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ABSTRACT
Human adult bone marrow-derived skeletal stem cells a.k.a mesenchymal stem cells (hMSCs) have been shown to be precursors of several

different cellular lineages, including osteoblast, chondrocyte, myoblast, adipocyte, and fibroblast. Several studies have shown that

cooperation between transforming growth factor b (TGF-b) and Wnt/b-catenin signaling pathways plays a role in controlling certain

developmental events and diseases. Our previous data showed that agents like TGF-b, cooperation with Wnt signaling, promote chondrocyte

differentiation at the expense of adipocyte differentiation in hMSCs. In this study, we tested mechanisms by which TGF-b activation of b-

catenin signaling pathway and whether these pathways interact during osteoblast differentiation of hMSCs. With selective small chemical

kinase inhibitors, we demonstrated that TGF-b1 requires TGF-b type I receptor ALK-5, Smad3, phosphoinositide 3-kinases (PI3K), and protein

kinase A (PKA) to stabilize b-catenin, and needs ALK-5, PKA, and JNK to inhibit osteoblastogenesis in hMSCs. Knockdown of b-catenin with

siRNA stimulated alkaline phosphatase activity and antagonized the inhibitory effects of TGF-b1 on bone sialoprotein (BSP) expression,

suggested that TGF-b1 cooperated with b-catenin signaling in inhibitory of osteoblastogenesis in hMSCs. In summary, TGF-b1 activates b-

catenin signaling pathway via ALK-5, Smad3, PKA, and PI3K pathways, and modulates osteoblastogenesis via ALK5, PKA, and JNK pathways

in hMSCs; the interaction between TGF-b and b-catenin signaling supports the view that b-catenin signaling is a mediator of TGF-b’s effects

on osteoblast differentiation of hMSCs. J. Cell. Biochem. 112: 1651–1660, 2011. � 2011 Wiley-Liss, Inc.
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B one marrow-derived skeletal stem cells a.k.a mesenchymal

stem cells or marrow stromal cells (MSCs) are multipotent,

self-renewing, mesodermal-origin stem cells that are sequestered in

the endosteal compartment. MSCs are maintained in a relative state

of quiescence in vivo but in response to a variety of physiological

and pathological stimuli, proliferate and differentiate into osteo-

blasts, chondrocytes, adipocytes, or hematopoiesis-supporting

stromal cells [Pittenger et al., 1999; Bianco et al., 2001; Friedman

et al., 2006]. Transforming growth factor-b (TGF-b) family proteins

have emerged as key players in self-renewal and maintenance of

embryonic stem cells and somatic stem cells in their undifferentiated

state, the selection of cell fate and the progression of differentiation

along a lineage [James et al., 2005]. The canonical Wnt is not only a

general stem cell growth factor but can also influence cell lineage

decisions in certain stem cell types [Kléber and Sommer, 2004; Reya

and Clevers, 2005]. Several studies have shown that cooperation

between TGF-b andWnt/wingless signaling pathways plays a role in

controlling certain developmental events [Letamendia et al., 2001]

and diseases [Minoo and Li, 2010]. In previous studies, we

demonstrated that a variety of signal pathways, such as TGFb/

Smad and Wnt/b-catenin, are involved in stimulation of skeleto-

genesis and inhibition of adipogenesis of human marrow stromal

cells [Zhou et al., 2004]. In this study, we hypothesize that b-catenin

signaling is one of the mechanisms by which TGF-b regulates

osteoblastogenesis of human bone marrow-derived skeletal stem

cells or MSCs. To test our hypothesis, we used chemical biology and
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RNAi approaches to elucidate the mechanisms by which TGF-b1

regulates b-catenin signaling and osteoblastogenesis in hMSCs.

MATERIALS AND METHODS

CLINICAL MATERIAL AND CHEMICALS

Femoral bone marrow was obtained as discarded materials from

subjects undergoing total hip replacement for osteoarthritis. Those

subjects did not take medications (e.g. hormone replacement

therapy, thyroid hormone, and glucocorticoids) or have comorbid

conditions that could affect skeletal metabolism, including renal

insufficiency, alcoholism, active liver disease, malabsorption,

hyperthyroidism, rheumatoid arthritis, ankylosing spondylitis,

hyperparathyroidism, or diabetes. ALK-5 inhibitor SB431542, PI-

3 kinase inhibitor LY294002, p38 mitogen-activated protein kinase

(MAPK) inhibitor SB203580, p42/44 MAPK inhibitor PD098059,

JNK inhibitor SP600125, protein kinase C (PKC) inhibitor

Chelerythrine Chloride (CHE), protein kinase A (PKA) inhibitor H-

89, Smad3 inhibitor SIS3, and lithium chloride (LiCl) were purchase

from Sigma (St. Louis, MO). Recombinant human TGF-b1 was

purchased from R&D Systems (Minneapolis, MN).

CELL CULTURE OF MESENCHYMAL STEM CELLS

Adherent humanMSCs were prepared from femoral bone marrow as

previously described [Zhou et al., 2010]. Low-density mononuclear

cells were isolated by density centrifugation with Ficoll/Histopaque

1077 (Sigma). The adherent fraction was expanded in monolayer

culture with phenol red-free a-MEM medium (Gibco BRL,

Invitrogen, Carlsbad, CA), 10% heat-inactivated fetal bovine serum

(FBS-HI, Invitrogen), and antibiotics (100U/ml penicillin and

100mg/ml streptomycin; Gibco BRL). KM101, a human marrow

stromal cell line [Harigaya and Handa, 1985], was maintained in

Iscove’s modified Dulbecco’s medium (IMDM; Gibco BRL) with 10%

FBS-HI until they reached 80% confluence.

ANALYSES OF OSTEOBLAST DIFFERENTIATION

After confluence in 12- or 24-well plates, hMSCs were transferred to

1% FBS-HI with osteogenic supplements (10 nM dexamethasone,

5mM b-glycerophosphate and 50mg/ml ascorbate-2-phosphate)

with or without treatments. Alkaline phosphatase (ALP) activity was

analyzed at 14 days by histochemical staining or biochemical

enzyme activity assays as previously described [Zhou et al., 2001,

2008].

WESTERN BLOT ANALYSES OF PROTEIN LEVELS OF b-CATENIN

Human MSCs were cultured in 100mm dishes. After confluence, the

medium was changed to MEM-a with 1% FBS-HI for 2 days. The

cells were incubated with kinase inhibitors for 1 h before treated

with 1 ng/ml of TGF-b1 for 48 h. The appreciated concentrations of

kinase chemical inhibitors were determined by previously published

doses that have been demonstrated to inhibit their kinase activity.

MSCs were treated with 10mMof ALK-5 inhibitor SB431542 [Inman

et al., 2002], 40mM of PI-3 kinase inhibitor LY294002 [Vlahos et al.,

1994; Zhou et al., 2005], 10mM of p38 MAPK inhibitor SB203580

[Cuenda et al., 1995; Zhou et al., 2005], 50mM of p42/44 MAPK

inhibitor PD098059 [Dudley et al., 1995; Zhou et al., 2005], 20mMof

JNK inhibitor SP600125 [Han et al., 2001], 1mM of PKC inhibitor

CHE [Herbert et al., 1990], 30mM of PKA inhibitor H-89 [Lee and

Lorenzo, 2002], or 3mM of Smad3 inhibitor SIS3 [Jinnin et al.,

2006]. The whole-cell lysates were prepared with lysis buffer

containing 150mM NaCl, 3mM NaHCO3, 0.1% of Triton X-100, and

a mixture of protease inhibitors (Roche Diagnostics, CA). The whole-

cell lysates were homogenized with a Kontes’ Pellet Pestle and

separated from insoluble cell materials by centrifugation at 16,000g

in a bench-top Eppendorf centrifuge at 48C. Protein concentration

was determined with the BCA system (Pierce, Rockford, IL). The

Western blotting was performed as previously described [Zhou et al.,

2005]. The primary antibody anti-b-catenin (E5) was purchased

from Santa Cruz Biotechnology, Inc.; anti-b-actin was purchased

from Sigma. The second antibody anti-mouse IgG-HRP was

purchased from Santa Cruz Biotechnology, Inc. The antibody-

associated protein bands will be revealed with the ECL-plus Western

blotting system (Amersham Biosciences, UK).

TRANSIENT TRANSFECTION AND LUCIFERASE REPORTER ASSAYS

Transient transfection for Luciferase reporter assays were performed

by electroporation as previously described [Zhou et al., 2003; Peister

et al., 2004]. In brief, KM101 cells were maintained in IMDM with

10% FBS-HI until they reached 80% confluence, cells were

harvested with trypsin-EDTA and centrifuged at 1,000 rpm for

5min. after washing once with PBS, cell pellets were resuspended

wih 100ml PBS. It was demonstrated that PBS can support equally

transfection efficiency compared with commercial buffers [Kang

et al., 2009]. The mixtures of 5� 106 cells in PBS with 5mg of

TOPFlash luciferase reporter plasmids (Upstate, NY) and 0.5mg of

pRL-CMV Renilla luciferase control reporter plasmids (Promega,

Madison, WI) were electroporated at 600V and 100ms in a 2-mm

gap curvette with Eppendorf Multiporator as previously described

[Peister et al., 2004]. After electroporation, cells were cultured

overnight in IMDM with 10% FBS-HI, cell media were changed to

MEM-a with 1% FBS-HI and treated with or without TGF-b1, NaCl,

or LiCl for 24 h. The cells in 24-well plates were washed once with

PBS and lysed with 1� passive lysis buffer (Promega). The luciferase

activities were measured by Turner 20/20 luminometer with

Promega Dual-luciferase reporter assay kit according to the

manufacturer’s instruction. Protein concentrations were measured

with Bio-Rad protein assay reagent (Bio-Rad, CA), and luciferase

activity was normalized to protein concentration as previously

described [Rahmani et al., 2005], or normalized to Renilla luciferase.

Luciferase activity was shown as relative luminescence units per

microgram protein (RLU/mg) or ratio of firefly luciferase over

Renilla luciferase.

TRANSIENT TRANSFECTION OF b-CATENIN SIRNA

Transient transfection of b-catenin siRNA (Stealth RNAi duplex

siRNA, Invitrogen) or control siRNA (SiRNA-A, Santa Cruz

Biotechnology, Inc.) into hMSCs was performed by electroporation

with the Human MSC Nucleofector Kit (Lonza) according to the

manufacturer’s instruction and as previously described [Aslan et al.,

2006]. In briefly, hMSCs were harvested by trypsinization, and

resuspended 1 million cells in 100ml of human MSC nucleofector

solution with 100 pmol of b-catenin siRNA or control siRNA.
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Electroporation was performed in NucleofectorTM II with program

U-23 provided by Lonza/Amaxa Biosystems. Immediately after

electroporation, the cells were transferred into 6- or 24-well plates

in MEM-a with 10% FBS-HI. After confluence, cells were used for

western blot assays (6-well plates) or the medium was changed into

osteogenic medium for 7 days to analyze osteogenic marker genes

(6-well plates) or ALP enzyme activity (24-well plates).

RNA ISOLATION AND SEMI-QUANTITATIVE RT-PCR

Total RNAwas isolated from hMSCs with Trizol reagent (Invitrogen).

For semi-quantitative RT-PCR, 2mg of total RNA was reverse-

transcribed into cDNAwith M-MLV reverse transcriptase (Promega),

following the manufacturer’s instructions. Concentration and

amplification conditions of cDNA were optimized to reflect the

exponential phase of amplification. In general, one-twentieth of the

cDNA was used in each 50ml PCR reaction (30–35 cycles of 948C
for 1min, 608C for 1min, and 728C for 2min) as previously

described [Zhou et al., 2008]. The gene-specific primers for human

ALP [Winn et al., 1999] and BSP [D’Ippolito et al., 2006] were used

for amplification with Promega GoTaq Flexi DNA Polymerase.

PCR products were quantified by densitometry of captured gel

images with KODAK Gel Logic 200 Imaging System and measured

by KODAK Molecular Imaging Software, following the manufac-

turer’s instructions (KODAK, Molecular Imaging Systems, New

Haven, CT). Quantitative data were expressed by normalizing the

densitometric units to GAPDH (internal control).

STATISTICAL ANALYSES

The experiments were performed three or more times independently.

Data are presented as mean values� SD of all experiments or a

representative result of three or more experiments. There was

at least triplicate per group in each of three or more ALP activity

or luciferase reporter assays. Quantitative data were analyzed by

GraphPad InStat software with either one-way ANOVA or Student’s

t-test. A value of P< 0.05 was considered significant.

RESULTS

TGF-b ACTIVATION OF b-CATENIN SIGNALING PATHWAY

To evaluate the effect of TGF-b on activation of Wnt/b-catenin

pathway, the stabilization of b-catenin, a key member in the

canonical Wnt signaling, was analyzed by Western blot in hMSCs

obtained from a 42-year-old female subject. TGF-b1 (1 ng/ml)

increased b-catenin protein levels, 4.1 and 8.8-fold over control

at 24 and 48 h, respectively, in hMSCs (Fig. 1A). To test whether

the stimulation of TGF-b1 increases transcriptional activity, a

b-catenin/TCF/LEF responsive vector (TOPFlash luciferase reporter

plasmid) and a pRL-CMV Renilla luciferase transfection control

plasmid were electroporated into human marrow stromal cell line

KM101 cells. After 24 h, TGF-b1 (1 ng/ml) significantly enhanced

b-catenin/TCF/LEF transcription in KM101 cells (P< 0.05, t-test;

Fig. 1B). As a positive control, Wnt mimic LiCl stimulated TOPFlash

luciferase activity in a dose-dependent manner, and the same dose

of NaCl did not stimulate TOPFlash luciferase activity (P< 0.01, LiCl

vs. the same dose of control NaCl, t-test; Fig. 1C). There were similar

results after firefly luciferase activity was normalized to Renilla

luciferase activity.

THE SMAD PATHWAY IN TGF-b1 STABILIZATION OF b-CATENIN

TGF-b1 acts through the TGF-b type I and type II receptors to

activate intracellular mediators, such as Smad proteins. As shown

by Western blot, at 48 h, a specific inhibitor (SB431542, 10mM)

of TGF-b type I receptor (ALK-5) antagonized the stimulatory effects

of 1 ng/ml of TGF-b1 on stabilization of b-catenin protein in

hMSCs obtained from a 42-year-old female subject (Fig. 2A). The

up-regulation of b-catenin protein by TGF-b1 in hMSCs was

diminished with 3mM of Smad3 inhibitor SIS3 (Fig. 2B). Those

results suggested that TGF-b/ALK-5/Smad3 axis is necessary for

stabilization of canonical Wnt intracellular molecule b-catenin in

hMSCs.

THE NON-SMAD PATHWAYS IN TGF-b1 STABILIZATION OF

b-CATENIN

To evaluate the non-Smad mechanism by which TGF-b activates

Wnt pathway, we used small chemical molecule kinase inhibitors.

As shown by Western blot, PI-3 kinase inhibitor (LY294002, 40mM)

antagonized, and p42/44 MAPK inhibitor (PD098059, 50mM) or

p38 MAPK inhibitor (SB203580, 10mM) had no affects on TGF-b

Fig. 1. TGF-b activation of b-catenin signaling pathway. (A) TGF-b (1 ng/

ml) increased b-catenin protein levels in a time-dependent manner in hMSCs

as shown with Western blot; b-actin was used as an internal loading control.

(B) TGF-b1 (1 ng/ml) enhanced b-catenin/TCF/LEF transcription in human

marrow stromal cells line KM101 cells as shown with TOPFlash luciferase

reporter assays (�P< 0.05, t-test); (C) the Wnt mimic LiCl stimulated TOPFlash

luciferase activity in a dose-dependent manner and the same dose of NaCl did

not stimulate TOPFlash luciferase activity in KM101 cells (��P< 0.01, LiCl vs.

NaCl, ANONA). Luciferase activity was shown as RLU/mg protein.
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up-regulation of b-catenin levels in hMSCs obtained from a

42-year-old female subject (Fig. 3A). PKC inhibitor (CHE, 1mM) or

JNK inhibitor (SP600125, 20mM) had no affects, and PKA inhibitor

H-89 (30mM) antagonized the stabilization of b-catenin by TGF-b1

in hMSCs (Fig. 3B). This result demonstrated that PI-3 kinase and

PKA pathways were required for stabilization of canonical Wnt

intracellular molecule b-catenin by TGF-b in hMSCs.

COOPERATION BETWEEN TGF-b AND WNT/b-CATENIN SIGNALS

DURING OSTEOBLAST DIFFERENTIATION

To examine cooperation of TGF-b and Wnt/b-catenin signal

pathways in osteoblastogenesis, we studied the effects of TGF-b1

and/or LiCl (a surrogate for Wnt treatment) on ALP and osteogenic

marker genes in hMSCs. After confluence in 12-well plates, hMSCs

obtained from a 42-year-old female subject were cultured for

14 days in MEM-a with 1% FBS-HI plus osteogenic supplements

(10 nM dexamethasone, 5mM b-glycerophosphate, and 50mg/ml

ascorbate-2-phosphate) and were treated with 1 ng/ml TGF-b1 and/

or 5mM LiCl. After 14 days treatment, ALP activity was analyzed by

histochemical staining (Fig. 4A) and biochemical enzyme activity

assays (Fig. 4B). Our data showed that ALP activities of hMSCs in

treated groups with 1 ng/ml TGF-b1 (n¼ 15 wells of 12-well-plates

in five different experiments), 5mM LiCl (n¼ 9 in three experi-

ments) or TGF-b1 plus LiCl (n¼ 6 in two experiments) were

significantly lower than controls (n¼ 18 in six experiments;
�P< 0.001, treatments vs. control, ANOVA). Thus TGF-b inhibited

osteoblast differentiation of hMSCs in osteogenic medium in vitro,

and synergistically cooperated with Wnt signaling as indicated that

the ALP activity of TGF-b1 plus LiCl group was significantly lower

than TGF-b1 or LiCl alone (P< 0.05, TGF-b1 plus LiCl vs. TGF-b1 or

LiCl alone; t-test).

To assess the role of b-catenin in osteoblast differentiation

of hMSCs, we transfected b-catenin siRNA (Stealth RNAi duplex

siRNA, Invitrogen) or control siRNA (SiRNA-A, Santa Cruz

Biotechnology, Inc.) into hMSCs obtained from a 54-year-old

male subject. Western blot showed that b-catenin proteins

were knockdown by 100 pmol siRNA per million cells, but not by

control siRNA (Fig. 4C). Our results showed that knockdown of b-

catenin with siRNA increased osteoblast differentiation of hMSCs

(Fig. 4D, P< 0.001 vs. control siRNA, n¼ 4, ANOVA), indicated that

there was an inhibitory effect of b-catenin on differentiation of

hMSCs into osteoblasts. The inhibition of osteoblast differentiation

by TGF-b1 was only partially blocked in cells with knockdown of b-

catenin, 81.9% decline in b-catenin siRNA vs. 88.1% of decline in

control siRNA group (Fig. 4D; P< 0.001, TGF-b1 vs. vehicle control,

n¼ 4). This shows that b-catenin is not a critical factor for TGF-b1

to inhibit early-stage of osteoblast differentiation in hMSCs. Our RT-

PCR data of ALP gene expression (Fig. 4E) confirmed the results of

biochemical enzyme activity assay, TGF-b1 down-regulated ALP

gene expression in both control siRNA and b-catenin siRNA groups.

The effects of TGF-b1 and/or LiCl on BSP gene expression in

hMSCs were analyzed with semi-quantitative RT-PCR. Knockdown

Fig. 2. The Smad pathway in TGF-b1 stabilization of b-catenin. (A) After

48 h treatment, TGF-b type I receptor inhibitor SB431542 (10mM) antag-

onized the stimulatory effects of TGF-b1 (1 ng/ml) on b-catenin in hMSCs; (B)

the stabilization of b-catenin by TGF-b1 in hMSCs was diminished with Smad3

inhibitor SIS3 (3mM). b-Actin was used as an internal loading control in

Western blot.

Fig. 3. The non-Smad pathways in TGF-b1 stabilization of b-catenin. (A)

The effects of PI-3 kinase inhibitor (LY294002, 40mM), p42/44 MAPK

inhibitor (PD098059, 50mM), or p38 MAPK inhibitor (SB203580, 10mM)

on TGF-b (1 ng/ml) up-regulation of b-catenin protein levels in hMSCs. (B)

The effects of PKC inhibitor (CHE, 1mM), PKA inhibitor (H-89, 30mM), or JNK

inhibitor (SP600125, 20mM) on the stabilization of b-catenin by TGF-b1 in

hMSCs. b-Actin was used as an internal loading control in Western blot.
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b-catenin dismissed the inhibitory effect of TGF-b and/or LiCl on

BSP gene expression in hMSCs obtained from a 49-year-old male

subject (Fig. 4E). Quantitative results of three different experiments

(Fig. 4F) showed that in control siRNA group, BSP expression of

TGF-b1 (P< 0.001), LiCl (P< 0.05) or TGF-b1 plus LiCl (P< 0.001)

treatments are significantly lower than control (n¼ 3, ANOVA), and

the BSP expression in TGF-b1 plus LiCl treatment was significantly

lower than either TGF-b1 (P< 0.05) or LiCl alone (P< 0.001, n¼ 3,

ANVOA), indicated a cooperation between TGF-b1 and LiCl.

Knockdown of b-catenin with siRNA increased BSP gene expression

of hMSCs (Fig. 4F, P< 0.01 vs. control siRNA, n¼ 3, ANOVA), and

diminished the effects of TGF-b1 and/or LiCl on BSP expression,

indicated that the down-regulation of BSP gene by TGF-b1 and/or

LiCl requires b-catenin.

THE SMAD AND NON-SMAD PATHWAYS IN TGF-b1 REGULATION

ON OSTEOBLASTOGENESIS

To assess the role of Smad and non-Smad pathways in the inhibitory

effects of TGF-b1 on osteoblastogenesis, hMSCs obtained from a 42-

year-old female subject were cultured in 12- or 24-well plates in

MEM-a with 1% FBS-HI plus osteogenic supplements for 14 days

with or without 1 ng/ml of TGF-b1 and/or kinase inhibitors.

SB431542 (10mM), a small molecule inhibitor of TGF-b type I

receptor activin receptor-like kinase (ALK) five stimulated ALP

Fig. 4. Cooperation between TGF-b and Wnt signaling in osteoblastogeneis of hMSCs. (A) ALP histochemical staining in hMSCs with/without 1 ng/ml TGF-b1 and/or 5mM

LiCl. (B) Biochemical assays of ALP enzyme activity of hMSCs in control or treated with 1 ng/ml TGF-b1, 5mM LiCl or TGF-b1 plus LiCl in 12-well plates (�P< 0.001, treatments

vs. control, ANOVA; #P< 0.05, TGF-b1 plus LiCl vs. TGF-b1 or LiCl alone; t-test). (C) Western blot showed that b-catenin proteins were knockdown by b-catenin siRNA, but not

control siRNA. (D) b-Catenin siRNA increased ALP activity in hMSCs (#P< 0.001 vs. control siRNA, ANOVA); blocking of b-catenin in hMSCs did not affects the inhibitory on

ALP activity by TGF-b1 (�P< 0.001, TGF-b1 vs. vehicle control). (E) RT-PCR showed that knockdown b-catenin dismissed the inhibitory effect of TGF-b and/or LiCl on BSP

gene, but not ALP gene expression. (F) Quantitative results were expressed by normalizing the densitometric units of BSP to GAPDH (internal control). Asterisk indicated TGF-b1

and/or LiCl treatments or b-catenin siRNA vs. control siRNA (�P< 0.05, ��P< 0.01, ���P< 0.001, ANOVA); number symbol indicated TGF-b1 plus LiCl vs. either TGF-b1 or LiCl

alone (#P< 0.05, ###P< 0.001, ANVOA).
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activity (12-fold increase vs. control, n¼ 12 wells in four

experiments, P< 0.001, ANOVA) and antagonized the inhibitory

effects of TGF-b1 (n¼ 9) on ALP activity as shown that there is no

significantly difference between SB431542 (n¼ 3) and TGF-b1 plus

SB431542 (n¼ 3) treatments (Fig. 5A). These data indicated that

TGFb type I receptor ALK-5 is required the inhibitory effect of TGF-

b on osteoblast differentiation of hMSCs. To test whether Smad3

is necessary in the inhibitory effects of TGF-b1 on ALP activity,

hMSCs was treated with SIS3 (2mM), a inhibitor of Smad3, and the

results showed that SIS3 has no effect on the inhibition of ALP

activity by TGF-b1 (P< 0.01, TGF-b1 vs. control; P< 0.001, SIS3

plus TGF-b1 vs. SIS3; n¼ 4, ANOVA; Fig. 5B), suggested that the

Smad pathway is not involved in the inhibitory of ALP activity by

TGF-b1 in hMSCs.

To identify the pathways by which TGF-b1 inhibitory osteoblast

differentiation in hMSCs, non-Smad pathways were examined with

specific kinase inhibitors. Our data (Fig. 5C) showed that blocking

phosphoinositide 3-kinases (PI3K) pathway with LY294002 (1mM)

has no effect on the inhibition of ALP activity by TGF-b1

(P< 0.001, TGF-b1, n¼ 12, vs. control, n¼ 18; P< 0.01, LY plus

TGF-b1 vs. LY, n¼ 4; ANOVA); LY294002 treatment declined ALP

activity, but there was no significantly different with vehicle

control. We tested the effects of MAPK pathways on the regulation

of TGF-b1 in osteoblastogenesis of hMSCs, and showed that

blocking p42/44 MAPK pathway with 10mM of PD098059 has no

effect on the inhibition of ALP activity by TGF-b1 (P< 0.001, TGF-

b1, n¼ 12, vs. control, n¼ 18; P< 0.001, PD plus TGF-b1 vs. PD,

n¼ 4; ANOVA; Fig. 5D) and blocking p38 MAPK pathway with

10mM SB203580 has also no effect on the inhibition of ALP activity

by TGF-b1 (P< 0.001, TGF-b1 vs. control, n¼ 4; P< 0.001,

SB203580 plus TGF-b1 vs. SB203580, n¼ 4; ANOVA; Fig. 5E);

SB203580 treatment had a significantly higher of ALP activity than

vehicle control (P< 0.001, n¼ 4), suggested that p38 MAPK

pathway blocks osteoblastogenesis of hMSCs, but not synergize

the inhibitory effects of TGF-b1. We assessed the role of PKC

pathway in the modulation of ALP activity in hMSCs by TGF-b1,

and showed that blocking PKC pathway with 0.5mM CHE has

no effect on the inhibition of ALP activity by TGF-b1 (P< 0.001,

TGF-b1 vs. control, n¼ 4; P< 0.001, CHE plus TGF-b1 vs. CHE,

n¼ 4; ANOVA; Fig. 5F). We examined the effects of PKA pathway

on the regulation of ALP activity by TGF-b1 in hMSCs with PKA

inhibitor H-89. Our data showed that blocking PKA pathway with

10mM H-89 diminishes the inhibition of ALP activity by TGF-b1

(P< 0.001, TGF-b1 vs. control; P< 0.05, H-89 plus TGF-b1 vs. H-

89; n¼ 4, ANOVA; Fig. 5G), and PKA alone also blocked ALP

activity (P< 0.001, H-89 vs. control), suggested that PKA is

necessary for TGF-b1 regulation on osteoblastogenesis in hMSCs.

Finally, we tested the role of c-Jun N-terminal kinases (JNKs) in the

inhibitory effects of TGF-b1 on ALP activity, and showed that

blocking JNK pathways with 2mM of SP600125 decreases ALP

activity (P< 0.001, SP, n¼ 4, vs. control, n¼ 18, ANOVA) and

diminishes the inhibition of ALP activity by TGF-b1 (P< 0.001,

TGF-b1, n¼ 12, vs. control, n¼ 18, ANOVA) and there was no

significant difference between SP plus TGF-b1 and SP (P< 0.001,

n¼ 4; ANOVA; Fig. 5H), suggested that JNKs are necessary for TGF-

b1 regulation on osteoblastogenesis in hMSCs. In sum, those data

suggested that TGF-b1 needs PKA or JNK pathway, but not PI3K,

p42/44 MAPK, p38 MAPK, or PKC, to inhibit ALP activity in hMSCs.

DISCUSSION

Signaling cross talk between the TGF-b pathway and Wnt pathway

through transcription factors Tcf/Lef1 and Smad3 has been reported

[Labbe et al., 2000]. Facilitation of Wnt signaling has also been

shown to occur through the interaction of Smad4 with b-catenin

and Tcf/Lef1 [Nishita et al., 2000]. Axin, a negative regulator

involved in the Wnt signaling pathway, also participates in the

regulation of TGF-b signaling [Furuhashi et al., 2001]. Our previous

data indicated that TGF-b activates Wnt signaling in hMSCs

and there is cooperation between TGF-b and Wnt pathways

during chondrocyte and adipocyte differentiation of human

marrow stromal cells [Zhou et al., 2004]. In this study, we test

the mechanisms by which TGF-b regulates b-catenin signaling and

their cross-talk in osteoblastogenesis of human bone marrow-

derived MSCs.

To evaluate the activation of Wnt/b-catenin pathway by TGF-b

in hMSCs, we analyzed the stabilization of b-catenin by TGF-b1

with Western blotting, and the b-catenin/TCF/LEF transcription

with luciferase activity of a TCF/LEF reporter vector. Our data

indicated that TGF-b1 increased b-catenin protein levels and

enhanced b-catenin/TCF/LEF transcription activities in hMSCs.

Smad3-dependent nuclear translocation of b-catenin is required for

TGF-b1-induced proliferation of human MSCs [Jian et al., 2006].

Smad3 prevents b-catenin degradation and facilitates its nuclear

translocation in rat mesenchymal chondrogenic cell line [Zhang

et al., 2010]. SB431542 is a selective and potent inhibitor of the

phylogenetically related subset of ALK-4 (activin type I receptor),

ALK-5 (TGF-b type I receptor), and ALK-7 (nodal type I receptor)

[Inman et al., 2002]. SIS3, a specific inhibitor of Smad3, attenuated

Fig. 5. The Smad and non-Smad pathways in the inhibitory effects of TGF-b1 (1 ng/ml) on osteoblastogenesis in hMSCs. (A) Blocking TGF-b type I receptor with SB431542

(10mM) enhanced ALP activity of hMSCs (��P< 0.01, TGF-b1 vs. control; ���P< 0.001, SB431542 vs. control; ANOVA), and there was no significant (NS) difference between

SB431542 and SB431542 plus TGF-b1. (B) Blocking Smad3 with SIS3 (2mM) had no effect on the inhibition of ALP activity by TGF-b1 (���P< 0.01, TGF-b1 vs. control;
���P< 0.001, SIS3 plus TGF-b1 vs. SIS3; ANOVA). (C) Blocking PI3K pathway with LY294002 (1mM) had no effect on the inhibition of ALP activity by TGF-b1 (���P< 0.001,

TGF-b1 vs. control; ��P< 0.01, LY plus TGF-b1 vs. LY; ANOVA). (D) Blocking p42/44 MAPK pathway with 10mM PD098059 had no effect on the inhibition of ALP activity by

TGF-b1 (���P< 0.001, TGF-b1 vs. control; ���P< 0.001, PD plus TGF-b1 vs. PD; ANOVA). (E) Blocking p38 MAPK pathway with 10mM SB203580 had no effect on the

inhibition of ALP activity by TGF-b1 (���P< 0.001, TGF-b1 or SB203580 vs. control; ���P< 0.001, SB203580 plus TGF-b1 vs. SB203580; ANOVA). (F) Blocking PKC pathway

with 0.5mM CHE had no effect on the inhibition of ALP activity by TGF-b1 (���P< 0.001, TGF-b1 vs. control; ���P< 0.001, CHE plus TGF-b1 vs. CHE; ANOVA). (G) Blocking

PKA pathway with 10mMH-89 diminished the inhibition of ALP activity by TGF-b1 (���P< 0.001, TGF-b1 or H-89 vs. control; �P< 0.05, H-89 plus TGF-b1 vs. H-89; ANOVA).

(H) Blocking JNK pathways with 2mM SP600125 diminished the inhibition of ALP activity by TGF-b1 (���P< 0.001, TGF-b1 or SP vs. control; no significantly difference

between SP plus TGF-b1 and SP; ANOVA).
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the TGF-b1-induced phosphorylation of Smad3 and interaction of

Smad3 with Smad4, and did not affect the phosphorylation of

Smad2 [Jinnin et al., 2006]. Using SB431542 and SIS3, we

demonstrated that TGF-b/ALK-5/Smad3 axis is necessary for

stabilization of b-catenin in hMSCs.

TGF-b activates Smad-dependent and Smad-independent

pathways [Derynck and Zhang, 2003]. The non-Smad pathways

include various branches of MAPK, Rho-like GTPase signaling,

PI3K/AKT, JNKs, PKC, and PKA [Moustakas and Heldin, 2005;

Zhang, 2009]. To evaluate the non-Smad mechanisms by which

TGF-b activates Wnt/b-catenin signaling pathway, we used small

chemical molecule kinase inhibitors. Our data showed that TGF-b1

stabilized Wnt signaling molecule b-catenin via PI3K and PKA, but

did not require p38 MAPK, p42/44 MAPK, JNK, and PKC in hMSCs.

These results indicated that TGF-b regulates Wnt/b-catenin

signaling in hMSCs via both Smad and non-Smad pathways. Our

previous results showed that TGF-b up-regulated Wnt2, Wnt4,

Wnt5a, Wnt7a, Wnt10a, and Wnt co-receptor lipoprotein-related

protein (LRP)-5 in hMSCs [Zhou et al., 2004], suggested that Wnt

proteins secreted from hMSCs may serve as autocrine/paracrine

factors in TGF-b1 stabilization of b-catenin.

Many seemingly contradictory data have been reported on

the exact functioning of TGF-b1 in the bone milieu [Janssens

et al., 2005]. It was reported that endogenous TGF-b signaling

suppresses osteoblast differentiation in mouse C2C12 cells [Maeda

et al., 2004]. TGF-b can provide competence for early stages of

chondroblastic and osteoblastic differentiation, but it inhibits

myogenesis, adipogenesis, and late-stage osteoblast [Roelen and

ten Dijke, 2003]. Clinical investigations show that mutations in LRP-

5, a Wnt co-receptor, are associated with bone mineral density and

fractures [Gong et al., 2001; Little et al., 2002; Boyden et al., 2002].

Studies of knockout and transgenic mouse models for Wnt pathway

components, such as Wnt-10b, LRP-5/6, secreted frizzled (Fz)-

related protein-1, dickkopf-2, Axin-2, and b-catenin, demonstrated

that canonical Wnt signaling modulates most aspects of osteoblast

physiology including proliferation, differentiation, bone matrix

formation, mineralization, and apoptosis as well as coupling to

osteoclastogenesis and bone resorption [Bodine and Komm, 2006].

Canonical Wnt signaling appears to either suppress or promote

osteoblastogenesis of MSCs that may depend on differences in

the cellular background, the species employed, the experimental

conditions and stimuli applied, the level of Wnt activity, or the

stage of target MSCs [Ling et al., 2009]. Our data indicated that TGF-

b1 required TGFb type I receptor ALK-5, PKA, and JNK, inhibited

osteoblast differentiation of human MSCs in osteogenic medium in

vitro, and the inhibition was synergistic with Wnt/b-catenin

signaling, which has an inhibitory effect on differentiation of

hMSCs into osteoblasts as demonstrated by increasing osteoblast

differentiation of hMSCs after knockdown of b-catenin with

siRNA. BSP is thought to function in the initial mineralization of

bone, selectively expressed by differentiated osteoblast [Ganss et al.,

1999]. Our data showed that knockdown of b-catenin with siRNA

diminished the effects of TGF-b1 on BSP gene expression, but not

on ALP transcription as well as activity that is a well-established

early marker of osteoblast differentiation [Hoemann et al., 2009],

demonstrated that Wnt/b-catenin may involve the inhibitory effects

of TGF-b1 on late-stage, but not early-stage, osteoblast differentia-

tion of hMSCs. PKA activation induces in vitro osteogenesis and in

vivo bone formation by hMSCs [Siddappa et al., 2008]. Our data

confirmed that PKA is necessary in osteoblastogenesis as shown by

the inhibitory effects of PKA inhibitor H-89 on ALP activity in

hMSCs, and TGF-b1 needs PKA to inhibit osteoblastogenesis in

hMSCs. JNK was specifically required for the late-stage differentia-

tion events of murine osteoblasts [Matsuguchi et al., 2009], and was

associated with extracellular matrix synthesis and calcium deposi-

tion in hMSCs [Jaiswal et al., 2000]. Our data showed that JNK

pathways are necessary in osteoblastogenesis as shown by the

inhibitory effects of JNK inhibitor SP600125 on ALP activity in

hMSCs. It needs further study on the mechanism by which TGF-b1

regulates osteoblastogenesis via JNK signaling pathways.

This study reveals the mechanisms by which TGF-b affects Wnt/

b-catenin signaling and osteoblastogenesis in hMSCs (Fig. 6). Wnts

signal across the plasma membrane by interacting with receptors of

the Fz family and members of the low-density-LRP family that

promotes the stability and nuclear localization of b-catenin by

either degradation of Axin or inhibitory of GSK3b activity, and b-

catenin activates transcription in conjunction with co-transcription

factors Lefs/Tcfs [Moon et al., 2002; Cadigan and Liu, 2006; Ling

et al., 2009]. Lithium activates Wnt signaling pathway by inhibitory

of GSK3b to accumulation of b-catenin protein, it has been used to

mimic Wnt signals [Hedgepeth et al., 1997]. TGF-b ligand initiates

signaling by binding to a heteromeric receptor complex, type I and

type II receptor serine/threonine kinases on the cell surface [Shi and

Massagué, 2003]. Upon phosphorylation by the receptors, Smad

complexes translocate into the nucleus, where they cooperate with

sequence-specific transcription factors to regulate gene expression

[Feng and Derynck, 2005]. Signaling cross talk between the TGF-b

pathway and Wnt pathway through transcription factors Tcf/Lef1

and Smad3 has been reported [Labbe et al., 2000]. Facilitation of

Wnt signaling was also shown to occur through the interaction of

Smad4 with b-catenin and Tcf/Lef1 [Nishita et al., 2000], Dvl-1 with

Fig. 6. A summary scheme showed the mechanisms by which TGF-b regula-

tion of b-catenin signaling and osteoblastogenesis. TGF-b1 requires TGF-b

type I receptor ALK-5, Smad3, PI3K, and PKA pathways to stimulate b-catenin

signaling, and need ALK-5, PKA and JNK to inhibit osteoblastogenesis in

human bone marrow-derived MSCs.
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Smad1 [Liu et al., 2006], and Axin with Smad3 [Furuhashi et al.,

2001; Dao et al., 2007]. TGF-b utilizes a multitude of intracellular

signaling pathways in addition to Smads to regulate a wide

array of cellular functions. These non-Smad pathways include

MAPK, Rho-like GTPase signaling, PI3K/AKT, JNKs, PKC, and PKA

[Moustakas and Heldin, 2005; Zhang, 2009]. Among the non-Smad

pathways, PI3K/Akt and PKA signaling inactivated GSK-3 and

increased b-catenin translocation in osteocyte-like cell line [Xia

et al., 2010]. Our data showed the activation of b-catenin signal

pathway via ALK-5/Smad3, PKA, and PI3K by TGF-b in hMSCs, and

TGF-b1 needs ALK-5, PKA, and JNK pathways, but not PI3K, p42/44

MAPK, p38MAPK, and PKC, to inhibit osteoblastogenesis of hMSCs.

In conclusion, our studies and previous data [Zhou et al., 2004]

demonstrated that Wnt/b-catenin signaling is one of the mechan-

isms of TGF-b’s effects on cell fate of human bone marrow-derived

MSCs.
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