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ABSTRACT

Hepatocyte growth factor (HGF), a pleiotropic cytokine
of mesenchymal origin promoting migration, prolifera-
tion, and survival in a wide spectrum of cells, can also
modulate different biological responses in stem cells, but
the mechanisms involved are not completely understood
so far. In this context, we show that short-term exposure
of mesenchymal stem cells (MSCs) to HGF can induce the
activation of its cognate Met receptor and the down-
stream effectors ERK1/2, p38MAPK, and PI3K/Akt,
while long-term exposure to HGF resulted in cytoskeletal
rearrangement, cell migration, and marked inhibition of
proliferation through the arrest in the G1-S checkpoint.

When added to MSCs, the K252A tyrosine kinase inhib-
itor prevented HGF-induced responses. HGF’s effect on
MSC proliferation was reversed by p38 inhibitor
SB203580, while the effects on cell migration were abro-
gated by PI3K inhibitor Wortmannin, suggesting that
HGF acts through different pathways to determine its
complex effects on MSCs. Prolonged treatment with HGF
induced the expression of cardiac-specific markers
(GATA-4, MEF2C, TEF1, desmin, �-MHC, �-MHC, and
nestin) with the concomitant loss of the stem cell markers
nucleostemin, c-kit, and CD105. STEM CELLS 2006;24:
23–33

INTRODUCTION

Bone marrow mesenchymal stem cells (MSCs) display a great

transdifferentiation potential in adult organisms, being able to

differentiate in cell lineages different from those of the original

tissue [1]. So far, unidentified mechanisms and factors may

disclose such a plasticity that could be exploited by the organ-

ism to regulate cell turnover, substitute injured cells, and repair

tissue architecture. In this context, a major challenge is repre-

sented by the identification of growth factors that selectively

promote MSC proliferation, migration, and differentiation,

opening great prospects for future stem cell–based tissue engi-

neering [1, 2].

Hepatocyte growth factor (HGF) is a pleiotropic cytokine of

mesenchymal origin, promoting motility, proliferation, inva-
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sion, morphogenesis, and survival of a wide spectrum of cells,

namely epithelial and endothelial cells [3, 4]. The coordinated

integration of these processes plays a pivotal role in organ

formation during embryogenesis and tissue homeostasis in

adults. HGF directs tubulogenesis during kidney [5] and mam-

mary gland [6] development and angiogenesis [7] and is a

chemoattractant for motor neuron axon [8] and myoblast pre-

cursors [9, 10] and a survival factor for hepatocytes [11] and

placenta [12]. In adults, HGF is involved in kidney and liver

regeneration [13]; it displays in vivo cytoprotective activity in

different cell types of injured organs [14]. Inappropriate activa-

tion of the HGF signaling pathway results in tumorigenesis and

metastatic spreading of tumor cells [15]. Biological responses

elicited by HGF are mediated by its high affinity receptor, the

tyrosine kinase encoded by the met proto-oncogene [16, 17].

The Met receptor is a disulfide-linked heterodimeric glycopro-

tein, in which the transmembrane �-chain contains the kinase

domain and a unique multifunctional docking site [18], which

upon tyrosine phosphorylation, recruits different signal trans-

ducers and adaptors, such as Gab-1, SHC, and GRB2 [3, 4, 19].

The latter two couple the Met receptor with the ras-mitogen-

activated protein kinase (ras-ERK1/2 MAPK) pathway, while

Gab-1 binds PI3-kinase efficiently.

Although biochemical and biological responses induced by

HGF on primary cultured cells or established cell lines have

been extensively studied, little information is presently available

on undifferentiated cells. In human embryonic stem cells, HGF

induced differentiation into the three embryonic germ layers

[20]. In the presence of Matrigel and FGF-4, HGF induced

multipotent adult progenitor cells from bone marrow to differ-

entiate into functional hepatocytes in vitro, but its presence

seemed to be dispensable [21]. Hemopoietic stem cells purified

from bone marrow and primed with HGF in vitro were also

found to differentiate into a hepatocyte lineage [22, 23]. More-

over, it was recently reported that human MSCs produce HGF

and express a functional Met receptor [24]. Finally, Duan and

colleagues [25] demonstrated that the overexpression of HGF by

MSCs engrafted into ischemic myocardium can improve their

incorporation in the organ, reducing infarct size, improving

heart functions, and inducing angiogenesis.

The present study was undertaken to investigate (a) the

biochemical pathways involved in HGF activity on mouse

MSCs isolated from bone marrow in terms of proliferation and

migration, and (b) the possible effects on cell differentiation.

MATERIALS AND METHODS

Cell Culture
MSCs were obtained from 6-week-old female C3H/He mice

femurs according to Friedenstein’s protocol [26]. Ice-cold phos-

phate-buffered saline (PBS) was flushed into the bone shaft, the

pellet was resuspended in 5 ml of 5 mM EDTA for 30 seconds,

and then an equal volume of 1.8% NaCl was added (hypotonic

lysis). The Linpos fraction was eliminated by a magnetic cell-

sorting protocol (Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany, http://www.miltenyibiotec.com). Briefly, cells ob-

tained from bone marrow were incubated with a cocktail of

Biotin-conjugated monoclonal antibodies (CD5, CD45R

[B220], CD11b, antiLy-6G [Gr-1], 7-4, and Ter-119) and then

separated by anti-Biotin microbeads-conjugated secondary an-

tibody. Aliquots of the two separated cell subpopulations (Linpos

and Linneg) were then stained with anti-Biotin phycoerythrin-

conjugated secondary antibody and analyzed with fluorescence-

activated cell sorting (FACS). The Linneg fraction was resus-

pended in complete Iscove’s modified Dulbecco’s medium

(IMDM; Cambrex Bio Science, Verviers, Belgium, http://ww-

w.cambrex.com) supplemented with 10% fetal calf serum

(FCS), 100 IU/ml penicillin, and 100 �g/ml streptomycin. Cell

concentration was adjusted at 0.5 � 106 per cm2. After 4–6 days,

an adherent population of MSCs appeared. Medium was replen-

ished, floating cells were removed after 7 and 12 days, and the final

adherent cell population was used for the experiments. Serum was

omitted from the culture medium in the final passage.

RNA Extraction, Reverse Transcription, and
Semiquantitative and Quantitative Reverse
Transcription–Polymerase Chain Reaction
Total RNA was extracted by Trizol Reagent (GIBCO BRL,

Gaithersburg, MD, http://www.gibcobrl.com).

Reverse transcription (RT) was carried out with 2 �g of

RNA for each sample using RT M-MLV (Invitrogen Corpora-

tion, Carlsbad, CA, http://www.invitrogen.com) in the presence

of random hexamers. Semiquantitative analysis of RNA expres-

sion was carried out by RT–polymerase chain reaction (PCR) by

comparing the control transcript (GAPDH [glyceraldehyde-3-

phosphate dehydrogenase]) and the transcript of interest when

their amplification was in the exponential phase. The primers

used are reported in Table 1. PCR products were size-fraction-

ated in 2% agarose gel electrophoresis.

For real-time RT-PCR, each reaction was performed in a

final volume of 20 microl of Universal Master Mix without

Amperase Uracyl N-Glycosilase 2X (UMM no UNG, Applied

Biosystems, Foster City, CA, http://www.appliedbiosystems.

com), murine HGF, Met primers, probe 20X (Mm0115182 ml

and Mm00434924 ml assays; Applied Biosystems), and 0.5

microl of template cDNA. As active references, 18S RNA

(mammalian 18S PDAR; Applied Biosystems) was used. In

each experiment, single samples were amplified three times and

each experiment was a triplicate. The system used was the 700

Sequence Detection System (Applied Biosystems). In inhibition
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experiments, cells were concomitantly incubated with K252a

tyrosine kinase inhibitor (EMD Biosciences, Merck KGaA,

Darmstadt, Germany, http://www.emdbiosciences.com).

Stimulation, Immunoprecipitation, and Western
Blot Analysis
Quiescent MSCs were incubated for 15 minutes at 37°C in the

absence, or presence, of 20 ng/ml of human recombinant HGF

(ReliaTech, Braunscwheig, Germany, http://www.reliatech.de),

washed twice with cold PBS, and lysed in radio-immunoprecipi-

tation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl [pH

7.4], 1% Nonidet P-40, 0.25% sodium deoxycholate, and 2 mM

ortho-vanadate) and a cocktail of protease inhibitors (Sigma-Al-

drich, St. Louis, http://www.sigmaaldrich.com). The HGF dose

was chosen after preliminary dose-response experiments. Cell ly-

sates were centrifuged at 13,000 rpm at 4°C for 15 minutes and

incubated 2 hours with a mixture of DO-24 and DN-30 monoclonal

antibodies and rabbit anti-mouse antibodies coupled to Sepharose–

protein A (Amersham Pharmacia Biotech, Amersham, U.K., http://

www1.amershambiosciences.com), as described by Prat et al. [27].

Immunoprecipitates were washed with ice-cold RIPA buffer, sol-

ubilized in reducing Laemmli buffer, and resolved on SDS-

PAGE, followed by transfer onto polyvinylidene difluoride

(PVDF) filters. Filters were blocked with methanol for 10

minutes at 20°C and probed with the appropriate antibodies

(antiphosphotyrosine [UBI, Lake Placid, NY] or anti-Met

SP-260 [Santa Cruz Biotechnology, Santa Cruz, CA, http://

www.scbt.com]) diluted in Tris-buffered saline–5% bovine

serum albumin for 2 hours at 22°C.

MSCs were also treated with 20 ng/ml HGF for 10, 30, and

60 minutes and, after washing with cold PBS, lysed in 100 �l of

reducing Laemmli sample buffer; extracts were clarified and

protein content quantified by Bradford method (Amresco, Inc.,

Solon, OH, http://www.amresco-inc.com). Thirty micrograms

of the clarified extracts was run in 12.5% SDS-PAGE followed

by transfer to a PVDF membrane. Western analysis was carried

out using the following primary antibodies: monoclonal anti-

bodies (mAbs) against phosphorylated-ERK1/2 MAPK (Cell

Signaling Technology, Inc., Beverly, MA, http://www.cellsig-

nal.com), mAbs against phosphorylated-Akt, phosphorylated-

p38, p38 (Sigma-Aldrich, Milan, Italy), polyclonal Abs against

Akt1/2, ERK1/2, Met, �HGF (Santa Cruz Biotechnology), poly-

clonal antibodies (pAbs) against p27kip1, p21waf1 (Lab Vision Cor-

poration, Fremont, CA, http://www.labvision.com), and mAb

against pRB (BD Biosciences Pharmingen, San Jose, CA, http://

www.bdbiosciences.com/pharmingen). After extensive washing,

immunocomplexes were detected with horseradish peroxidase–

conjugated appropriate secondary antibodies followed by enhanced

chemiluminescence reaction (ECLTM; Amersham).

Proliferation Assay
For cell growth assay, 2.5 � 103 cells were seeded in 96-well

microplates, grown for 12 hours in 10% FCS and then starved in

2% FCS for 24 hours. Cells were then switched to 2% serum

supplemented, or not supplemented, with 20 ng of HGF per ml, or

to 10% serum. Fresh medium plus and minus HGF was replen-

ished. Cells were also incubated in 10% FCS, in the presence of 20

ng HGF per ml. Cells were pulsed with 1 �Ci per ml [3H]-

thymidine and incubated for 3 hours. After trypsin treatment, cells

were harvested by centrifugation and treated with 5% trichloroace-

tic acid (TCA) at 4°C for 30 minutes. The TCA-insoluble fraction

was resuspended in 0.1% SDS in 200 mM NaOH, and the samples,

after addition of 7 ml Optifluor (Packard Instruments, Downers

Grove, IL, www.packardbioscience.com), were counted for radio-

activity by a liquid scintillation counter (Tricarb 2180 TR, Packard

Instruments). As indicated in some experiments, prior to stimula-

tion, cells were preincubated for 1 hour with specific inhibitors.

Statistical analysis of the data was carried out using the Student’s

t-test.

Table 1. Primers used in the study

Primer Forward sequence Reverse sequence

HGF 5�-GGCCTTCGTTTTTGATAAGTC-3� 5�-TTCATGGGGGATCATGGAAT-3�
c-MET 5�-TTCTTGAATGCTACACCCCA-3� 5�-TCACACCCACTTCATGCACAT-3�
NST 5�-GGGAAAAGCAGTGTCATTA-3� 5�-GGGATGGCAATAGTAACC-3�
�-MHC 5�-GGAAGAGTGAGCGGCCATCAAGG-3� 5�CTGCTGGAGAGGTTATTCCTGG-3�
�-MHC 5�-GCCAACACCAACCTGTCCAAGTTC-3� 5�-TGCAAAGGCTCCAGGTCTGAGGGC-3�
MEF2C 5�-AGCAAGAATACGATGCCATC-3� 5�-GAAGGGGTGGTGGTACGGTC-3�
TEF1 5�-AAGCGTCAAGCCCTTTGTG-3� 5�-AAAGGAGCACACTTTGGTGG-3�
MLC 2a 5�-CAGACCTGAAGGAGACCT-3� 5�-GTCAGCGTAAACAGTTGC-3�
MLC 2v 5�-GCCAAGAAGCGGATAGAAGG-3� 5�-CTGTGGTTCAGGGCTCAGTC-3�
ANP 5�-TTGGCTTCCAGGCCATAATTG-3� 5�AAGAGGGCAGATCTATCGGA-3�
Desmin 5�-TCTACGAGGAGGAGATGCGC-3� 5�-GGACCTGCTGTTCCTGAAGC-3�
GAPDH 5�-CAAGATGGTGAAGGTCGGTGTG-3� 5�-GGGGTAAGCAGTTGTGTCAGGAT-3�

Abbreviations: ANP, atrial natriuretic peptide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HGF, hepatocyte growth factor;
MEF2C, myogenic enhancer factor 2C; MHC, myosin heavy chain; MLC 2a/v, myosin light chain 2 atrial/ventricular; NST, nucleostemin;
TEF1, transcriptional enhancer factor 1.
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FACS Analysis
To stain isolated nuclei, cells were incubated with 25 �g/ml of

propidium iodide (PI; Sigma-Aldrich, Milan, Italy) in a solution

containing 2% Triton X-100. In parallel experiments, MSCs were

doubly stained with PI and fluorescein isothiocyanate (FITC)–

labeled Annexin V (Sigma-Aldrich, Milan, Italy). After 30 minutes

of incubation, cells were washed with ice-cold PBS and analyzed in

a FACScalibur flow cytometer (BD Biosciences Pharmingen).

Wound Healing Assay
For wound healing assay, 5 � 105 cells were grown in a 15-mm

culture dish and allowed to reach confluence and further incu-

bated in medium containing 2% FCS for 18 hours. The mono-

layers were then wounded with a plastic pipette as described

[28]. After wounding, cells were washed with PBS and incu-

bated for 24 hours in medium containing 2% FCS, with or

without HGF (20 ng/ml), in the presence, or absence, of 30 nM of

Met tyrosine kinase inhibitor K252a (Calbiochem-Novabiochem

Intl.) added immediately before stimulation with HGF, fixed with

11% glutaraldehyde and stained with hematoxylin and eosin. Im-

ages of cell samples were taken with a digital camera.

Transwell Migration Assay
The assay for chemotaxis was performed in Transwell chambers

(Corning Costar Italia, Concorezzo, Italy). Briefly, 200 �l of

medium containing MSCs was seeded on the upper side of a

porous polycarbonate membrane (pore size: 8 �m). Five hun-

dred microliters of medium containing, or not containing, HGF

in the presence of 2% FCS was added to the lower compartment.

The plates were incubated at 37°C in 5% CO2 for 48 hours. In

inhibition experiments, cells were preincubated with K252A

inhibitor for 1 hour. At the end of incubation, the cells at the

upper side of the filter were mechanically removed. Cells that

had migrated to the lower side of the filter were fixed for 30

minutes in 11% glutaraldehyde and stained with hematoxylin

and eosin. Five to ten random fields were counted for each filter.

Immunofluorescence
MSCs were seeded on chamber slides (Nalge Nunc Interna-

tional, Rochester, NY, USA, http://www.nalgenunc.com) and

treated, or not treated, with 20 ng/ml HGF for 24, 48, 72, and 96

hours. Cells were washed in PBS, fixed in paraformaldehyde

4% in PBS containing CaCl2 for 30 minutes at 4°C and perme-

abilized with 0.1% Triton X-100. F-actin was labeled with

Tetra-rhodamine– conjugated Phalloydine in methanol 50% for

30 minutes. Cells were stained with antibodies for c-kit, CD105,

GATA-4 (Santa Cruz Biotechnology), nestin (Chemicon Inter-

national, Temecula, CA, http://www.chemicon.com), and

�–myosin heavy chain (monoclonal antibody MF-20 [29]). As

secondary antibodies, FITC-conjugated mouse anti-goat and

goat anti-mouse (Vector Laboratories, Ltd., Peterborough, En-

gland, http://www.vectorlabs.com/uk) were used. Nuclei were

stained with DAPI (4�,6�-diamidino-2-phenylindole). Incuba-

tion with FITC-labeled secondary antibody in the absence of

specific primary antibody was used to exclude the occurrence of

unspecific signals.

RESULTS

Phenotype of the Cells Purified from Bone Marrow
Cells were negatively selected by magnetic cell sorting on the

basis of the expression of Lin surface molecules and positively

selected for their ability to adhere to plastic substrate. Before

plating on plastic dishes, aliquots of the Linneg and Linpos

fractions were analyzed by FACS to assess the preparation

quality and the Linneg fraction was found to be 98% pure (data

not shown). The cells resulting after plating were c-kitpos,

CD105pos, nucleosteminpos, �–smooth muscle actinlow, nestinneg,

Sca-1neg, CD34neg, and CD45neg. They did not express any

muscle-specific marker.

MSCs Express Functional HGF and Met Receptor,
Both of Which Can Be Upregulated
Recently, Neuss and colleagues demonstrated that human MSCs

express HGF and its receptor c-Met [24]. To assess the expres-

sion of HGF and c-Met in mouse MSCs from bone marrow,

PCR was performed on cDNA obtained from RNA extracts of

purified MSCs. MSCs were found to express low levels of

mRNAs for HGF and Met, both of which were upregulated upon

48 hours of treatment with HGF (20 ng/ml) (Fig. 1A). In

parallel, PCR was performed also on non–reverse-transcribed

RNA samples, to exclude the possibility of positive results due

to contaminating genomic DNA. Real time RT-PCR performed

on cells stimulated with HGF confirmed the upregulation of

both HGF and its receptor, Met. Simultaneous treatment with 30

nM tyrosine kinase inhibitor K252a [30] nearly completely

abolished the expression of HGF and its receptor (Fig. 1B).

Untreated MSCs released in their supernatants low levels of

HGF, detectable and quantified in a scatter assay in 32 scatter

U/ml, equivalent to 7 ng/ml, when assayed in ELISA (enzyme-

linked immunosorbent assay) [31]. The receptor was functional,

as it could be phosphorylated upon stimulation with 100 ng/ml

of HGF for 10 minutes (Fig. 1B). These data suggest that the

exogenously added HGF could trigger the activation of both its

own receptor and the ligand. MLP29 oval cells [32] were used

as positive controls for Met expression.

HGF Activates ERK1/2, p38 MAP Kinases, and Akt
Because HGF activates downstream effectors, such as ERK1/2,

p38 MAPKs, and PI3K in several cell types [18, 33], we

26 HGF Effects on MSC



investigated the potential involvement of these effectors in

HGF-stimulated MSCs. Indeed, phosphorylation of ERK 1/2

and p38 MAPKs was time-dependent, peaking within 10 min-

utes (Figs. 2A, 2C), whereas Akt phosphorylation was pro-

longed for at least 1 hour (Fig. 2B). These responses were

completely abolished by 1 hour of pretreatment with 30 �M

PD98059, 30 �M SB230580, and 100 nM Wortmannin, specific

inhibitors of ERK1/2, p38, and PI3K, respectively. Finally, to

strengthen the idea that these responses were specifically de-

pendent on HGF-induced Met-mediated activation, preliminary

experiments infecting MSCs with a lentiviral vector [34] carry-

ing a small interfering RNA (siRNA) specific for Met (sequence

5� ACUCUAGAUGCUCAGACUU 3�), previously reported to

downregulate Met expression and HGF-dependent effects in

other cell types [35], were performed. Indeed, in these cells, a

significant reduction of ERK 1/2 phosphorylation was observed

(Taulli et al., personal communication).

HGF Inhibits MSC Proliferation
HGF is a pleiotropic cytokine promoting multiple biological

effects, namely mitogenesis, motogenesis, survival, and mor-

phogenesis in a cell type–specific fashion [4]. Experiments were

thus carried out to investigate the effect of HGF on MSC

proliferation. Cells were plated at low density in IMDM plus

10% FCS for 24 hours. They were then starved in low FCS–

containing medium (2%) for an additional 24 hours, treated or

not treated for 1 hour with specific inhibitors for ERK 1/2, p38

MAPKs, and PI3K, and finally switched to 2% FCS supple-

mented or not supplemented with 20 ng HGF/ml, or to 10% FCS

(control). Cells were replenished with respective fresh medium

after 24 hours, and cell proliferation was monitored by [3H]-

thymidine uptake in a time-course experiment. The results re-

Figure 1. Hepatocyte growth factor (HGF) and Met expression in
mouse mesenchymal stem cells (MSCs). (A): Reverse transcrip-
tion–polymerase chain reaction (RT-PCR) analysis of RNA isolated
from quiescent MSCs either untreated (�) or treated (�) with HGF
(20 ng/ml) for 48 hours. The Met (top panel) and the HGF (middle
panel) major transcripts are detectable in untreated MSCs and
upregulated by HGF treatment of 48 hours. RNA from MLP-29 was
used as control (C). To verify the quality of RNA, RT-PCR was
carried out in parallel with a probe specific for GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) (bottom panel). (B): Quantita-
tive PCR using HGF and Met-specific probes was performed on
cDNA obtained from RNA extracted from MSCs treated, or not
treated, with HGF in the presence, or absence, of tyrosine kinase
inhibitor K252a. (C): Western immunoblotting analysis of Met
expression (top panel) and HGF-induced activation (bottom panel)
in MSCs. Detergent extracts from MSCs, as well as from cells
expressing a physiological level of the Met receptor (MLP-29,
positive control), were immunoprecipitated with a mixture of
DO-24 and DN-30 Met antibodies, separated by SDS-PAGE, trans-
ferred onto membrane, and probed with SP-260 Met antibodies
(Met) and antiphosphotyrosine antibodies (P-Met). Similar amounts
of proteins were used as detected in Western blot with anti-Met
antibodies (top panel). All experiments are representative of three
replicates.

Figure 2. Hepatocyte growth factor (HGF) activates ERK1/2, p38
MAPKs, and Akt. (A): Quiescent mesenchymal stem cells were
either left unstimulated (�) or stimulated with HGF at 20 ng/ml for
the indicated times. Total cell lysates were resolved in SDS-PAGE,
Western blotted, and immunoprobed with antibodies against the
active phosphorylated forms of ERK1/2, p38, and Akt (pERK1/2,
pp38, and pAkt) or against the total proteins (ERK1/2, p38, Akt).
Protein phosphorylation induced at 10 minutes of stimulation was
inhibited if cells were pretreated for 1 hour with specific inhibitors:
PD98059 (30 �M PD), SB230580 (30 �M SB), and Wortmannin
(100 nM WM), respectively. All experiments are representative of
three replicates.
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ported in Figure 3A show that HGF did not induce a prolifer-

ative response in MSCs, whereas cells treated with 10% FCS

grew significantly. The finding that HGF can inhibit the prolif-

eration of distinct cell types [36] prompted us to investigate

whether this was also the case for MSCs. Indeed, when quies-

cent MSCs were cultured in medium containing 20 ng/ml of

HGF, cell proliferation induced by 10% FCS was nearly abol-

ished (Fig. 3A). FACS analysis performed on stem cells treated,

or not treated, with 20 ng/ml HGF for 12, 24, 36, and 48 hours,

and stained with PI shows that HGF induces a significant

increase in the G0/G1 ratio with respect to control untreated

MSCs (Fig. 3B). In a parallel experiment, stem cells were

doubly stained with PI and Annexin V to rule out the possibility

that HGF treatment could induce cell death by apoptosis or

necrosis. Indeed, no increase in the apoptotic or in the necrotic

fractions was detectable in MSCs after HGF treatment (data not

shown), and, actually, HGF displayed a faint, but reproducible,

antiapoptotic activity. We also investigated which signaling

pathway was responsible for the HGF-dependent inhibition of

FCS-driven cell proliferation, by using specific inhibitors. As

shown in Figure 3C, the block in cell proliferation, which was

evident within 9 hours, was completely reverted when MSCs

were pretreated with the p38 inhibitor SB203580, whereas no

effects were observed using PD98059 and Wortmannin, inhib-

itors of ERK 1/2 MAPK and PI3K, respectively. HGF induced

the expression of p21waf1 and p27kip, both of which are recog-

nized as universal cell cycle progression inhibitors. Consis-

tently, the HGF-driven accumulation of the hypophosphorylated

Figure 3. Effects of hepatocyte growth factor (HGF) on mouse mes-
enchymal stem cell (MSC) proliferation. (A): Cells (2.5 � 103) were
seeded in 96-well microplates, grown for 12 hours in 10% fetal calf
serum (FCS), and then starved in 2% serum for 24 hours. Cells were
switched to 2% serum supplemented with HGF 20 ng/ml (black), or to
10% serum (grey), or to 10% serum containing HGF 20 ng/ml (white),
and incubated for the indicated times, with change of medium every
second day. Cells were pulsed with 1 �Ci/ml [3H]-thymidine, incu-
bated for 3 hours, and counted for radioactivity by a liquid scintillation
counter (Tricarb 2180 TR). (B): Cells prepared as described in Mate-
rials and Methods were stained with 25 �g/ml of propidium iodide in
a solution containing 2% Triton X-100. The number of cells in G0/G1

phase was analyzed in a FACScalibur flow cytometer. (C): MSCs were
treated, or not treated, with HGF after 1 hour of pretreatment with the
indicated inhibitors: PD98059, Wortmannin, and SB203580. Cells
were pulsed with 1 �Ci/ml [3H]-thymidine, incubated for 3 hours, and
counted for radioactivity by a liquid scintillation counter (Tricarb 2180
TR). Each value represents the mean of six replicates � SEM. Samples
treated with SB203580 were not significantly different from the un-
treated control samples, indicating that this drug reverted the inhibition
exerted by HGF. (D): Western blot analysis of p21waf1, p27kip, pRb
(left panel) and of bcl-2 and bcl-XL (right panel) expression in MSCs
either untreated or treated with HGF for the indicated times. Bars
represent the mean of four independent experiments � SEM. *, p �
.001, compared with MSCs treated with 10% FCS. **, p � .001,
compared with MSCs treated with 10% FCS. All the experiments are
representative of three replicates, unless otherwise stated.
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forms of Rb, typical of quiescent cells [37), was detected.

Finally, HGF treatment induced the expression of bcl-2 and

bcl-XL proteins, which is consistent with the antiapoptotic ac-

tivity displayed by HGF on MSCs (Fig. 3D).

HGF Activates MSC Migration
HGF is identical to scatter factor, a molecule that was indepen-

dently identified for its ability to induce motility in epithelial

cells [38]. The chemoattractant ability of HGF on human MSCs

was recently demonstrated [24]. A conventional scatter assay, in

which cell colonies are dispersed, could not be performed,

because MSCs are already basally spindle-shaped. A wound

healing assay, which is generally considered a simple and reli-

able test for evaluation of cell motility, was thus carried out.

Confluent cell monolayers were cultured in low FCS for 12

hours, wounded, and finally cultured in 2% FCS for 24 hours in

the absence or presence of HGF. In the absence of HGF, MSCs

displayed barely detectable healing after 24 hours, which is

indicative of very low basal motility (Fig. 4A). Cells responded

to HGF treatment by filling the wound within 24 hours (Fig.

4B), in a dose-response way (not shown), and this effect was

completely abolished by adding 30 nM kinase inhibitor K252a

or 100 nM Wortmannin 1 hour before HGF stimulation (Figs.

4C, 4D). This evidence suggested that PI3K/Akt pathway is

involved in the scattering effect of HGF. At the molecular level,

HGF-dependent migration was accompanied by cytoskeleton

remodeling. Indeed, MSC treated with 20 ng/ml HGF for 24

hours, fixed, permeabilized, and decorated with Rhodamine-

labeled Phalloydine displayed typical F actin–rich microspikes

(Figs. 4D, 4E), which are peculiar for migrating cells [39]. HGF

was also tested in a directional transwell migration assay. In the

absence of ligand, MSCs showed a limited ability to cross the

filter, whereas, in the presence of HGF (20 ng/ml) in the lower

compartment, the number of cells crossing the filter was signif-

icantly increased (Fig. 5). This effect was completely inhibited

by concomitant incubation with Wortmannin or the tyrosine

kinase inhibitor K252a at concentrations mentioned above.

Figure 4. Hepatocyte growth factor (HGF) in-
duces a motogenic response in mouse mesenchy-
mal stem cells (MSCs). A confluent monolayer
of MSCs grown in 5% fetal calf serum (FCS) and
made quiescent by a 12-hour 2% FCS treatment
was ‘wounded’ with a pipette tip and incubated
for 24 hours in the absence (A) or presence of 20
ng/ml HGF (B) or pretreated with PI3K inhibitor
Wortmannin (C) or tyrosine kinase inhibitor
K252a (D) and then exposed to 20 ng/ml HGF.
At the end of the treatment, cells were fixed with
2.5% glutaraldehyde and stained with hematoxi-
lin and eosin. MSCs were also plated on cover-
slip, and when they reached 60% confluence,
they were starved in low serum for 12 hours,
untreated (E) or treated with HGF 20 ng/ml (F)
for 24 hours, fixed with paraformaldehyde, per-
meabilized with Triton X-100, and stained for
polymerized actin with tetramethylrhodamine
isothiocyanate (TRITC)–conjugated Phalloy-
dine. Arrow indicates microspikes protruding
from cell surface. Bar � 7.5 �m.

Figure 5. Hepatocyte growth factor (HGF) acts as chemoattractant
for mouse mesenchymal stem cells. Cells were untreated (A) or
treated with 20 ng/ml HGF (B) or pretreated with tyrosine kinase
inhibitor K252a before adding HGF (C) in a transwell directional
migration assay. At the end of incubation, the cells at the upper side
of the filter were mechanically removed. Cells that had migrated to
the lower side of the filter were fixed for 30 minutes in 11%
glutaraldehyde and stained with hematoxylin and eosin. Five to ten
random fields were counted for each filter (D).
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HGF Prompts MSC Differentiation Toward
Cardiac Lineage
HGF is a potent differentiating factor for human embryonic

stem cells and rat bone marrow mesenchymal cells [20, 22]. To

test this potential effect on mouse MSCs, cells were cultured for

several days in the presence of HGF (20 ng/ml) and the out-

coming phenotype was thus examined by determining the ex-

pression of some muscle-specific genes using RT-PCR. RNA

was isolated from cells treated for different periods of time.

After day 2 of treatment, MSCs lost stem cell markers, like

nucleostemin, and started to express mRNAs for the muscle-

specific transcription factors MEF2C (myocyte enhancer factor

2C) and TEF1 (transcriptional enhancer factor 1) (Fig. 6). Fur-

thermore, at the same time, they expressed transcripts for

desmin, �-MHC (�–myosin heavy chain), and �-MHC, while

they did not express other muscular markers, such as MLC 2a

(myosin light chain 2 atrial), MLC 2v (myosin light chain 2

ventricular), or ANP (atrial natriuretic peptide) (data not

shown). Interestingly, �-MHC transcript was detected in a

higher amount than �-MHC transcript. HL-1 cardiac cell line

[40] was used as a positive control for myogenic differentiation

of MSCs. Consistently with the onset of a differentiative pro-

gram, immunofluorescence analysis (Fig. 7) showed that MSCs

were no longer reactive for the stem cell markers c-kit (panels

A, B) and CD105 (panels C, D) and they showed a positive

staining for GATA-4 (panels M, N), a crucial transcription

factor operating during the early phases of cardiac development,

the intermediate filament protein nestin (panels E, F), and

�-MHC, a component of the cardiac contractile system (panels

G, H).

DISCUSSION

In this study, we investigated the effects of HGF on murine

MSCs and found that HGF can induce early biochemical effects,

such as receptor tyrosine phosphorylation and upregulation,

activation of the major signaling pathways, as well as delayed

biological responses, namely block of proliferation, cytoskeletal

rearrangement, cell migration, and expression of cardiac-spe-

cific markers with concomitant loss of stem cell markers. We

also show in some experiments that these effects were depen-

dent on HGF stimulation, because they could be inhibited by the

natural alkaloid K252a, which was shown to strongly impair the

oncogenic properties of Met [30] or in MSCs infected with a

lentiviral vector [34] carrying an siRNA specific for Met [35].

Finally, we present evidence that cell migration is PI3K-depen-

dent, whereas inhibition of cell proliferation is p38-dependent.

Adult stem cells are attracting increasing attention because

of their potential use in both developmental biology and medical

applications, such as tissue and organ repair [1, 2]. It is now

widely accepted that they are present in nearly all tissues, where

they are probably already committed to a particular lineage,

dictated by the microenvironment. In this context, bone marrow

is the source of adult stem cells with greater differentiation

potential [1], because it can give origin not only to hemopoietic

and endothelial stem cells, but also to precursors of other tissues

of mesenchymal origin, such as adipose tissue, bone, and car-

tilage [2], as well as to cells that can transdifferentiate in

epithelial components, such as hepatocytes [21–23]. The fate of

these stem cells is determined by microenvironment and growth/

differentiation/mobilization factors, which can recruit them in

different organs and situations, such as after injury.

HGF is a pleiotropic cytokine displaying mitogenic, mo-

togenic, morphogenetic, and antiapoptotic activities in a cell

type–specific manner [3], the main target cells being epithelial

Figure 6. Hepatocyte growth factor (HGF) induces the expression
of myocyte-specific transcription factors and structural genes in
mesenchymal stem cells. Cells were untreated (�) or treated with
20 ng/ml of HGF (�) for 48 hours. Total RNA was isolated and
after DNase I treatment, reverse transcription–polymerase chain
reaction was performed with primers specific for nucleostemin
(NST), myocyte enhancer factor 2C (MEF2C), transcriptional en-
hancer factor 1 (TEF1), �–myosin heavy chain (�-MHC), �–myo-
sin heavy chain (�-MHC), desmin, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), as described in Materials and Methods.
HL-1 cells were used as positive controls. All experiments are
representative of three replicates.
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and endothelial cells, which predominantly express the cognate

receptor. Indeed, HGF promotes hepatocytes, keratinocytes, re-

nal tubule cell and endothelial cell proliferation, dissociation of

epithelial cell colonies, cell motility, and invasion through ex-

tracellular matrix. The coordinated orchestration of these pro-

cesses plays a major role in organogenesis, such as tubulogen-

esis and branching morphogenesis, and in tissue and organ

homeostasis in adults, such as liver and kidney regeneration

[14]. In vivo, HGF and Met receptor have been reported to play

an important role in the early cardiac development [41], when

they are transiently expressed. Recently, Duan and colleagues

[25] showed that HGF is able to enhance MSC engraftment in

injured heart. In the adult, upon heart injury, HGF plasma levels

are rapidly and markedly elevated with cardioprotective signif-

icance. Indeed, exogenous HGF has a potent cardioprotective

role in experimentally induced myocardial infarction, prevent-

ing cardiomyocyte apoptosis, inducing significant angiogenesis,

and improving impaired heart functions [7, 42, 43]. These

findings show that HGF can induce biological responses in cells

other than epithelial.

More recently, a few studies have shown that HGF can

induce biological responses also in stem cells [20, 22, 24].

Our results show that mouse MSCs coexpress functional

forms of Met receptor as well as of its ligand. Yet, the low levels

of HGF found in the culture medium of control samples are not

sufficient to activate its own receptor on MSCs; the receptor,

however, maintains the biochemical and biological responsive-

ness to exogenously added ligand. In fact, both the receptor and

the ligand can be upregulated upon long-term HGF treatment.

Indeed, it was already reported that Met receptor behaves as a

delayed early gene, the expression of which in epithelial cells

could be upregulated by treatment with serum, phorbol esters,

and HGF itself [44]. After full ligand-dependent tyrosine phos-

phorylation, the Met receptor expressed on MSCs was able

within a few minutes to activate the ras-ERK1/2 and p38

MAPKs as well as the PI3K/Akt pathways, which are the main

transduction pathways activated in other HGF biologically re-

sponsive cells [3, 4, 19]. Depending on cell type, these pathways

were reported to variably contribute to the different biological

responses elicited by HGF. The ras-ERK1/2 MAPK pathway

was shown to be mostly associated with HGF mitogenic and

morphogenic effect, whereas the PI3K/Akt pathway seems to be

mainly related to motogenic and antiapoptotic effects [4, 19,

45].

In our system, HGF activated cell migration in a PI3K-

dependent way, because the effect of wound healing could be

blocked by the PI3K pharmacological inhibitor Wortmannin.

Surprisingly, HGF inhibited cell proliferation by blocking

cells in the G0-G1 phase. This response was accompanied by the

induction of p21waf1 and p27kip proteins, which are known as

universal cell cycle progression inhibitors, acting through their

binding to cyclins-CDK complexes and PCNA [46, 47] and by

Figure 7. Hepatocyte growth factor (HGF) induces differentiation
of mesenchymal stem cells. Cells were plated on coverslip, and
when they reached 60% confluence, they were untreated (A, C, E,
G, I) or treated with 20 ng/ml of HGF (B, D, F, H, J) for 96 hours.
They were then fixed with paraformaldehyde, permeabilized with
Triton X-100, and stained with antibodies for c-kit (A, B), CD105
(TGF�rIII) (C, D), nestin (E, F), MHC (myosin heavy chain) (G,
H), and GATA-4 (I, J), followed by the appropriate FITC (fluores-
cein isothiocyanate)–labeled secondary antibodies. DAPI (4�,6�-
diamidino-2-phenylindole) counterstaining was used to visualize
nuclei. Bar � 12.5 �m. In control experiments, in which the
primary antibody was omitted, no fluorescent signal was detected.
All experiments are representative of three independent replicates.
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the accumulation of the hypophosphorylated forms of pRb. Al-

though HGF is generally recognized as a proliferation factor, it was

already reported to inhibit the proliferation of certain cell types [36)

as well as human MSCs [24]. No significant apoptosis was detected

in the conditions used, and actually the low basal level of apoptosis

was even decreased upon treatment with HGF. Consistent with this

finding, bcl-2 and bcl-XL proteins were induced by HGF. The

arrest of cell proliferation was dependent on p38 MAPK, because

it was abrogated by treatment with its specific inhibitor, SB203580.

P38 has been shown to exert a similar role also in FGF-dependent

chondrocyte proliferation [45]. Moreover, p38 MAPK pathway has

been already implicated in chondrocyte and skeletal muscle differ-

entiation [48–50].

In our model, upon 48 hours of HGF treatment, MSCs

started to express mRNAs for MEF2C and TEF1, two transcrip-

tion factors, and desmin, which are typically detectable during

the first stages of muscle differentiation. Moreover, MSCs ex-

pressed transcripts for contractile proteins, such as �-MHC and

�-MHC. In this transition toward myogenic differentiation,

MSCs lost the expression of markers typically associated with

the stem cell phenotype, such as CD105 (TGF�RIII), c-kit, and

nucleostemin; remarkably, after 7 days of exposure to HGF,

MSCs expressed nestin, a poorly organized form of MHC, and

the transcription factor GATA-4, which is crucially involved in

early phases of cardiac development. By contrast, these cells

failed to express other muscle markers, such as MLCs or ANP,

suggesting that further differentiative steps probably require

additional factors. Other treatments were also reported to drive

bone marrow cells toward the cardiomyocyte phenotype: for

example, 5-azacytidine was able to induce morphologic, bio-

chemical, and functional cardiomyocytes [51, 52], although the

molecular events involved have yet to be identified. PDGF was

reported to enhance the generation of bone marrow cell–derived

cardiomyocytes in rat hearts [53], but these cells did not inte-

grate with resident myocytes, again suggesting that additional

factors are required for their full functionality.

In conclusion, our findings suggest that HGF could be one

of the factors involved in the mobilization and commitment of

MSCs toward a cardiomyocyte phenotype even if more detailed

experiments will be necessary to clarify whether these processes

occur in vivo as well.

ACKNOWLEDGMENTS

The authors are grateful to Isabella Screpanti (University of

Rome ‘La Sapienza’), Andrea Graziani (Università del Pi-
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