking, phenol-chloroform extracted,
ethanol precipitated, and kept at �80°C as an input control for PCR analysis.
The remaining two-thirds of the lysate was subjected to immunoprecipitation
using anti-�-catenin antibody (BD Pharmingen) or mouse immunoglobulin G
(IgG) (Pierce). Immunoprecipitated complexes were collected by using protein
G-Sepharose beads. Precipitants were sequentially washed with lysis buffer twice,
followed by washing once with wash buffer (lysis buffer with 0.5 M NaCl). After
the final wash, 200 �l of elution buffer (50 mM Tris-HCl, 10 mM EDTA, pH 7.5,
1% SDS) was added, and beads were rotated at room temperature for 15 min.
NaCl (5 M) was then added to reverse the formaldehyde cross-linking. The DNA
was extracted with phenol-chloroform, ethanol precipitated, and resuspended in
double-distilled water for PCR analysis. Two sets of primers specific for the
mouse CCN1 promoter were used for PCR amplification (30 cycles). Primer set
1 (located at �1.0 kb relative to the transcription start site of CCN1/Cyr61
mRNA) was 5�-TGC AAA CAC CCC GAG TCT-3� and 5�-GGA GAC CAC
CGT GGA GTG-3�; primer set 2 (located at �0.5 kb) was 5�-AAC AGC TCG
CTG CCT TTC-3� and 5�-GGG GCG TGG TGT ATG TGT-3�. The expected
products (approximately 120 bp) were resolved on 1.5% agarose gels.
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Immunofluorescence staining. The staining procedure was carried out as de-
scribed previously (44). Briefly, the cells were fixed with methanol at �20°C for
15 min and washed with PBS. The fixed cells were permeabilized with 1% NP-40
and blocked with calf serum, followed by incubating cells with an anti-CCN1/
Cyr61 or anti-CCN2/CTGF antibody (Santa Cruz Biotechnology) for 60 min.
After being washed, the cells were incubated with biotin-labeled secondary
antibody for 30 min, followed by incubating the cells with streptavidin-Alexa
Fluor 594 (Molecular Probes, Eugene, OR) for 20 min at room temperature. The
presence of CCN1/Cyr61 or CCN2/CTGF protein was visualized under a fluo-
rescence microscope. Stains without the primary and/or secondary antibodies, or
with control IgG, were carried out as negative controls.

Cell-wounding assay. The cell-scratching assay was conducted as described
previously (34, 36). Briefly, the cells were seeded at subconfluency in 12-well cell
culture plates and infected with an optimal titer of AdGFP or AdCCN1. At 15 h
after infection, the monolayer cells were wounded with pipette tips. At the
indicated time after wounding, the wound healing at approximately the same
fields was recorded under microscopy. Representative results from three exper-
iments are shown.

Boyden chamber migration assay. The migration assay was carried out as
described previously (34, 35). HCT116 cells were plated into the bottom wells of
Transwell 12-well plates (Corning) and infected with AdGFP or AdCCN1. At 4 h
after infection, cells were washed with DMEM containing 0.1% bovine serum
albumin (BSA) and incubated in the DMEM–0.1% BSA medium (2 ml per well)
at 37°C in 5% CO2 for 12 h. In order to set up the migration assays, exponentially
growing C3H10T1/2 cells were trypsinized and washed in DMEM–0.1% BSA
medium twice. Approximately 5 � 104 cells (resuspended in 1.0 ml of preequili-
brated DMEM–0.5% BSA) were added into each Transwell insert, which con-
sisted of a type I collagen-coated microporous membrane (8.0 �m). The cells
were allowed to migrate for 4 h in a humidified 5% CO2 incubator at 37°C. The
apparatus was disassembled, and the membranes were rinsed in PBS to remove
unattached cells. The cells on the membrane were fixed in 10% formalin for 10
min and stained in hematoxylin for 30 min. Cells attached to the unmigrated
(top) side were removed by gently wiping that side with a damp cotton swab. The
membrane was then mounted onto a glass slide with Permount (Fisher) and
allowed to dry. The average numbers of migrated cells were determined by
counting the cells in 10 random high-power fields (magnification, �300). The
obtained cell numbers were analyzed with Student’s t test. The Transwell assays
for each condition were performed in duplicate, and representative results are
shown.

RESULTS

Expression profiling analysis of the early stage of Wnt3A-
induced osteoblast differentiation of mesenchymal stem cells.
We previously demonstrated that several BMPs effectively in-
duce osteoblast differentiation of mesenchymal progenitor
cells both in vitro and in vivo (11, 26, 43, 44). Increasing
evidence suggests that Wnt signaling may also play an impor-
tant role in regulating osteogenic differentiation. Using the
mouse pluripotent progenitor cell line C3H10T1/2, we first
sought to determine whether the activation of canonical Wnt
signaling was sufficient to initiate the early events of osteogenic
differentiation. Derived from mouse embryonic fibroblasts,
C3H10T1/2 is a well-established mesenchymal progenitor line,
as it can differentiate into multiple lineages, including osteo-
cytes, chondrocytes, adipocytes, and myocytes, upon appropri-
ate stimulation (12, 14, 15, 17, 51). As shown in Fig. 1A,
Wnt3A induced a drastic increase in ALP activity, a well-
established marker of early osteogenic differentiation (1, 42,
48), in C3H10T1/2 cells. Wnt3A-induced ALP activity was
effectively inhibited by Dkk1, a Wnt antagonist, and the dom-
inant-negative mutant of Tcf4 (Fig. 1A). These results suggest
that canonical Wnt3A signaling may regulate at least the early
stage of osteogenic differentiation.

To understand the mechanisms behind Wnt-induced osteo-
blast differentiation, we determined the gene expression profile
in C3H10T1/2 cells stimulated with Wnt3A or the GFP con-

trol. The microarray hybridizations were done in quadruplicate
using Affymetrix 430A Genechips. SAM analysis was per-
formed on the filtered and normalized microarray data as
described previously (43, 54). We found that upon Wnt3A
stimulation, the expression of 220 genes changed more than
2.5-fold, 111 of which were significantly up-regulated and 109
of which were drastically down-regulated (see Table S1 in the
supplemental material). The expression pattern of these genes
was further subjected to dChip clustering analysis (31, 34). As
shown in Fig. 1B, Wnt3A induced a distinct pattern of gene
expression in mesenchymal stem cells. When the most signifi-
cantly regulated genes were subjected to the Ingenuity Path-
ways Analysis program, one of the most updated and compre-
hensive gene ontology/function analysis programs, we found
that 196 of the 220 genes were identified in the software’s
database. Some of the top functions induced by Wnt3A in
mesenchymal stem cells include cellular growth and prolifera-
tion, cell death, cellular movement, skeletal and muscular de-
velopment and function, and cell-to-cell signaling and interac-
tion (see Table S2 in the supplemental material).

CCN genes are among the most significantly up-regulated
targets by Wnt3A in mesenchymal stem cells. As shown in Fig.
1B, three members of the CCN family (i.e., CCN1/Cyr61,
CCN2/CTGF, and CCN5/WISP2) were identified in a subclus-
ter as genes significantly up-regulated by Wnt3A. Using the
Ingenuity Pathways Analysis program, we found that one of
the functions most affected by Wnt3A was cell-to-cell signaling
and interaction, which consists of 35 genes (Table 1). The same
three CCN genes were shown to belong to this group of func-
tions. Further analysis of the normalized microarray data re-
vealed that, except for CCN3/Nov, four of the five CCN genes
were up-regulated by Wnt3A (Fig. 2A). These results suggest
that members of the CCN family may play an important role in
Wnt3A signaling in mesenchymal stem cells. CCN4/WISP1
and CCN5/WISP2 have been shown to be regulated by Wnt
and/or �-catenin signaling (45, 58). We have recently demon-
strated that CCN2/CTGF is a mutual downstream target of
osteogenic BMP and Wnt3A-induced osteogenic differentia-
tion (34). In this study, we focused on the possible functional
role of CCN1/Cyr61 in Wnt3A-induced osteogenic differenti-
ation.

We first sought to verify that CCN1/Cyr61 expression was in-
deed up-regulated by Wnt3A. Briefly, we infected C3H10T1/2
cells with AdWnt3A or AdGFP, and total RNA was isolated at
1, 2, 3, 5, and 7 days after infection. The expression level of the
CCN1/Cyr61 gene was determined by qPCR. As shown in Fig.
2B, the expression of CCN1/Cyr61 was effectively induced by
Wnt3A in C3H10T1/2 cells. The induced CCN1/Cyr61 expres-
sion peaked at day 2 and then decreased and returned to near
the basal level at day 7. Specifically, CCN1/Cyr61 expression
increased 5.6-, 17.7-, 5.7-, 4.8-, and 1.5-fold at 1, 2, 3, 5, and 7
days after Wnt3A stimulation, respectively, while the expres-
sion of the GAPDH control was not significantly affected
(�1.5-fold) in all samples (data not shown). Western blot anal-
ysis of CCN1 expression in Wnt3A-stimulated C3H10T1/2 cells
yielded results that were similar to the qPCR findings, as Wnt3A-
induced CCN1 expression peaked 48 h after stimulation (Fig.
2C). Although the exact mechanism of how CCN1 expression is
down-regulated remains to be fully understood, our qPCR and
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Western blot analyses confirmed that CCN1/Cyr61 is an early
target of Wnt3A signaling in mesenchymal stem cells.

CCN1/Cyr61 is a direct target of canonical Wnt/�-catenin
signaling. Although three CCN family members, CCN4/
WISP1, CCN5/WISP2, and CCN6/WISP3, have been identi-
fied as downstream targets of Wnt1/�-catenin signaling (45,
58), our findings were the first to indicate that CCN1/Cyr61 is
regulated by Wnt3A. We next sought to determine whether

CCN1/Cyr61 is a direct target of Wnt/�-catenin. Using ChIP
analysis of the C3H10T1/2 cells infected with AdWnt3A or
AdGFP, we demonstrated that anti-�-catenin antibody effec-
tively brought down the genomic fragments containing the
CCN1/Cyr61 promoter sequence in a Wnt3A-dependent fash-
ion (Fig. 2D, top row). The interaction between �-catenin and
the CCN1/Cyr61 promoter sequence was seemingly specific, as
only �-catenin antibody, but not control IgG, could immuno-

FIG. 1. Microarray analysis of the early stage of osteogenic differentiation induced by Wnt3A in mesenchymal stem cells. (A) Induction of the
early osteogenic marker ALP by Wnt3A, which was inhibited by Dkk1 and dnTcf4. C3H10T1/2 cells were infected with AdDkk1, Ad-dnTcf4,
AdWnt3A, or AdGFP alone or in combinations. At day 5, cells were subjected to a histochemical staining assay of the ALP activity. (B) C3H10T1/2
cells were infected with AdWnt3A or AdGFP for 30 h. Total RNA was collected and subjected to microarray hybridization using Affymetrix MG
430A 2.0 chips. After the microarray data were normalized, the dChip clustering analysis was carried out on the most differentially expressed 220
genes, as described in Materials and Methods. A subcluster of significantly up-regulated genes is shown.
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precipitate the CCN1/Cyr61 promoter DNA fragments (Fig.
2D, middle row).

Wnt3A-induced osteogenic differentiation is inhibited by
RNAi-mediated silencing of CCN1/Cyr61 expression in mes-
enchymal stem cells. As the actual role of CCN1/Cyr61 in
Wnt3A-mediated osteoblast differentiation is not known, we
sought to determine whether the RNA interference-mediated
knockdown of CCN1/Cyr61 expression would affect Wnt3A-
induced osteogenic differentiation. In order to generate siRNA
targeting mouse CCN1/Cyr61 mRNA, we synthesized double-
stranded RNAs corresponding to the coding region of the
mouse CCN1/Cyr61 gene via in vitro transcription. The dou-
ble-stranded RNA product was subjected to RNase III diges-
tion, resulting in the siRNA pool (i.e., siCCN1). A control
siRNA pool targeting GFP (i.e., siGFP) was prepared as de-
scribed previously (34, 44). The produced siCCN1 cocktail was
shown to specifically silence Wnt3A-induced CCN1/Cyr61 ex-
pression, while the siGFP control did not affect the expression
of CCN1/Cyr61, as assessed by immunofluorescence staining
using a CCN1/Cyr61-specific antibody (Fig. 3A). Furthermore,
we tested whether the siCCN1 cocktail would exert a silencing
effect on other members of the CCN family. As shown in Fig.
S1 in the supplemental material, the prepared siCCN1 pool did
not affect the Wnt3A-induced expression of CCN2/CTGF. We

have previously reported that CCN2/CTGF is a mutual target of
Wnt3A and osteogenic BMPs in mesenchymal stem cells (34).

To test if the RNAi-mediated knockdown of CCN1/Cyr61
expression affected Wnt3A-induced osteogenic differentiation,
we transfected siRNA cocktails into C3H10T1/2 cells, which
were subsequently infected with either AdWnt3A or AdGFP.
At 5 days after transfection/infection, cells were collected for a
quantitative analysis of the ALP activity. As shown in Fig. 3B,
introduction of the siRNA cocktail targeting CCN1/Cyr61
resulted in a 92% decrease in Wnt3A-induced ALP activity,
while there was no significant effect on the ALP activity by
the control siRNA cocktail targeting GFP expression. Sim-
ilar results were obtained when the transfected/infected
cells were fixed and the ALP activity was determined histo-
chemically (Fig. 3C). The results were reproducible in at
least three independent batches of experiments. Thus, these
findings strongly suggest that CCN1/Cyr61 may play an im-
portant role in Wnt3A-induced osteogenic differentiation of
mesenchymal stem cells.

CCN1/Cyr61 promotes the migration of mesenchymal stem
cells. Although the biological functions of CCN proteins re-
main to be fully elucidated, several studies suggest that CCN
proteins may regulate multiple cellular processes such as cell
proliferation, migration, differentiation, angiogenesis, and skele-

TABLE 1. The 35 genes of the 196 most significantly regulated genes involved in cell-to-cell signaling and interactiona

Gene Fold change Description Family Location

AHR 31.87 Aryl hydrocarbon receptor Nuclear receptor Nucleus
CDH17 22.26 Cadherin 17, LI cadherin Transporter Plasma membrane
INHBA 8.33 Inhibin, beta A Growth factor Extracellular space
EDN1 7.45 Endothelin 1 Extracellular space
SORBS1 7.3 Sorbin and SH3 domain containing 1 Plasma membrane
CTGF 6.35 Connective tissue growth factor/CCN2 Growth factor Extracellular space
TNFAIP6 5.38 Tumor necrosis factor alpha-induced protein 6 Extracellular space
THBS1 5.31 Thrombospondin 1 Extracellular space
TSLP 5.28 Thymic stromal lymphopoietin Cytokine Extracellular space
GJA1 5.1 Connexin 43 Transporter Plasma membrane
CD44 4.23 CD44 Plasma membrane
SLIT2 3.86 Slit homolog 2 (Drosophila melanogaster) Extracellular space
SDC2 3.67 Syndecan 2 Plasma membrane
TJP1 3.57 Tight junction protein 1 (zona occludens 1) Plasma membrane
PDGFC 3.33 Platelet-derived growth factor C Growth factor Extracellular space
DTR 3.04 Heparin-binding epidermal growth factor-like growth factor Growth factor Extracellular space
ROCK2 2.74 Rho-associated, coiled-coil-containing kinase 2 Kinase Cytoplasm
PVRL3 2.69 Poliovirus receptor related 3 Plasma membrane
CD9 2.66 CD9 antigen (p24) Plasma membrane
CYR61 2.62 Cysteine-rich 61/CCN1 Extracellular space
SIAT1 2.61 Sialyltransferase 1 Enzyme Cytoplasm
WISP2 2.61 WNT1-inducible signaling protein 2/CCN5 Growth factor Extracellular space
APLP2 �2.76 Amyloid beta (A4) precursor-like protein 2 Extracellular space
ANK3 �2.81 Ankyrin 3, node of Ranvier (ankyrin G) Plasma membrane
PTN �2.91 Pleiotrophin Growth factor Extracellular space
EDG1 �2.92 Sphingolipid G-protein-coupled receptor 1 G-protein-coupled receptor Plasma membrane
F3 �2.97 Coagulation factor III Plasma membrane
MMP16 �3.35 Matrix metalloproteinase 16 Peptidase Extracellular space
FGF7 �3.7 Fibroblast growth factor 7 Growth factor Extracellular space
VCAM1 �4.33 Vascular cell adhesion molecule 1 Plasma membrane
ERBB3 �5.59 v-erb-b2 viral oncogene homolog 3 Kinase Plasma membrane
KITLG �6.14 KIT ligand Growth factor Extracellular space
MME �7.64 Membrane metalloendopeptidase Peptidase Plasma membrane
SOX9 �9.86 SRY (sex-determining region Y)-box 9 Transcription regulator Nucleus
L1CAM �10.61 L1 cell adhesion molecule Plasma membrane

a Identified by the Ingenuity Pathways Analysis program (P � 0.03).
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tal development (4, 6, 7, 30, 38, 49). We sought to determine
the effect of CCN1/Cyr61 overexpression on the migration
ability of C3H10T1/2 cells. To establish an efficient means
of expressing CCN1/Cyr61 exogenously, we constructed an
adenoviral vector that expressed mouse CCN1/Cyr61 (i.e.,
AdCCN1) using the AdEasy system (24). Adenovirus-medi-
ated CCN1/Cyr61 expression was confirmed by Western blot
analysis (data not shown). We first conducted the Boyden
chamber migration assay. Human colon cancer line HCT116
was used as the producer cells, because HCT116 cells exhibit
high susceptibility to adenovirus infection and yet do not exert
any detectable effect on C3H10T1/2 cells. As shown in Fig. 4A,
the presence of exogenous CCN1/Cyr61 significantly increased
cell migration. In fact, the average migrated cell number of the
C3H10T1/2 cells exposed to CCN1/Cyr61 increased by approx-
imately eightfold compared to that of the control cells (129.3 	
14.19 versus 15.9 	 2.21 [P � 0.00002]) (Fig. 4B). Further-
more, the CCN1/Cyr61-expressing C3H10T1/2 cells exhibited a
greater ability to close the gap in the cell-wounding assay (Fig.
4C). Interestingly, we did not detect any significant increase in
ALP activity in AdCCN1-infected C3H10T1/2 progenitor cells
for up to 10 days (data not shown). Nevertheless, our findings

suggest that CCN1/Cyr61 may play a role in regulating the
migration and recruitment of mesenchymal stem cells during
lineage-specific differentiation.

DISCUSSION

Molecular mechanisms underlying osteoblast lineage-spe-
cific differentiation of mesenchymal stem cells remain to be
elucidated. Wnt/�-catenin signaling may be involved in osteo-
blast differentiation and bone formation (5, 19, 33). We have
previously found that �-catenin signaling is deregulated in
primary bone tumors (21). Although several targets of Wnt/�-
catenin signaling have been reported previously (22, 23, 45, 50,
52, 58), the diverse biological functions initiated by the Wnt/
�-catenin signal in mesenchymal stem cells remain to be un-
derstood. Here, by analyzing the gene expression profile of
mesenchymal stem cells stimulated with Wnt3A, we found that
four members of the CCN family are regulated by Wnt signal-
ing, suggesting that the CCN family may play an important role
in Wnt3A signaling in mesenchymal stem cells. CCN4/WISP1
and CCN5/WISP2 have been shown to be regulated by Wnt
and/or �-catenin signaling (45, 58). We have recently demon-

FIG. 2. Regulation of CCN1/Cyr61 by Wnt3A/�-catenin. (A) Relative microarray signal intensities of five members of the CCN family upon
Wnt3A stimulation. The acquired microarray hybridization data were filtered and normalized prior to further analysis, as described in Materials
and Methods. (B) Time course expression of CCN1/Cyr61 upon Wnt3A stimulation using qPCR. Subconfluent C3H10T1/2 cells were cultured in
0.5% FCS complete medium and infected with AdWnt3A or AdGFP. Total RNA was collected at the indicated time points and subjected to qPCR
analysis. All samples were normalized for GAPDH expression. PCRs were done in triplicate. (C) Western blot analysis of Wnt3A-induced
CCN1/Cyr61 expression. At the indicated time points, AdWnt3A- or AdGFP-infected C3H10T1/2 cells were lysed and subjected to Western blot
analysis using an anti-CCN1/Cyr61 antibody. The expression level of �-actin was used as a loading control. (D) ChIP analysis of the mouse
CCN1/Cyr61 promoter. C3H10T1/2 cells were infected with AdWnt3A or AdGFP for 36 h followed by formaldehyde cross-linking. The
cross-linked cells were lysed and subjected to sonication and immunoprecipitation using anti-�-catenin (anti-� cat) or control IgG. The recovered
chromatin DNA fragments were used for PCR amplifications with primers specific for the mouse CCN1 promoter.
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strated that CCN2/CTGF is a mutual downstream target of
osteogenic BMP and Wnt3A-induced osteogenic differentia-
tion (34).

Here, we focused on the functional role of CCN1/Cyr61 in
Wnt3A-induced osteogenic differentiation. We first confirmed
the microarray findings and demonstrated that CCN1/Cyr61 is
up-regulated at the early stage of Wnt3A stimulation but is
nearly at the basal level at day 7. We next demonstrated that
CCN1/Cyr61 is a direct target of the �-catenin/Tcf4 complex by
using a chromatin immunoprecipitation assay. Using RNAi-
mediated gene knockdown experiments, we found that the
knockdown of CCN1/Cyr61 expression significantly diminished
Wnt3A-induced osteogenic differentiation. Interestingly, we
previously demonstrated that RNAi-mediated knockdown of
CCN2/CTGF expression did not affect Wnt3A-induced osteo-
genic differentiation (34), suggesting that CCN1/Cyr61 may
play a distinct role in Wnt3A signaling in mesenchymal stem

cells. We further demonstrated that CCN1/Cyr61 can promote
the migration ability of mesenchymal stem cells.

CCN1/Cyr61 belongs to the evolutionarily conserved CCN
family of genes (4, 6, 7, 30, 38, 49). CCN proteins exhibit a
common multimodular organization with structural motifs re-
sembling insulin-like growth factor binding proteins, Von Wille-
brand factor, thrombospondin, and the C-terminal cystine knot
(4, 6, 7, 30, 38, 49). The structural similarity between CCN and
ECM proteins raises the possibility that CCN proteins are
adhesive matricellular proteins and represent a new class of
signaling molecules regulating cell proliferation. Several sig-
naling proteins have been shown to physically interact with
CCN proteins (28). Although the biological functions of CCN
proteins remain to be fully elucidated, several lines of study
suggest that CCN proteins may regulate multiple cellular pro-
cesses such as cell proliferation, migration, differentiation, an-
giogenesis, and skeletal development (4, 6, 7, 30, 38, 49).

FIG. 3. Inhibition of Wnt3A-induced osteogenic differentiation by RNAi-mediated knockdown of CCN1/Cyr61 expression. (A) Specificity of
siRNA cocktails targeting CCN1/Cyr61. Subconfluent C3H10T1/2 cells were transfected with or without siGFP or siCCN1, followed by infection
with AdWnt3A or AdGFP. At 40 h after transfection/infection, cells were fixed for immunofluorescence staining with an anti-CCN1 antibody as
described in Materials and Methods. Each assay condition was done in duplicate. (B and C) Effect of siRNA cocktails targeting CCN1/Cyr61 on
Wnt3A-induced ALP activity. The siRNA cocktails targeting mouse CCN1/Cyr61 (siCCN1) or GFP (siGFP) were prepared as described in
Materials and Methods. Subconfluent C3H10T1/2 cells were transfected with siRNA cocktails, followed by AdWnt3A or AdGFP infection. At day
5, cells were subjected to a measurement of ALP activity by quantitative colorimetric assays (B) and qualitative histochemical staining (C) as
described in Materials and Methods. Representative results of three independent experiments are shown.
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CCN1/Cyr61 was first identified as the product of a growth
factor-inducible immediate-early gene (41). Aberrant expres-
sion of CCN1/Cyr61 is associated with breast cancer, wound
healing, and vascular diseases such as atherosclerosis and re-
stenosis (46). CCN1/Cyr61-null animals suffer embryonic
death in which approximately 30% succumbed to a failure in
chorioallantoic fusion, and the reminder perished due to pla-
cental vascular insufficiency and compromised vessel integrity
(37). These findings have established CCN1/Cyr61 as an es-
sential regulator of development, especially in angiogenesis.
The Xenopus laevis homolog of CCN1/Cyr61, Xcyr61, has re-

cently been shown to be required for normal gastrulation
movements, which is at least mediated in part through the
adhesive properties of Xcyr61 and its related ability to modu-
late the assembly of the ECM (29). Intriguingly, Xcyr61 has
been shown to stimulate or inhibit Wnt signaling in a context-
dependent manner (29). These findings are interesting, as in-
creasing evidence suggests that the Wnt signal may be modu-
lated by heparan sulfate proteoglycans in the ECM (32, 47). It
is conceivable that CCN1/Cyr61 may function as a feedback
regulator of Wnt signaling in a context-dependent fashion. Our
data suggest that in mesenchymal stem cells, an early induction

FIG. 4. CCN1/Cyr61 promotes migration of mesenchymal stem cells. (A and B) Boyden chamber migration assay. HCT116 cells were plated
into the bottom wells of Transwell 12-well plates and infected with AdGFP or AdCCN1. At 4 h after infection, cells were washed and incubated
in DMEM–0.1% BSA medium (2 ml/well) for 12 h. A total of 5 � 104 C3H10T1/2 cells (resuspended in 1.0 ml of preequilibrated DMEM–0.1%
BSA) were added into each Transwell insert, which consisted of a type I collagen-coated microporous membrane (8.0 �m). The cells were allowed
to migrate for 4 h. The membranes were rinsed in PBS to remove unattached cells. The cells on the membranes were fixed in 10% formalin and
stained in hematoxylin. Cells attached to the unmigrated (top) side were removed. The membranes were then mounted onto slides and examined
under bright-field microscopy (magnification, �300) (A). The average numbers of migrated cells were determined by counting the cells in 10
random high-power fields (HPF) (magnification, �300) (B). The Transwell assays for each condition were performed in duplicate, and repre-
sentative results are shown. (C) Cell-wounding assay. C3H10T1/2 cells were seeded in 12-well plates and infected with AdGFP or AdCCN1. At
15 h after infection, the monolayer cells were wounded with pipette tips. At the indicated time points, the wound healing in approximately similar
fields was recorded microscopically (magnification, �100). All assay conditions were done in triplicate, and representative results from three
independent experiments are shown.
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of CCN1/Cyr61 may be required for Wnt3A-induced osteo-
genic differentiation. Future investigations should be directed
toward elucidating the functional roles of CCN1/Cyr61 in the
Wnt signaling pathway, particularly in the context of osteo-
genic differentiation of mesenchymal stem cells.
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