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Abstract
Mesenchymal stem cells (MSCs) have the capacity to restore liver function by differentiating into hepatocyte like cells. However,

the underlying mechanisms are not well understood. Here, we have investigated the signals involved in the hepatic differentiation

of human umbilical cord-derived mesenchymal stem cells (hUCMSCs). hUCMSCs were treated with mouse fetal liver-conditioned

medium (FLCM) to induce hepatic differentiation. Flow cytometry, reverse transcription PCR, real-time PCR, immunocytochem-

istry, and polymerase chain reaction (PCR) array were used to detect the expression of MSC- and hepotocyte-specific markers in

FLCM-treated hUCMSCs. Urea production and cytochrome P450 3A4 (CYP3A4) activity were used as indicators to evaluate liver

cell characteristics. Raf/mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) was analyzed

in hUCMSCs by Western blotting. Following FLCM treatment, expression of MSC-specific markers decreased, while hepatocyte-

specific gene expression was increased. Urea production, albumin secretion, glycogen storage, and CYP3A4 activity were sig-

nificantly enhanced in FLCM-treated cells. In addition, ERK1/2 phosphorylation was increased in a time-dependent manner

through Raf/MEK/ERK pathway, and phosphorylation was sustained at a high level during hepatic induction. Inhibition of

ERK1/2 activation by U0126 (an ERK1/2 inhibitor) and pFLAG-CMV-ERK1(K71R) (negative mutant of ERK1) reversed the expres-

sion of liver-specific genes in hUCMSCs and affected hepatic function significantly. In summary, this work shows that ERK1/2

phosphorylation plays an important role in inducing hepatic differentiation of hUCMSCs in FLCM.
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Introduction

Human umbilical cord-derived mesenchymal stem cells
(hUCMSCs) are anticipated to be a potential source for
cell-based therapies. Although bone marrow is an import-
ant source of mesenchymal stem cells (MSCs), the use of
hUCMSCs is advantageous: no appreciable ethical prob-
lems,1 a lower risk of viral transmission,2 and is more
primitive.3 In addition, hUCMSCs can be cryopreserved
and thawed efficiently, which make them suitable for use
in clinical cell banking. Most human umbilical cords are
currently discarded as medical waste in delivery rooms.
Recently, several studies have provided encouraging
results. The use of hUCMSCs have been applicated in the
treatment of various hepatic injuries.4–6

The clinical relevance of hUCMSCs is primarily depend-
ent on their potential to differentiate. Like human bone
marrow mesenchymal stem cells, hUCMSCs were demon-
strated to be multipotent. hUCMSCs can differentiate into
endodermal cell types as well as most mesodermal and
neuroectodermal cell types.7 Under defined conditions,
hUCMSCs can differentiate into functional hepatocytes
and effectively rescue experimental liver failure.6,8,9 We
had previously demonstrated that hUCMSCs can differen-
tiate into hepatocyte-like cells in vivo.10 However, due to the
low efficiency, this differentiation is not sufficient to pro-
duce enough functional hepatocytes for clinical purposes.

To gain a better understanding of the mechanisms
controlling hepatic differentiation, different induction
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strategies have been used for hepatic differentiation of
MSCs. Several studies11,12 have reported that the hepatic
differentiation potential of MSCs is controlled by the com-
bined action of several cytokines. Fetal liver-conditioned
medium (FLCM) provides a more suitable environment
for efficient bone marrow-derived MSC differentiation
into functional hepatocytes.13 The fetal liver-specific cyto-
kines (e.g. hepatocyte growth factor (HGF), basic Fibroblast
Growth Factor (bFGF), and Oncostatin M (OSM)) involved
in early maturation act as promoting factors for the differ-
entiation and maturation of hepatocytes during embryo-
genesis. Whether FLCM can induce hepatic differentiation
of hUCMSCs and the mechanism through which this
differentiation may occur is not clear yet.

We believe that hepatic differentiation of MSCs is tightly
regulated by many cytokines and growth factors through
signaling events. In our previous study, we showed that
hUCMSCs can differentiate into hepatocyte-like cells that
express liver-specific genes and enhance recovery from
hepatic injury. In this study, FLCM was used to induce
the differentiation of hUCMSCs to hepatocyte-like cells.
Our study indicates the signals that regulate hepatic
differentiation of FLCM-stimulated hUCMSCs.

Materials and methods
hUCMSCs isolation and expansion

hUCMSCs were isolated as previously described.10 Briefly,
human umbilical cords were obtained with donor consent
and processed within 6 h after birth. For removal of the
blood, cords were rinsed twice with phosphate-buffered
saline (PBS). Cords were then cut into 1 mm3-sized pieces
and cultured in low glucose Dulbecco’s modified Eagle’s
medium (LG-DMEM) (containing 10% fetal bovine serum
(FBS, Gibco, USA), penicillin, and streptomycin) at 37�C
with 5% CO2. Medium was changed in 3-day intervals
and when cells reached 70–80% confluency, cultures were
trypsinized with 0.25% trypsin–Ethylene Diamine
Tetraacetic Acid (EDTA) (Invitrogen, USA) and passaged
into new flasks for further expansion. Human hepatocte
cell line HL7702 was bought from Chinese Academy of
Sciences type culture collection cell library and cultured
in LG-DMEM (containing 10% FBS (Gibco, USA), penicillin,
and streptomycin) at 37�C with 5% CO2.

Osteogenic and adipogenic differentiation of hUCMSCs

hUCMSCs in passage 3 were cultured in LG-DMEM that
contained either osteogenic (0.1 mM dexamethasone,
10 mMb glycerophosphate, and 50 mM ascorbate-
phosphate, Sigma-Aldrich) or adipogenic (0.5 mM isobutyl-
methylxanthine, 1 mM dexamethasone, 10 mM insulin, and
200 mM indomethacin, Sigma-Aldrich) reagents. hUCMSCs
cultured in LG-DMEM were used as control. After 2 weeks
induction, osteogenic differentiation was assessed by the
examination of neutrophil alkaline phosphatase (NAP)
with the NAP staining kit (Sun Bio) and adipogenic differ-
entiation was examined via intracellular lipid accumula-
tion, which was visualized using Oil-Red-O staining by
an inverted microscope (Ti; NikonCorporation).

Hepatic differentiation

FLCM was prepared as described.13 Briefly, fetal livers of
mice at 13.5 embryonic days were harvested and cut into
approximately 1 mm3 pieces. Following adhesion to the
dishes, 6 mL DMEM with 10% FBS was added and incu-
bated at 37�C, 5% CO2 for 48 h. Supernatants were collected
and filtered using a 0.25mm filter. The filtrate, defined as
FLCM, was stored in aliquots at –20�C for further use.
hUCMSCs of passage 3 were incubated in FLCM at
5� 104 cells/cm2. Cultures were maintained by changing
the medium every 2 days. For analysis of the mechanisms
involved in the differentiation, U0126 (Promega, USA) was
added simultaneously until cells were collected. Cell
morphology was observed under a phase-contrast micro-
scope (Nikon, Japan). Induced hUCMSCs were collected
and stored at �70�C for further investigation.

Flow cytometry

hUCMSCs (1�105) were washed with PBS to remove the
medium and trypsin–EDTA, followed by incubation with
phycoerythrin (PE)-conjugated mouse antihuman monoclo-
nal antibodies (CD13, CD14, CD19, CD29, CD34, CD44,
CD45, CD73, CD90, CD105, CD271 and HLA-I, HLA-DR)
(Invitrogen, USA) for 30 min at 4�C in PBS. PE-labeled
mouse immunoglobulin Gs were used as negative controls.
Labeled cells were washed and analyzed by flow cytometry
(FACS Calibur, BD Biosiences, USA).

Microarray analysis

Total RNAwas purified using Trizol and RNA samples were
treated with DNase (Invitrogen, USA) treatment to remove
any DNA contamination. After RNA yield and quality was
assessed, cDNA was synthesized using SuperScript III
Reverse Transcriptase (Invitrogen). cDNA was then loaded
into the well of a PCR array to perform real-time PCR detec-
tion according to the manufacturer’s instructions (RT2

ProfilerTM PCR Array Human Mesenchymal Stem Cell
(PAHS-082 A), Qiagen, USA). Data analysis was performed
using the ��Ct method. The expression of each gene was
compared between hUCMSCs treated with and without
FLCM and results were reported as ratios.

Plasmids and extracellular signal-regulated
kinase1-K71R (ERK1-K71R) transfection

hUCMSCs were plated in 9.5 cm2 wells of a six-well plate.
After an overnight incubation, the cells were washed once
with PBS and then transfected using Lipofectomine2000
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The cells were transfected with 0.5 mg of
pFLAG-CMV7.1 vector or pFLAG-CMV-Erk1(K71R)
(kinase-deficient form of ERK-1). The pFLAG-CMV-
Erk1(K71R) plasmids were bought from Addgene (plasmid
49329) and deposited by Dr. Melanie Cobb, University of
Texas Southwestern Medical Center.14 After 5 h the cells
were replaced with complete DMEM and incubated for
60 h. The cells were then washed once with PBS and cul-
tured in DMEM or FLCM. Expression of P-ERK and T-ERK
was confirmed by Western Blotting analysis.
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RT-PCR and real-time PCR

Total RNA extracted from hUCMSCs was used in RT-PCR
reactions to determine the expression of liver- and MSC-
specific genes by a PCR thermal cycler (PCR Express,
ThermoHybaid, USA). Expression of tryptophan 2,3-dioxy-
genase (TDO) and cytochrome P450 1A1 (CYP1A1) genes
was detected by real-time PCR. Reaction mixtures con-
tained 10 ml 2� SYBG mix (ToYoBo, Japan), 0.4 ml 10mM of
each primer, 8.2 ml ddH2O, and 1 ml of first-strand cDNA.
Samples were run in triplicate, and each reaction was inde-
pendently repeated three times to ensure reproducibility
using Rotor-Gene Real-time analyzer (Rotor-Gene 6000,
CR, Australia). All the primers were gene specific
(Table 1) and were produced by Shanghai Bio-Engineering
Company (Shanghai, China).

Immunocytochemistry

hUCMSCs collected by enzymatic methods were plated
onto coverslips, fixed in methanol for 10 min, and permea-
bilized with PBS for another 10 min. After blocking with 5%
bovine serum albumin for 1 h, samples were incubated with
anti-neuron-specific enolase (NSE) (1:50), antiglial fibrillary
acidic protein (GFAP) (1:50), antidesmin (1:100) and cardiac
troponin T (1:100), antihuman albumin (ALB) (1:50), antihu-
man Cytokeratin 18 (CK-18) (1:100), and anti-a-fetoprotein
(AFP) (1:100) antibodies (Boster Bioengineering Company
Limited, Wuhan, China) for 1.5 h at 37�C, followed by incu-
bation with a secondary antibody for 20 min. Slides were
visualized using diaminobenzidine (Boster Bioengineering
Company Limited, Wuhan, China). Hematoxylin was

utilized for nuclear counterstaining. Removal of the pri-
mary antibody from the procedure provided a negative
control.

Western blotting

Western blotting was performed to analyze expression of
P-ERK/T-ERK (1:1000; Kang Cheng, Shanghai, China),
P-Raf/T-Raf, P-MEK/T-MEK, P-P38/P38, and phosphory-
lated c-Jun N-terminal kinas (p-JNK)/c-Jun N-terminal
kinas (JNK) (1:500, SAB, China) along with GAPDH
(1:3000; Kang Cheng, Shanghai, China) in different
groups. Cells were harvested and lysed in RIPA buffer
(10 mM Tris, pH 7.4, 150 mM NaCl, and 1mg/mL leupep-
tin). Aliquots containing equal amounts of protein were
fractionated by sodium dodecyl sulfate-Polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to metha-
nol preactivated Polyvinylidene fluoride (PVDF) mem-
branes. After blocking with 5% (w/v) milk, membranes
were incubated with primary and secondary antibodies.
Blots were developed and detected by enhanced chemilu-
minescence (GE Healthcare, Little Chalfont, UK).

CYP3A4 activity assay

Cell-based assays were used to determine the cellular activ-
ities of CYP3A4 according to manufacturer’s instructions
(Galen Biopharm International Co., Ltd). Briefly, the cul-
tured cells were washed twice with PBS and incubated
with cell lysis buffer for 10 min at room temperature. After
incubation, an aliquot of 20 mL cell lysate was transferred to a
1.5 mL eppendorf tube at room temperature. Then,

Table 1 Primers for RT-PCR and real-time PCR

Genes Primer Sequence (50–30)

Annealing

Temperature(�C)

Product

size (bp)

AFP For: TGCAGCCAAAGTGAAGAGGGAAGA 63 216

Rev: CATAGCGAGCAGCCCAAAGAAGAA

TDO For: ACCTCCGTGCTTCTCAGACA 55 493

Rev: GGAAGCCTGATGCTGGAGAT

CK18 For: GGAGGCATCCAGAACGAGAA 58 376

Rev: CCAGCTGCAGTCGTGTGATA

Nanog For: ATGCCTCACACGGAGACTG 60 369

Rev: CTGCGTCACACCATTGCTA

CYP1A1 For: ACCATGACCAGAAGCTATGGGT 60 215

Rev: TTAACACCTTGTCGATAGCACCA

ALB For: TTGCCAAGC TGCTGATAAGG 58.5 238

Rev: ATGGCAGCA TTCCGTGTG

ABCG2 For: CGGCTTGCAACAACTATGAC 60 537

Rev: ATCCTGCTTGGAAGGCTCTA

OCT4 For: TATACACAGGCCGATGTGG 60 397

Rev: GTGCATAGTCGCTGCTTGA

CD44 For: TCACAGGTGGAAGAAGAGAC 57 447

Rev: CATTGCCACTGTTGATCACT

CYP3A4 For:CCAAGCTATGCTCTTTCACCG 60 324

Rev:TCAGGCTCCACTTACGGTGC

GAPDH For: GGATTTGGTCGTATTGGG 55 205

Rev: GGAAGATGGTGATGGGATT
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Luciferase assay reagent (100 mL) was added and mixed
with cell lysate. The resulting luminescence was read using
a luminometer (GloMax� 20/20, Promega). Following
luminescence determinations, the luminescence data
Relative Luminescence Unit (RLU) were normalized to the
respective DMEM-cultured hUCMSCs to represent various
CYP3A4 activities in FLCM or FLCM/U0126-treated
hUCMSCs.

Enzyme-linked immunosorbent assay

The concentration of HGF in the DMEM and FLCM was
quantified by a human HGF enzyme-linked immunosorb-
ent assay kit (Senxiong Technology Limit Company, China).
The level of HGF in the medium was determined according
to the manufacturer’s protocol using recombinant HGF as a
control standard. The range of detection is from 62.5 to
8000 pg/mL, so DMEM and FLCM were optimally diluted
for detection.

Periodic acid-Schiff staining

Glycogen storage in hUCMSCs was detected by a periodic
acid-Schiff staining kit according to the manufacturer’s
protocol (SUNBIO Company, China). Briefly, hUCMSC
were fixed with methanol for 5 min and rinsed in distilled
water. Then the cells were oxidized in periodic acid solution
for 5 min and placed in Schiff reagent for 30 min, respect-
ively. After counterstain in hematoxylin for 1 min, stained
cells were visualized by an inverted microscope (Ti; Nikon
Corporation).

Albumin secretion

Albumin levels in the culture medium of DMEM or FLCM-
treated hUCMSCs were measured with an automated
biochemical analyzer.

Urea assay

Untreated, FLCM-treated, and FLCM/U0126-treated
hUCMSCs were plated at 3� 104 cells/well. After incuba-
tion with 5 mM ammonium chloride, the amount of urea
secreted into the medium was measured every 24 h for up
to 96 h. Urea concentrations were determined with an auto-
mated biochemical analyzer.

Statistical analysis

Data are expressed as mean� (standard deviation) SD.
Statistical significance was determined by using Student’s
t-test or Analysis of variance (ANOVA) using Prism soft-
ware (Graph Pad, San Diego, USA). P-values less than 0.05
were considered significant.

Results
Characteristics of hUCMSCs

hUCMSCs presented a homogeneous population of fibro-
blast-like cells and positively expressed CD105, HLA-I,
CD29, CD73, CD90, and negative for CD14, CD19, CD34,
HLA-DR, CD45 (Figure 1(a)). hUCMSCs possess the ability
for multidifferentiation. Non-treated control culture did not

show any adipocyte or osteoblast formation (Figure 1(B)a
and (c)). When addition of osteogenic and adipogenic sup-
plementation, hUCMSCs showed positively staining for
alkaline phosphatase (Figure 1Bb) and Oil-Red-O
(Figure 1Bd) when cultured in osteogenic and adipogenic
supplemented DMEM.

Hepatic differentiation of FLCM-induced hUCMSCs

hUCMSCs were cultured in DMEM and FLCM separately.
Human hepatocyte cell line HL7702 was used as a positive
control. Three days after FLCM treatment, expression of
liver-specific genes such as ALB, AFP, and human nuclear
factor 4 (HNF4) was strongly induced in FLCM group
(Figure 2(a)). No obvious expression was found in
DMEM-cultured hUCMSCs except CK-18 expression,
which was also enhanced after FLCM treatment.
Real-time PCR of FLCM-treated hUCMSCs samples
revealed increased expression of TDO and CYP1A1 in a
time-dependent manner (Figure 2(b)).

Differentiation was also evaluated at the functional level.
The levels of cell secretion were measured every 24 h fol-
lowing the addition of ammonium chloride. Urea in the
medium increased in a time-dependent manner both in
FLCM and DMEM group. Seventy-two h and 96 h after
NH4Cl addition, production of urea was significantly
higher in the FLCM-treated cells compared with
DMEM-cultured cells (Figure 2(c)). Furthermore, immuno-
cytochemistry analysis showed that the number of cells
expressing AFP, ALB, and CK-18 was increased in FLCM-
treated hUCMSCs (Figure 2(d)). Expression of CYP3A4 and
CYP3A4 activity was not increased until 12 days during
FLCM treatment (Figure 2(e)). Glycogen storage and albu-
min secretion were also enhanced in FLCM-treated
hUCMSCs (Figure 2(f) and (g)).

Specificity of FLCM-induced hepatic differentiation

Untreated hUCMSCs displayed a fibroblast-like appear-
ance at 0 and 3 days during FLCM treatment. After being
induced with FLCM for 14 days, hUCMSCs lost their spin-
dle-shaped appearance and adopted a polygonal shape
with a granular cytoplasm (Figure 3(a)). Flow cytometry
analysis of MSC-specific surface markers showed that the
percentage of hUCMSCs positive for CD13, CD271, CD44,
and HLA-1 were 96.32, 13.8, 99.05, and 60.58%, respectively.
On day 3, these MSC-specific markers decreased to 71.43,
0.03, 81.2, and 31.13% (Figure 3(b) to (d)).

RT-PCR showed a decrease in expression of MSC specific
and stemness markers such as ATP-binding cassette sub-
family G member 2 (ABCG2), CD44, OCT4, and Nanog
(Figure 4(a)). PCR array analysis also confirmed that MSC
specific and stemness markers were down-regulated on day
3 in FLCM-treated hUCMSCs (Table 2). These findings indi-
cated a downregulation of MSC-specific markers. At the
same time, both DMEM- and FLCM-treated hUCMSCs
were negative for neuron-specific genes NSE, GFAP and
cardiomyocyte related genes cTNT, desmin. These results
were confirmed by RT-PCR and immunocytochemical
staining (Figure 4(b) and (c)).
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FLCM provokes ERK1/2 phosphorylation in hUCMSCs

To investigate the pathways involved in hepatic differenti-
ation of hUCMSCs, Raf/MEK/ERK pathway was investi-
gated during FLCM treatment. We found expression of
P-ERK, P-Raf, and P-MEK increased significantly in the
FLCM-treated group (Figure 5(A)a) and P-ERK was not evi-
dent in DMEM group (Figure 5(A)b). We further blocked the
ERK1/2 phosphorylation with U0126, an ERK1/2 inhibitor.
Our results indicated a dose-dependent inhibition of U0126
on P-ERK expression during FLCM treatment (Figure 5(B)a
and (b)). However, expression of p-P38, P38, p-JNK, and JNK
was not changed in FLCM-treated hUCMSCs (Figure 3(c)).
Our results indicated that FLCM can activate ERK1/2 phos-
phorylation through Raf/MEK/ERK pathway.

Blockade of ERK1/2 phosphorylation inhibits the
hepatic differentiation of hUCMSCs

To study the role of ERK1/2 phosphorylation in hepatic
differentiation in FLCM-treated hUCMSCs, we investigated

the expression of liver-specific genes in FLCM-treated
hUCMSCs after ERK1/2 was blocked. U0126 and ERK1-
K71R transfection were used to block ERK1/2 phosphoryl-
ation. Expression of hepatic specific genes and proteins was
detected by RT-PCR and immunocytochemistry at 24, 48,
72, and 96 h followed by U0126 (5 mM) treatment. RT-PCR
results revealed that expression of hepatic-specific genes
including ALB, AFP, TDO, CK-18, and HNF4 was reduced
in the FLCM/U0126 group (Figure 6(a)). Urea secretion in
the medium was decreased at 72 h in the FLCM/U0126-
treated group, while increased in the FLCM-treated group
(Figure 6(b)). Furthermore, CYP3A4 activity was sup-
pressed in FLCM/U0126 group compared with FLCM
alone (Figure 6(c)). Immunocytochemistry also confirmed
that upon U0126 treatment, FLCM-treated cells negatively
expressed those markers mentioned earlier (Figure 6(d)). To
investigate the component that activates Raf/MEK/ERK
pathway, we tested the concentration of HGF in FLCM.
Result showed that HGF was highly increased in FLCM
(Figure 6(e)).

Figure 1 Characterization of hUCMSCs. A: Flow cytometry analysis of hUCMSCs. hUCMSCs were negative for CD34, HLA-DR, CD45, CD14, CD19 and positive for

CD105, HLA-I, CD29, CD73, CD90. The results confirmed that the cells were a kind of MSCs but non-hematopoietic cells; B: Immunocytochemistry with osteoblast-

specific and oil red staining marker. Control culture of hUCMSCs did not exhibit such osteocytic features (a). Osteogenic potential of hUCMSCs was shown by alkaline

phosphatase (b). hUCMSCs cultured in control culture did not exhibit such adipocytic features (c). Adipogenic potential of hUCMSCs was positively stained with Oil Red

O (d). (a, b, c, d: 100�). hUCMSCs, human umbilical cord-derived mesenchymal stem cells. (A color version of this figure is available in the online journal.)
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To further identify the role of ERK1/2 phosphorylation
in hepatic differentiation induced by FLCM treatment,
hUCMSCs were transfected with control vector or
pFLAG-CMV-Erk1(K71R) plasmids. Result showed that
P-ERK expression was highly suppressed in hUCMSCs
transfected with ERK1(K71R) during FLCM treatment
(Figure 7(a)). Moreover, expression of hepatic-specific
genes was also reduced in ERK1(K71R) transfected
hUCMSCs (Figure 7(b) and (c)).

Discussion

Several reports have demonstrated that the efficiency of
hepatic differentiation of MSCs can be improved by mod-
ifying the culture condition or by adding various growth
factors and cytokines. However, the efficiency of hepatic
differentiation of MSCs is still insufficient for clinical appli-
cation. It is necessary to understand the mechanism of hep-
atic differentiation of MSCs to achieve transdifferentiation
with high efficiency. Therefore, we tried to identify the sig-
nals important for hepatic specification by using FLCM to

Figure 2 FLCM-induced hepatic differentiation of hUCMSCs. A: Expression of hepatic-specific genes evaluated by RT-PCR at day 3 post-FLCM induction;

B: Expression of hepatic-specific genes evaluated by real-time PCR. The level of TDO and CYP1A1 expression is shown as a fold-change compared with 0 day. Human

hepatocyte cell line HL7702 was used as a positive control. Data are expressed as meanþSD of three experiments; C: Urea production in the medium of induced

hUCMSCs at different time. Data are expressed as meanþSD of six experiments. *P<0.05, compared with DMEM-treated hUCMSCs. D: Immunocytochemistry

analysis of hepatic-specific genes ALB, AFP, CK-18 expression in DMEM (a, d, g) and FLCM (b, e, h) treated hUCMSCs on day 3. Human hepatocyte cell line HL7702

was used as a positive control (c, f, i). (magnification,�200). E: Expression of CYP3A4 gene at 12 days and CYP3A4 activity at 3, 6, and 12 days during FLCM culture. F:

Periodic Acid-Schiff staining of FLCM-treated hUCMSCs on day 12. DMEM-cultured hUCMSCs and HL7702 were used as control. G: ALB secretion in the medium of

induced hUCMSCs at day 12. Data are expressed as meanþSD of three experiments. *P<0.05, compared with DMEM-treated hUCMSCs. FLCM, fetal liver con-

ditioned medium. TDO, tryptophan 2,3-dioxygenase. AFP, a-fetoprotein; ALB, albumin; CK-18, Cytokeratin 18; HNF4, human nuclear factor 4; CYP1A1, cytochrome

P450 1A1; CYP3A4, cytochrome P450 3A4. (A color version of this figure is available in the online journal.)
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induce hepatic differentiation of hUCMSCs in vitro. Fetal
livers have cytokines for early maturation, which act as
promoting factors in the differentiation and maturation of
hepatocytes during embryogenesis. For instance, the initi-
ation of murine liver ontogeny requires secretion of FGF
from the precardiac mesoderm.15 This is then followed by
secretion of HGF and OSM by the surrounding mesenchy-
mal stromal cells and hematopoietic stem cells, respect-
ively,16–18 which promote hepatic differentiation and
maturation. Indeed, several studies have demonstrated
that the combination of HGF, OSM, and bFGF can induce
hepatic differentiation in MSCs from different
sources.11,19,20 However, differentiation was accelerated in
FLCM-treated cells compared with HGF, OSM, and bFGF
induction.13 Therefore, the FLCM may be a more suitable
inducer for hepatic differentiation.

Previously we established a method to isolate
hUCMSCs.21 The characteristics of hUCMSCs isolated in

this manner corroborate results from previous studies and
the documented expression of a consensus marker set of
MSCs. hUCMSCs displayed a fibroblast-like appearance
in culture and were positive for MSCs-specific markers
such as CD13, CD44, CD271, and HLA-I. Following
FLCM treatment, hUCMSCs lost their spindle-shaped
appearance, and the expression of MSC-specific markers
changed significantly on day 3. Moreover, the expression
of stem cell-associated markers ABCG2, CD44, OCT4, and
Nanog decreased in FLCM-induced cells. Expression of
early stage and mature liver-specific markers such as AFP,
ALB, CK-18, HNF4, TDO, and CYP1A1 were increased in
FLCM-treated hUCMSCs. In addition, FLCM-induced
hUCMSCs displayed functional characteristics of liver
cells. Urea production was significantly higher in differen-
tiated hUCMSCs than in undifferentiated cells. These
results showed that FLCM can induce hepatic differenti-
ation in hUCMSCs. Furthermore, FLCM treatment did not

Figure 3 MSC-specific markers in FLCM-treated hUCMSCs. A: The morphology of hUCMSCs at 0 (a), 3 (b), 7 (c), 14 (d) days during FLCM treatment; B and C:

Expression of MSC-specific surface markers in hUCMSCs before (B) and after (C) FLCM treatment; D: The percentage of hUCMSCs positive for CD13, CD271, CD44,

and HLA-I were 96.32, 13.8, 99.05, and 60.58%, respectively. On day 3 after FLCM treatment, cells expressing MSC-specific markers decreased to 71.43, 0.03, 81.2,

and 31.13%, respectively. FLCM, fetal liver conditioned medium.*P<0.05, compared with DMEM group. (A color version of this figure is available in the online journal.)
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Figure 4 Analysis of FLCM-induced hepatic specificity. A: Expression of MSC-specific genes ABCG2, OCT4, Nanog, CD44 by RT-PCR in DMEM and FLCM-induced

hUCMSCs. (Lane 1, DMEM; Lane 2, FLCM); B: Expression of nerve cell-specific genes NSE, GFAP and cardiocyte-specific genes desmin, cTnT by RT-PCR in DMEM

and FLCM-induced hUCMSCs. (Lane 1, DMEM; Lane 2, FLCM; 3, Positive control of primary nerve cell for NSE, GFAP and human cardiomyocyte for desmin, cTnT). C:

Immunocytochemistry analysis of cardiocyte- and nerve cell-specific proteins in DMEM and FLCM-cultured hUCMSCs. hUCMSCs cultured in DMEM (a, d, g, j) and

FLCM (b, e, h, k) were negatively stained for NSE, GFAP, desmin, and cTnT. Primary nerve cell and human cardiomyocyte served as a positive control (c, f, i, l).

(magnification� 200). cTnT, cardiac troponin T; NSE, neuron-specific enolase; ABCG2, ATP-binding cassette sub-family G member 2; GFAP, glial fibrillary acidic

protein. (A color version of this figure is available in the online journal.)

Table 2 PCR array analysis of human mesenchymal stem cell-related genes

Genes Description Accession Number Ratio

MSC-specific markers

ALCAMc Activated leukocyte cell adhesion molecule NM_001627 0.29

ANPEP Alanyl (membrane) aminopeptidase NM_001150 0.39

BMP2 Bone morphogenetic protein 2 NM_001200 0.65

CASP3 Caspase 3, apoptosis-related cysteine peptidase NM_004346 0.76

CD44 CD44 molecule (Indian blood group) NM_000610 0.51

ENG Endoglin NM_000118 0.42

ERBB2 V-erb-b2 erythroblastic leukemia viral oncogene homolog 2 NM_004448 0.58

FUT4 Fucosyltransferase 4 NM_002033 0.34

FZD9 Frizzled homolog 9 (Drosophila) NM_003508 3.60

ITGA6 Integrin, alpha 6 NM_000210 3.48

ITGAV Integrin, alpha V NM_002210 0.47

KDR Kinase insert domain receptor NM_002253 0.43

MCAM Melanoma cell adhesion molecule NM_006500 0.37

NGFR Nerve growth factor receptor NM_002507 0.77

NT5E 5’-nucleotidase, ecto (CD73) NM_002526 0.40

PROM1 Prominin 1 NM_006017 0.04

THY1 Thy-1 cell surface antigen NM_006288 0.25

VCAM1 Vascular cell adhesion molecule 1 NM_001078 0.45

Stemness markers

INS Insulin NM_000207 0.34

POU5F1 POU class 5 homeobox 1 NM_002701 0.33

(continued)
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induce expression of neuron- and cardiomyocyte-specific
genes, which means the specificity of FLCM-induced hep-
atic differentiation. Thus, the use of FLCM may serve as a
useful inducing reagent, allowing detailed investigation of
the signals involved in hepatic differentiation of hUCMSCs.

ERK1/2 is preferentially activated by mitogens such as
serum or growth factors and is an important regulator of
cellular growth, differentiation, and survival.22 Recent stu-
dies have demonstrated that ERK1/2 plays a crucial role in
the regulation of stem cell function. ERK1/2 signaling
maintains the self-renewing properties of MSCs.23–25

Ablation of ERK2 gene expression by RNA interference sig-
nificantly reduces proliferation of hMSCs.26 In addition to
promoting proliferation of stem cells, ERK1/2 also

influences the lineage adopted by stem cells. A requirement
for ERK1/2 signaling was observed for neuronal and
mesendodermal differentiation in human ES cells.27

ERK1/2 phosphorylation is essential to adipogenic differ-
entiation of bone marrow-derived MSC and endothelial cell
differentiation of multipotent adult progenitor cells.28–30

Inhibition of the ERK1/2 pathway can increase ALP activ-
ity, and that mineralization in skeletal muscle-derived stem
cells leads to osteogenesis.31

Hepatic differentiation is tightly regulated by cytokines
and growth factors through signaling events. It has been
reported that the fetal liver might provide factors such as
HGF and bFGF for development and maturation of liver
embryogenesis.13 HGF treatment can induce ERK1/2

Figure 5 FLCM provoked ERK1/2 phosphorylation in hUCMSCs. A: Western blotting analysis of P-ERK, P-Raf, P-MEK, and T-ERK, T-Raf, T-MEK in FLCM-treated

(a) and DMEM-treated (b) hUCMSCs at 0, 6, 24, and 72 h; B: Effect of U0126(ERK1/2 inhibitor) on the ERK1/2 phosphorylation at 3, 5, and 10 mM after FLCM treatment

for 24 h (a). Density analysis of Western blotting bands (b). Data are expressed as meanþSD of three experiments. C: Western blotting analysis of P-JNK, JNK, P-P38,

and P38 in FLCM-treated hUCMSCs at 0, 6, 24, and 72 h. P-ERK, phosphorylated ERK1/2; T-ERK, total ERK 1/2; P-Raf, phosphorylated Raf; T-Raf, total Raf; P-MEK,

phosphorylated MEK; T-MEK, total MEK

Table 2 Continued

Genes Description Accession Number Ratio

SMURF1 SMAD specific E3 ubiquitin protein ligase 1 NM_020429 0.31

SOX2 SRY (sex determining region Y)-box 2 NM_003106 0.34

SOX9 SRY (sex determining region Y)-box 9 NM_000346 0.36

TERT Telomerase reverse transcriptase NM_198253 0.51

WNT3A Wingless-type MMTV integration site family, member 3 A NM_033131 0.34

ZFP42 Zinc finger protein 42 homolog (mouse) NM_174900 0.34
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phosphorylation in vitro.32,33 HGF can induce mitogenesis
by ERK1/2 phosphorylation function in an autocrine
manner.34 In fact, we found that HGF was enhanced in
the FLCM group. Furthermore, ERKs are activated by
many other growth factors and cytokines, including EGFR
ligands and transforming growth factor-b (TGF-b) family
members, some of which have been also reported to be
expressed in the developing liver and to play a role in hep-
atocyte expansion, differentiation, and/or survival during
liver development. To elucidate this, we devised a protocol
using a combination of HGF and bFGF, and demonstrated
its facilitation on ERK1/2 phosphorylation. However,
ERK1/2 phosphorylation was not shown to increase until
28 days after HGF and bFGF treatment (data not shown). It
is therefore implicated that some unknown factors are also

involved in ERK1/2 phosphorylation during FLCM treat-
ment on hUCMSCs.

In this study, we identified for the first time that ERK1/2
was an important signal in FLCM-induced hepatic differen-
tiation of hUCMSCs. During FLCM induction, ERK1/2
phosphorylation was increased at 6 h and sustained at a
high level even after 3 days. These results indicate that
ERK1/2 phosphorylation was not transient and could be
involved in hepatic differentiation of hUCMSCs in vitro.
Treatment with U0126 (ERK1/2 inhibitor) strongly reversed
the FLCM-induced expression of hepatic-specific genes
including AFP, ALB, CK-18, HNF4, and TDO.
Furthermore, the differentiation efficiency of FLCM-
induced hUCMSCs decreased after ERK1/2 phosphoryl-
ation was blocked. HL 7702 is one kind of hepatocyte cell

Figure 6 Blockade of ERK1/2 phosphorylation with U0126 reversed FLCM-induced hepatic differentiation of hUCMSCs. hUCMSCs were treated with FLCM in the

presence or absence of U0126 (5�M) for different times. A: Expression of hepatic-specific genes in hUCMSCs detected by RT-PCR. B: Urea production in the medium

of hUCMSCs at 72 h. Data are expressed as meanþSD of three experiments. C: CYP3A4 gene expression and CYP3A4 activity at 12 days during FLCM or FLCM/

U0126 treatment; D: Expression of hepatic-specific proteins AFP, ALB, CK-18 in hUCMSCs by immunocytochemistry. hUCMSCs cultured in DMEM were used as a

control (a, d, g). hUCMSCs were treated with FLCM (b, e, h) and FLCM/U0126 (c, f, i) for 72 h (magnification� 200). E: ELISA assay of HGF concentration in DMEM and

FLCM. HGF, hepatocyte growth factor. *P<0.05. (A color version of this figure is available in the online journal.)

Yan et al. ERK1/2 phosphorylation in hepatic differentiation of MSC 543
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



line and it has been used to study the function of human
hepatocytes.35,36 Human hepatocyte cell HL7702 was used
as a positive control. Taken together, ERK1/2 phosphoryl-
ation is associated with hepatic differentiation of hUCMSCs.

In summary, we demonstrated that FLCM could induce
hUCMSCs to differentiate into hepatocyte-like cells and
ERK1/2 signals play an important role in this differenti-
ation. During hepatic differentiation, ERK1/2 phosphoryl-
ation was increased, and inhibition of ERK1/2 reduced the
hepatic differentiation of hUCMSCs. These findings may
provide useful information on stem cell biology, which
should contribute to the development of regenerative medi-
cine for liver diseases.
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Figure 7 Blockade of ERK1/2 phosphorylation with kinase deficient ERK1(K71R) reversed FLCM-induced hepatic differentiation of hUCMSCs. hUCMSCs were

transfected with control vector or pFLAG-CMV-ERK1(K71R) and cultured in DMEM or FLCM for different times. A: Expression of P-ERK and T-ERK in hUCMSCs

transfected with control vector or pFLAG-CMV-ERK1(K71R) by Western blotting analysis at day 2 during FLCM treatment; B and C: Expression of hepatocyte-specific

genes evaluated by RT-PCR(B) and immunocytochemistry analysis(C). (A color version of this figure is available in the online journal.)
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