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Abstract

In response to inflammation, mesenchymal stem cells (MSCs) are known to migrate to tissue injury sites to participate in
immune modulation, tissue remodeling and wound healing. Tumors apply persistent mechanical and pathological stress to
tissues and causes continual infiltration of MSCs. Here, we demonstrate that MSCs promote human hepatocellular
carcinoma (HCC) metastasis under the influence of inflammation. The metastasis promoting effect could be imitated with
the supernatant of MSCs pretreated with IFNc and TNFa. Interestingly, treatment of HCC cells with the supernatant leads to
epithelial-mesenchymal transition (EMT), an effect related to the production of TGFb by cytokines stimulated MSCs.
Importantly, the levels of MSCs expressing SSEA4 in clinical HCC samples significantly correlated with poor prognosis of
HCC, and EMT of HCC was strongly associated with a shorter cancer-free interval (CFI) and a worse overall survival (OS).
Therefore, our results suggest that MSCs in tumor inflammatory microenvironment could promote tumor metastasis
through TGFb-induced EMT.
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Introduction

Mesenchymal stem cells (MSCs) can differentiate into multiple

lineages such as chondrocytes, osteocytes, adipocytes, myocytes,

and astrocytes, which is a potential candidate of stem cells for

cellular and genetic therapy [1,2]. MSCs are found in the bone

marrow and have also been isolated from other sites in the body

such as adipose tissue and uterus [3]. The phenotype of MSCs is

identified by the absence of the CD34 and CD45 hematopoietic

cell markers and is positive for CD90 and CD105 [4]. MSCs can

be expanded more than 104-fold in culture without loss of their

multilineage differentiation potential. Because of these properties,

MSCs have been exploited for their potential to repair or

regenerate damaged tissues of mesenchymal origin, including

tendon repair, cartilage regeneration, and support of engraftment

after chemotherapy [5,6].

Inflammation is an essential part of the malignant microenvi-

ronment [7]. Chemokines, leukocyte infiltration, and cytokines are

crucial elements, which contribute to cancer-related inflammation.

Attracted by chemokines, a variety of mesenchymal stem cells

(MSCs) from the bone marrow are recruited at injury sites in

a number of pathological conditions such as inflammation, tissue

repair and also neoplasia [8], where they may become myofibro-

blasts or tumour-associated macrophages (TAF) [9], and play a role

in facilitating hepatoma progression [10]. Exposure to mutiple

inflammatory factors in the local microenvironment, such as

interferon-c (IFNc), tumor necrosis factor-a (TNFa), and In-

terleukin-1 (IL-1), MSCs secrete several cytokines like Interleukin-

10 (IL-10) [11], transforming growth factor-b (TGFb) [11,12],
hepatocyte growth factor (HGF) [12], and vascular endothelial

growth factor (VEGF) [13], which promote immunosuppression,

angiogenesis and tumor growth. Although MSCs have been

evaluated in clinical phase I and II studies for immunomodulation

therapy after liver transplantation [14], the potential effect of

MSCs on HCC metastasis in inflammatory microenvironment is

still poorly understood.

Epithelial-mesenchymal transition (EMT) is considered as an

important feature of physiological condition. Recently, studies

have revealed that similar but pathological transitions occur

during the progression of cirrhosis, endowing epithelial cells with

mesenchymal features [15]. Some results also indicate that both
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invasion and metastasis may be critically associated with EMT,

which is a key event in the tumor invasion process whereby

epithelial cell layers lose polarity together with cell-cell contacts

and then undergo a dramatic remodeling of the cytoskeleton [16].

In addition, EMT also helps cancer cells disruption of cell-cell

adherence, loss of apico-basal polarity, matrix remodeling, in-

creased motility and invasiveness [17–19], which has important

clinical significance in HCC metastasis. Current study suggests

that MSCs actively recruited to tumor stromal microenvironment

may act as a stimulus to induce EMT in breast cancer cells and

actively increase breast cancer metastatic potential [17]. However,

whether MSCs in tumor inflammatory microenvironment stimu-

lated may lead tumor metastasis by inducing EMT of HCC cells,

as well as the clinicopathologic characteristics of MSCs in HCC

are rarely reported.

The aim of this study was to investigate the mechanism of

MSCs favoring HCC metastasis in inflammatory microenviron-

ment. We first demonstrated that the metastasis of human HCC

cell lines was strengthened by the supernatant of MSCs pretreated

with IFNc and TNFa, and the cell lines were also observed

undergoing EMT. Then we found that the combination of IFNc
and TNFa would provoke the expression of TGFb in MSCs and

the enhancement of metastasis and EMT of HCC cell lines

showed as a TGFb dependent manner. Furthermore, we

employed SSEA-4 as a surface marker to identify MSCs in

clinical HCC tissues. The results illustrated that overexpression of

SSEA-4 was found to be significantly correlated with poor

prognosis of HCC. EMT of HCC lead by MSCs in inflammatory

microenvironment was also associated with a shorter cancer-free

interval (CFI) and a worse overall survival (OS). Our results

suggest that the MSCs in tumor inflammatory microenvironment

may be elicited of overexpression of TGFb, which will promote

EMT of HCC that lead to tumor metastasis.

Results

MSCs Pretreated by Proinflammatory Cytokines Promote
the Metastasis of HCC Cell
To investigate whether MSCs could promote the HCC

metastasis in inflammatory microenvironment, we examined the

effect of MSCs stimulated by both IFNc and TNFa on cell motility

by a scratch wound-healing assay. As was shown in Figure 1A,

SMMC-7721 cells that exposed to conditioned medium of MSCs

after being stimulated by both IFNc and TNFa exhibited

significantly enhanced mobility compared with other control cells.

By Matrigel invasion assay, an increase in cell invasion was

observed in SMMC-7721 cells after being co-cultured with

conditioned medium of MSCs which were stimulated by both

IFNc and TNFa in comparison with other control groups (Fig. 1B).

The SMMC-7721 cell was replaced by Hep-3B to repeat the

experiments mentioned above, the same results were obtained

(Fig. S1A, S1B).

We also detected the capacity of MSCs that being stimulated by

both IFNc and TNFa on SMMC-7721 metastasis in vivo by splenic

vein metastasis assay. A significant increase in hepatic metastasis

was noted in mice receiving injection of SMMC-7721 cells co-

cultured with conditioned medium of MSCs after being stimulated

by both IFNc and TNFa versus control group (Fig. 1C-F), and

mice survival rate was also effected (Fig. 1G). A similar pulmonary

metastasis was observed in the tail vein injection model (Fig. S2).

These results indicated that MSCs that were stimulated by IFN-c
and TNF-a could effectively enhance the metastatic and invasive

ability of HCC cells.

MSCs Pretreated by Proinflammatory Cytokines Lead
Epithelial-mesenchymal Transition of HCC Cells
Because of some results indicating the critical association

between the metastasis and EMT [16], we probed the EMT

markers in SMMC-7721 cells that exposed to conditioned

medium of MSCs after being stimulated by both IFNc and

TNFa. As was shown in Figure 2A, MSCs, which were pretreated

by both IFNc and TNFa, promoted SMMC-7721 cells exhibiting

the typical EMT markers, including down-regulation of epithelial

markers E-cadherin and b-catenin and up-regulation of mesen-

chymal markers Vimentin, N-cadherin and Twist. The cells co-

cultured with MSCs stimulated by IFNc or TNFa, respectively,
did not exhibit the typical EMT markers, as well as the control

group (P,0.05). The result of qPCR was confirmed by

immunofluorescent staining and western blot (Fig. 2B, 2C). The

same phenomenon was observed in Hep-3B cells co-cultured with

conditioned medium of MSCs after being stimulated by both IFNc
and TNFa (Fig. S1C, S1D). Taken together, our results suggested

that MSCs pretreated by both IFNc and TNFa could induce

EMT of HCC cells in vitro.

Proinflammatory Cytokines Lead to Up-regulation of
TGF-b in MSCs
There were many studies suggested that TGFb was playing an

important role in the induction of EMT. We used TGFb (1 ng/

ml) to stimulate SMMC-7721 cells for 48 h, and the results

showed that TGFb not only induced EMT in SMMC-7721 cells,

but also promoted cells motility and invasive abilities (Fig. S3). We

thus examined TGFb expression in MSCs as a molecular response

to IFNc and TNFa treatment. The results showed that

combination of IFNc and TNFa could up-regulate TGFb
expression in MSCs not only in mRNA but also in protein levels

(Fig. 2D, 2E), compared with control groups. ELISA results

showed that the concentration of TGFb in MSCs stimulated by

IFNc and TNFa was 1.7660.14 ng/ml, which was enough to

induce cell EMT. Immunofluorescence results further confirmed

that overexpression of TGFb was observed in MSCs stimulated by

IFNc and TNFa (Fig. 2F).

TGFb Depletion in MSCs Reverses the Metastasis and
EMT of HCC Cells Induced by MSCs in Inflammation
Microenvironment
To understand the contribution of TGFb in MSCs on the

metastasis and EMT of HCC, we employed siRNA to inhibit the

expression of TGFb in MSCs and characterized the cells for their

induction of HCC cells metastasis and EMT. As was shown in

Figure S4, the transfection efficiency of TGFb siRNA into MSCs

was more than 70%, and the expression of TGFb in MSCs was

not up-regulated even they were treated with IFNc and TNFa.
We then examined effect of TGFb knockdown MSCs on

metastasis and EMT of HCC cells in inflammation microenvi-

ronment. As a result, TGFb knockdown in MSCs led to up-

regulate E-cadherin and b-catenin, and down-regulate Vimentin,

N-cadherin and Twist of SMMC-7721 cells and Hep-3B cells

compared with control (Fig. 3A, 3B, 3C and Fig. S5A, S5B), which

finally reduced the cell motility and invasive abilities in vitro and in

vivo (Fig. 3D, 3E, 3F, 3G and Fig. S5C, S5D). All these data

indicated that the enhancement of metastasis and EMT of HCC

cell lines was associated with the up-regulation of TGFb by MSCs

in inflammation microenvironment.

MSC Promotes HCC Metastasis by Inducing EMT
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MSCs Present in HCC Inflammation Microenvironment
SSEA-4 was reported as a useful marker for the isolation of

MSCs from human bone marrow [20], and we confirmed the

result mentioned above by SSEA-4 immunofluorescence staining

on human bone marrow-derived MSCs (Fig. S6A). We detected

the SSEA-4 expression in fresh human HCC tissue by FACS and

the results demonstrated that the percentage of SSEA-4 positive

cell was about 5.660.9%. We also found that SSEA-4+ cells that

sorted from human HCC tissues could adhere to the plastic and

produce a homogeneous cell-monolayer characteristic of MSCs

Figure 1. MSCs pretreated by proinflammatory cytokines promote the metastasis of HCC cell. (A) The wound healing assay was
employed to determine the migration of SMMC-7721 cells, cells were monitored every 24 h for 48 h to determine the rate of migration into the
scratched area (*P,0.05; 6200). (B) Invasiveness of cells was determined using Transwell assay. Cells were co-cultured with MSCs after being
stimulated by IFNc and TNFa, and then plated in the upper chamber of the Transwell and allowed to grow for 24 h in serum-free medium, 5% fetal
bovine serum was placed in the lower chamber. Number of cells that invaded through the Matrigel was counted in 10 fields under the620 objective
lens (*P,0.05; 6200). (C) Pictures of metastatic liver nodules in nude mice by splenic-vein injection of SMMC-7721 cells. The arrows indicate the
metastatic tumor on the surface of the liver. (D) H&E staining was performed on serial sections of metastatic tumors and normal liver (6100), the
arrow indicate the metastatic tumor in the liver issue; The number (E) and the volume (F) of nodules were quantified on livers of nude mice (n = 10
per group) 6 weeks after splenic vein injection of SMMC-7721 cells co-cultured with MSC after being stimulated by IFNc and TNFa. Values for
individual mice are shown above the bars. (G) Survival rate of nude mice 6 weeks after splenic vein injection of different treated cells (Control was
SMMC-7721 cells group, *P,0.05).
doi:10.1371/journal.pone.0043272.g001

MSC Promotes HCC Metastasis by Inducing EMT
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(Fig. 4A). Expanded cells were subjected to their surface

phenotype CD342, CD452, HLR-DR2, CD192, CD90+,

CD105+, CD105+, FIK1+ (Fig. S6B), which was in agreement

with those previously described for MSCs [21]. Additional

characterization of expanded cells was also performed, which

confirmed their ability to differentiate into adipocytes and

osteoblasts (Fig. S6C). All these results confirmed that SSEA-4

could be an effective marker to identify MSCs in HCC tissues.

In addition, we examined the inflammatory factors IFNc and

TNFa in HCC, 10 cases of HCC and normal liver tissues were

measured by immunohistochemistry. The results showed that the

expression of IFNc and TNFa in HCC tissues, especially at the

edge of tumor, was higher than in normal liver tissues (Fig. 4B).

Three samples of fresh human HCC tissues were selected to detect

the expression of TNF-a, IFN-c and SSEA4 respectively. In each

HCC tissue, there was TNF-a, IFN-c and SSEA4 expression

(Fig. 4C). Taken the results together, we concluded that MSCs

really existed in HCC inflammation microenvironment.

Double immunofluorescent staining was used to confirm that

TGFb and SSEA-4 expression MSCs stimulated by combination

of IFNc and TNFa and in HCC tissue, and the result showed that

red fluorescence existed around green fluorescence at the edge of

tumor or tumor stromal indicating that MSCs in HCC in-

flammation microenvironment would up-regulate TGFb expres-

sion (Fig. 4D, 4E).

Correlations of MSCs with Clinicopathologic
Characteristics of HCC
MSCs were detected by SSEA-4 expression using IHC.

Interestingly, SSEA-4 expression was often observed at the edge

of the tumor or the surrounding stromal tissue where was

infiltrated with much inflammatory cells (Fig. 5A, upper panel).

High expression of MSCs was detected in 60.5% of HCC tissues

(69/114). The SSEA-4 expression level was found to be

significantly higher in HCC patients with Cirrhosis (P = 0.009),

Multiple nodules (P = 0.010), Portal vein thrombosis (P = 0.016),

Tumor margin (P = 0.017), and UICC TNM (P=0.012) stage,

BCLC stage (P= 0.005) (Table 1). According to the SSEA-4 IHC

results, all 114 HCC patients were divided into two groups: the

high expression group (n= 69) and low expression group (n= 45)

(Fig. 5A). HCC patients with high expression of SSEA-4 group

had either worse OS (median survival time, 29.39 months versus

40.24 months, P= 0.002; Fig. 5B) or worse CFI (median disease-

free survival time, 24.39 months versus 34.80 months, P = 0.025;

Fig. 5C) than those within low expression of SSEA-4.

Analysis of EMT Markers Expression in Human HCC
Tissues and Prognosis of HCC with MSCs
Due to the location of MSCs, TGFb in HCC tissue expression

was up-regulated around MSCs at the edge of tumor or tumor

stromal (Fig. 4E). IHC was performed to investigate the expression

of EMT markers in HCC patients. Among HCC tissues, 34.2% of

the samples showed preserved expression of E-cadherin (Case 1 of

Fig. 5D, Left panel), which was the hallmark of EMT, decreased

E-cadherin expression (Case 2 of Fig. 5D, Left panel) was

identified in 65.8% of the samples. Survival analysis demonstrated

a significant decrease in CFI in patients with down-regulation of

E-cadherin (Fig. 5E). A higher incidence of Vimentin over-

expression (Case 2 of Fig. 5D, Right panel) was shown in HCC

tissues (41.2% versus 58.8%), and overexpression of Vimentin was

associated with a shorter CFI (Fig. 5F). By multivariate Cox

regression analysis, MSCs in HCC tissues were associated with

Figure 2. MSCs pretreated by proinflammatory cytokines lead EMT of HCC cells and up-regulation of TGF-b in MSCs. (A) qPCR was
used to detect changes in expression of EMT genes in SMMC-7721 HCC cells following co-culture with MSC after being stimulated by IFNc and TNFa.
Results presented represent mean 6 SEM (n= 3); (B) Immunofluorescent staining of E-cadherin and Vimentin was performed in SMMC-7721 cells,
nuclei were counterstained with DAPI (6200); (C) Western blot was used to detect the expression of N-cadherin, Twist and b-catenin in SMMC-7721
cells. PCR (D) and western-blot (E) were used to detected TGFb expression in MSCs, and the results showed that TGFb was overexpressed in MSCs
stimulated by IFNc and TNFa both on mRNA and protein levels. (F) Immunofluorescent staining was used to confirm that up-regulation of TGFb in
MSCs stimulated by combination of IFNc and TNFa (6200).
doi:10.1371/journal.pone.0043272.g002

MSC Promotes HCC Metastasis by Inducing EMT
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Figure 3. TGF-b depletion in MSCs reverses the promotive effect on metastasis and EMT of HCC cells induced by MSCs in
inflammation microenvironment. (A) Expression of EMT genes was detected by qPCR (normalized to b-actin); (B) E-cadherin and Vimentin
expression was performed by immunofluorescent staining, nuclei were counterstained with DAPI (6200). (C) Western blot was used to detect the
expression of N-cadherin, Twist and b-catenin, SMMC-7721 cells co-cultured with MSCssi-TGFb stimulated by both IFNc and TNFa did not present EMT;
(D) The wound healing assay was employed to determine the migration of SMMC-7721 cells (6200); (E) Invasiveness of SMMC-7721 cells was
determined using Transwell assay; (F) The metastatic liver nodules in nude mice by splenic-vein injection of SMMC-7721 cells. The arrows indicate the
metastatic tumor on the surface of the liver (upper). H&E staining was performed on serial sections of metastatic tumors and normal liver (bottom,
6100); (G) The number of nodules were quantified on livers of nude mice (n = 10 per group) 6 weeks after splenic vein injection of SMMC-7721 cells.
(*P,0.05 versus Control group; #P,0.05 versus MSCs(IFNc+TNFa) and MSCs(IFNc+TNFa)vector;6200).
doi:10.1371/journal.pone.0043272.g003

MSC Promotes HCC Metastasis by Inducing EMT
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EMT, the markers of which were down-regulation of E-cadherin

and overexpression of Vimentin, and factors indicating clinical

aggressiveness (e.g. Portal vein thrombosis; Table 2). The results

suggested that the mechanisms that MSCs in inflammatory

microenviroment promoting HCC cells metastasis by inducing

EMT via overexpression of TGF-b might also exist in HCC

specimens.

Discussion

MSCs play an important role in treating various degenerative

diseases and immune disorders. They have great potential for

correcting aberrant immune reactions. Previous studies showed

that these cells could be expanded and induced ex vivo, terminally

differentiate into osteoblasts, chondrocytes, adipocytes, myotubes,

neural cells and hematopoietic supporting stroma [1,2,22]. Taking

advantage of homing capacities to the primary tumor site, MSCs

have been used for the targeted delivery of immunostimulatory

cytokines and chemokines, suicide genes, growth-factor antago-

nists, and oncolytic viruses after systemic administration [23].

Recent evidence suggests that MSCs participate in tumor

growth and metastasis, partially due to their immunosuppressive

and pro-angiogenic properties. MSCs stimulate human osteosar-

coma tumor-bearing nude mice tumor growth and increase

osteosarcoma cell proliferation in the presence of MSC-condi-

tioned media [24]; Subcutaneously implanted human mammary

carcinomas co-injected with MSCs acquire an increased meta-

static potential [17]. In our study, we used IFNc and TNFa
stimulating human MSCs from bone marrow to imitate the tumor

inflammatory microenvironment, and then co-cultured with

different HCC cells. The results demonstrated thatthe metastasis

of human HCC cell lines was strengthened by the supernatant of

MSCs which were pretreated with IFNc and TNFa, and the HCC

cell lines also were observed undergoing EMT, which was

associated with HCC metastasis. Similar in vivo results were also

observed in nude mice injected with SMMC-7721 cells after being

co-cultured with MSCs stimulated by combination of IFNc and

TNFa. To explore the potential mechanisms involved in the

function of MSCs, we investigated whether EMT induction by

MSCs was through TGFb, which is known to provoke EMT in

many types of epithelial cells in culture [25] and generally

considered one of the master positive regulators of EMT. As

expected, IFNc and TNFa significantly up-regulated the expres-

sion of TGFb in MSCs. All of these results clearly demonstrated

that the EMT induced by MSCs in inflammation microenviron-

ment was an important mechanism underlying HCC development

and metastasis. However, Li et al. found that the MSC enhanced

tumor growth but significantly inhibited the invasiveness and

metastasis of HCC, possibly through down-regulation of TGFb in

HCC cells [26]. Niess H, et al. demonstrated that homing of

systemcially injected MSCs to growing HCC xenografts with

concomitant activation of CCL5 or Tie2 promoters delivered the

tumor-specific expression of suicide gene HSC-Tk. Combined with

GCV, the administration of CCL5/HSV-TK+ MSCs led to

significant reduction in tumor mass [27]. We considered that the

paradoxical results mentioned above might due to the factors dealt

with MSCs were different. In our study, we considered the

influnce of inflammatory microenvironment on MSCs, and used

IFNc and TNFa stimulating MSCs to imitate the tumor

inflammatory microenvironment, and then took the conditioned

medium to treat different HCC cells, which was different from the

conditions mentioned aboved. The results showed that MSCs

stimulated by combination of IFNc and TNFa secreted TGFb and

then promoted HCC cells metastasis. Due to the different

treatment of MSCs, the effect of MSCs on the growth and

metastasis of HCC cells is controversial. At present, the

identification of MSC was typically negative for the hematopoietic

markers CD34, CD45, and positive for the surface markers CD29,

CD73, CD90, CD105, CD106 and STRO-1. Recently, Eun J.

Gang, et al. used SSEA-4, a marker previously thought to be

specific to human embryonic stem cells and very early cleavage to

blastocyst stage embryos, to isolate MSCs from whole human bone

marrow [20]. In this study, we first used SSEA-4 to isolate MSCs

from HCC tissues, and furture characterized the surface markers

as well as the differentiation abilities into adipocytes or osteoblasts,

the results showed that SSEA-4+ cells in HCC tissues were just

MSCs from human bone marrow and SSEA-4 could be used for

the prospective isolation of MSCs in tumor tissues.

From 114 cases of human HCC tissues samples, we investigated

the correlation of MSCs with clinicopathologic characteristics of

HCC patients. In HCC inflammation microenvironment, MSCs

detected by SSEA-4 expression turned out to be significantly

correlated with multiple nodules, Cirrhosis, Tumor margin, and

Portal vein thrombosis of HCC, which were widely accepted

markers for metastasis and poor prognosis of HCC [28]. The

Kaplan-Meier analysis indicated that HCC patients with high

SSEA-4 expression in general had worse prognosis than those with

low SSEA-4 expression. A multivariate Cox regression analysis

indicated that high SSEA-4 expression was an independent risk

factor for the prognosis of HCC patients, suggesting that MSCs

may be a useful prognostic biomarker of HCC.

In order to further investigate whether MSCs in inflammation

microenvironment were exerting their effects through induction of

EMT, a number of specific genetic markers of EMT were

examined in HCC tissues. E-cadherin present in most epithelial

cells is a calcium-dependent transmembrane glycoprotein. Vi-

mentin has been consistently associated with mesenchymal

transition in epithelial cells [29,30]. E-cadherin down-regulation

and Vimentin up-regulation are commonly observed in more

invasive basal cancer subtypes and have been positively correlated

with poor prognosis in breast cancer patients [17]. Interestingly,

our results showed that HCC undergoing EMT, which labeled by

down-regulation of E-cadherin and up-regulation of Vimentin,

were associated with a shorter CFI and a worse OS. Further

investigations demonstrated that induction of EMT was correlated

with SSEA-4 expression in HCC tissues, which revealed that the

major channel of MSCs in inflammation microenvironment

increased HCC metastatic potential may be EMT induction, the

multivariate Cox regression analysis indicated that both MSCs

and EMT induction could predict HCC metastasis and re-

currence.

In conclusion, our study showed that MSCs recruited to

HCC microenvironment were isolated by SSEA-4 and signifi-

Figure 4. MSCs present in HCC inflammation microenvironment. (A) FACS was used to isolate SSEA-4+ cells from fresh HCC tissues, and
negative control was showed at left, SSEA-4+ cells adhered to the plastic present a homogeneous cell-monolayer characteristic of MSCs (right); (B) In
10 cases of HCC and normal liver tissues, IHC were employed to detect expression of IFNc and TNFa (6200). (C) The expression of TNF-a, IFN-c and
SSEA4 respectively was detected in three samples of fresh HCC tissues by using western-blot. (D) Double immunofluorescent staining was used to
confirm that TGFb and SSEA-4 expression in MSCs stimulated by combination of IFNc and TNFa (6400); (E) Double immunofluorescent staining was
used to confirm that TGFb and SSEA-4 expression in HCC tissue (6200).
doi:10.1371/journal.pone.0043272.g004

MSC Promotes HCC Metastasis by Inducing EMT
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Figure 5. Correlations of MSCs and EMT markers expression with Clinicopathologic Characteristics of HCC. (A) SSEA-4 expression was
seen high in 69/114 of HCC tissues (upper left6200, upper right6400), and low in 45/114 (bottom left6200, bottom right6400); (B) Estimated overall
survival according to the expression of SSEA-4 in 114 cases of HCCs (the Kaplan-Meier method). Log-rank test shows that HCC patients in the high
SSEA-4 expression group have poorer overall survival than those in the low SSEA-4 expression group (P=0.002). (C) Cancer-free survival was analyzed
in the same cohort of HCC patients and the results showed that HCC patients in the high SSEA-4 expression group also have poorer cancer-free

MSC Promotes HCC Metastasis by Inducing EMT
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cantly correlated with a poor prognosis of HCC. Furthermore,

we demonstrated the critical role of EMT in metastasis of HCC

induced by MSCs in inflammation microenvironment. These

results elaborated on the major mechanisms involved in HCC

metastasis and provided MSCs as prediction of prognosis and

identification of new treatment targets for future HCC

management.

Materials and Methods

Cell Lines
Human MSCs (a gift from Institute of Health Sciences and

Shanghai Institute of Immunology, Chinese Academy of Sciences,

Shanghai, China; ref. [31]) were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) nutrient mix F12 with fetal bovine

serum (FBS, 10%; Invitrogen). HCC cell lines including SMMC-

7721 cells (from Chinese Academy Cell Bank in 2001) and Hep-3B

cells (from the American Type Culture Collection in 2008) were

cultured in DMEM with 10% FBS at 37uC in a humidified

atmosphere containing 5% CO2.

Patients and Tissue Specimens
The study protocol was approved by the Ethics Committee of

Eastern Hepatobiliary Surgery Hospital (Approved Code:

EHBHKY2012-002-7, the Verification of Ethics Committee was

in the supporting information) and prior informed consent was

obtained (One of the written consent was in the supporting

information). Specimens of HCC tissues were obtained from 114

HCC patients who underwent hepatic resection at Eastern

Hepatobiliary Surgery Hospital of Second Military Medical

University. These patients, from February 1998 to December

2006, included 91 males and 23 females with a median age of 52

years (range: 11–87), and all of the specimens were subjected to

immunohistochemisty (IHC). In addition, 10 cases fresh specimens

of normal liver tissues from hemangioma excision and 10 cases

fresh specimens of HCC were collected for fluorescence activated

cell sorting (FACS) and IHC.

The Conditioned Medium
MSCs were stimulated with by IFNc (20 ng/ml) and TNFa

(20 ng/ml) for 12 h, then the culture medium of which was

abandoned and replaced with fresh DMEM nutrient mix F12 with

10% FBS. After being continue cultured for 24 h, the conditioned

medium was obtained by collection and 0.22 mm filtration of the

supernatant media from MSCs.

Wound Healing and Transwell Assay
The methods for wound healing and the Transwell assay have

been described [18,32,33]. For migration assay, wound-healing

assay was done. Cells (16105) were seeded on 24-well dish and

incubated for 24 h, monolayer was then disrupted with a cell

scraper (1.2 mm width), and photographs were taken at 0 and

48 h in a phase-contrast microscope. Experiments were carried

out in triplicate, and four fields of each point were recorded. For

Transwell assay, Boyden chambers (8 mm pore size) were coated

with 200 ml Matrigel at 200 mg/ml and incubated overnight. Cells

(16105) in medium without serum were plated in the upper

chamber, and the medium containing 5% FBS was added in the

lower chamber as a chemoattractant. After 24 h of incubation at

37uC, the cells were fixed in 4% formaldehyde and stained with

crystal violet dye, and the cells that invaded through the pores to

the lower surface of the filter were counted under a microscope.

Three invasion chambers were used per condition. The values

obtained were calculated by averaging the total number of cells

from three filters.

survival than those in the low SSEA-4 expression group (P= 0.025). (D) Immunohistochemistry of E-cadherin and Vimentin in two representative cases
without (Case 1) or with (Case 2) EMT change. Membranous expression of E-cadherin was down-regulated and cytoplasmic translocation of Vimentin
was up-regulated in case with EMT change (6200); (E) Kaplan-Meier survival analysis of CFI in HCC cases with preserved versus down-regulated E-
cadherin expression; (F) Kaplan-Meier survival analysis of CFI in HCC cases with preserved versus up-regulated Vimentin expression.
doi:10.1371/journal.pone.0043272.g005

Table 1. Correlations Between SSEA-4 Expression and
Clinicopathologic Variables of HCC.

Clinicopathologic
Parameters N SSEA4 expression levels P-Value

Low High

Age (y)

#60 81 31 50 0.681

.60 33 14 19

Gender

Male 91 35 56 0.660

Female 23 10 13

Cirrhosis

Presence 88 29 59 0.009*

Absence 26 16 10

BCLC stage

A 43 24 19 0.005*

B or C 71 21 50

Tumor size (cm)

#3 51 22 29 0.472

.3 63 23 40

Tumor margin

Clear 36 20 16 0.017*

Invovled 78 25 53

Tumor nodule
number

Solitary 36 7 29 0.010*

Multiple ($2) 78 38 40

Portal vein
thrombosis

Presence 64 19 45 0.016*

Absence 50 26 24

UICC TNM stage

T1–2 47 24 23 0.012*

T3–4 67 21 46

Edmondson grade

Low(I/II) 45 22 23 0.204

High(III/IV) 69 23 46

(*P,0.05).
doi:10.1371/journal.pone.0043272.t001
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Nude Mouse Splenic Vein Metastasis Assay and Tail Vein
Metastasis Assay
All procedures involving animals were performed in accordance

with the institutional animal welfare guidelines of Second Military

Medical University and approved by the Ethics Committee of

Eastern Hepatobiliary Surgery Hospital (Approved Code:

EHBHKY2012-002-7). Cells were injected into the splenic vein

or the tail vein of 8-week-old nude mice (BALB/c strain) at 16106

cells/injection site. The mice were sacrificed after 6 weeks and the

number and volume of metastatic tumors were assessed. Tumor

size was measured by use of a caliper and volume was calculated as

length6height6width60.5236 with reference to a previous report

[18].

Quantitative Real-time Polymerase Chain Reaction (qPCR)
Total RNA extraction, complementary DNA (cDNA) synthesis,

and qPCR were performed as described [19]. The primer

sequences used in qPCR were shown in Table S1.

Western-blot Analysis
Total soluble proteins extraction from cultivated cells and

western-blot analysis were performed as described [19]. Antibodies

Table 2. Multivariate Analysis by a Cox Proportional Hazards Regression Model.

Variables N Univariate Analysis Multivariate Analysis

RR (95% CI) P Value RR (95% CI) P Value

Age (y)

#60 81 1 0.983 1 0.124

.60 33 1.000(0.988–1.013) 0.988(0.972–1.003)

Gender

Male 91 1 0.422 1 0.302

Female 23 0.807(0.478–1.362) 0.739(0.416–1.313)

Cirrhosis

Presence 88 1 0.639 1 0.006*

Absence 26 0.886(0.535–1.468) 0.448(0.251–0.798)

Tumor size (cm)

#3 51 1 0.451 1 0.316

.3 63 0.844(0.544–1.311) 1.285(0.787–2.101)

Tumor margin

Clear 39 1 0.537 1 0.372

Invovled 75 0.862(0.539–1.380) 0.783(0.457–1.340)

Tumor nodule number

Solitary 36 1 ,0.001* 1 0.024*

Multiple ($2) 78 2.335(1.453–3.754) 1.921(1.092–3.381)

Portal vein thrombosis

Presence 64 1 ,0.001* 1 0.016*

Absence 50 2.332(1.469–3.702) 1.929(1.132–3.286)

UICC TNM stage

T1–2 47 1 0.001* 1 0.020*

T3–4 67 0.459(0.291–0.726) 0.540(0.321–0.908)

Edmondson grade

Low(I/II) 45 1 0. 110 1 0.093

High(III/IV) 69 0.529(0.327–0.856) 0.613(0.347–1.085)

SSEA-4 expression

Low 45 1 0.031* 1 0.042*

High 69 0.605(0.383–0.955) 0.514(0.273–0.967)

E-cadherin expression 0.001*

High 39 1 1 0.003*

Low 75 2.247(1.404–3.597) 1.782(1.021–3.110)

Vimentin expression

Low 47 1 0.001* 1 0.039*

High 67 0.469(0.300–0.734) 0.444(0.258–0.763)

(*P,0.05).
doi:10.1371/journal.pone.0043272.t002
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used in western-blot experiments were specific for either TGFb
(Abcam) or b-actin (Invitrogen) and goat anti-rabbit secondary

antibody (Invitrogen).

Immunofluorescence
About 104 cells were seeded on a 48-well dish. After 24 h, the

cells were washed with phosphate-buffered saline (PBS) twice and

fixed in 4% paraformaldehyde and 0.1% Triton X 100 in PBS

buffer at 4uC for 30 minutes. After being washed with PBS, the

cells were incubated with the blocking solution (10% goat serum in

PBS), and then incubated with the primary antibodies for

overnight, washed with PBS, and finally incubated with secondary

antibodies (Invitrogen) at 37uC for 2 h. After stained with DAPI,

all matched samples were photographed using immunofluores-

cence microscope and identical exposure times.

Short Interfering RNA (siRNA) Synthesis and Transient
Transfection
Three siRNA sequences of TGFb were designed by using

Oligoengine software and confirmed by nucleotide BLAST

searches. The three putative candidate sequences and a scrambled

sequences with no significant homology were listed in Table S1.

Transfections were performed using a Lipofectamine 2000 kit

(Invitrogen) according to the manufacturer’s instructions. Cells (1–

36106) grew to a confluency of 50%–60% in 10 cm petri dishes

were transfected with siRNA sequence or their relative mock

sequences, then the cells were observed under fluorescence

microscope and harvested 48 hours after transfection.

FACS Analysis
The fresh specimens of HCC and normal liver tissues was

transferred to a petri dish, where the tissue was gently minced and

filtered (100 mm) to remove large aggregates, the cell suspension

was filtered (40 mm) and nonparenchymal cells were separated by

discontinuous density gradients of Percoll (Pharmacia Biotech).

The SSEA-4 antibody (eBioscience) was added to the final cell

suspension at 0.1 mg/106 cells and incubated at 4uC for 30

minutes before washing with blocking buffer, then stained cells

were analyzed on a FACS (Becton Dickinson, San Jose, CA). In

the sorting experiments, cells were purified based on the

expression of SSEA-4 (positives and negatives). For clonal analysis,

SSEA-4+ cells were deposited into single wells of a 96-well dish.

Wells with single cell colonies were harvested and expanded into

clonal cell lines. PE-conjugated antihuman antibody to CD105

and CD34 as well as FITC-conjugated antihuman CD45 and

CD90 (eBioscience) were applied for characterization of human

MSCs.

IHC Analysis
The sample processing and IHC procedures were performed as

described [18]. The antibodies used in IHC are listed in Table S2.

All IHC staining was independently scored by three experienced

specialists. The score for SSEA-4 expression was based on intensity

of staining and the percentage of positive cells (0 = none, 1 = 1%–

5%, 2= 6%–50%, 3= 51%–100%), the expression of SSEA-4 in

HCC specimens was divided into a low expression group (0 or 1)

and a high expression group (2 or 3). The expression of E-cadherin

and Vimentin was scored as reduced, preserved and over-

expression, as described [34], reduced expression of E-cadherin

was interpreted as down-regulation of E-cadherin, and over-

expression of Vimentin was interpreted as up-regulation. The

expression of IFNc and TNFa was graded from 0 to 3 (0 = no

staining; 1 = 1%–25%; 2= 26%–50%; 3$50%) with only 3

considered a positive IHC result.

Statistical Analysis
All data, expressed as mean 6 SEM, were from at least three

separate experiments. Groups were compared by analysis of

variance (ANOVA) with a posteriori contrast by least significant

difference; or by Student t-test using the Microsoft Excel Analysis

ToolPak (Microsoft, Redmond, WA). P,0.05 was considered

significant.

Supporting Information

Figure S1 MSC stimulated by IFNc and TNFa induced
Hep-3B cells migration, invasion and EMT in vitro. (A)
The wound healing assay was employed to determine the

migration of in Hep-3B cells, cells were monitored every 24 h

for 2 days to determine the rate of migration into the scratched

area. The results showed that closure of in Hep-3B HCC cells

following co-culture with MSC after being stimulated by IFNc and
TNFa as significantly nearer than that of in Hep-3B cell lines

cultured in the same medium that had not been exposed to MSCs

or MSCs treated with IFNc, TNFa respectively (*P,0.05;6200);

(B) Invasiveness of cells was determined using Transwell assay.

Cells were co-cultured with MSCs after being stimulated by IFNc
and TNFa, and then plated in the upper chamber of the Transwell

and allowed to grow for 24 hours in serum-free medium, 5% fetal

bovine serum was placed in the lower chamber. Number of cells

that invaded through the Matrigel was counted in 10 fields under

the 620 objective lens. Our data showed that the percent of cell

invasion following co-culture with MSC stimulated by IFNc and

TNFa was also up-regulated (*P,0.05;6200). (C) qPCR was used

to detected changes in expression of EMT genes in Hep-3B HCC

cells following co-culture with MSC stimulated by IFNc and

TNFa, the control represents the level of expression in in Hep-3B

cell lines cultured in the same medium that had not been exposed

to MSCs. Results presented represent mean of triplicate experi-

ments 6 SEM; (D) Immunofluorescent staining of E-cadherin and

Vimentin was performed in in Hep-3B cells, nuclei were

counterstained with DAPI (6200);

(TIF)

Figure S2 The pulmonary metastasis in the tail vein
injection model. (A) Pictures of metastatic lung nodules in nude

mice by tail-vein injection of SMMC-7721 cells. The arrows

indicate the metastatic tumor on the surface of the lung. (B) H&E

staining was performed on serial sections of metastatic tumors and

normal lung (6200); (C) and (D) The number and the volume of

nodules were quantified on lung of nude mice (n = 10 per group) 6

weeks after tail vein injection of SMMC-7721 cells co-cultured

with MSC after being stimulated by IFNc and TNFa. Values for
individual mice are shown above the bars.

(TIF)

Figure S3 TGFb induced EMT in SMMC-7721 cells and
promoted cells motility, invasive abilities in vitro. (A)

qPCR was used to detected changes in expression of EMT genes

in SMMC-7721 HCC cells stimulated by TGFb (1 ng/ml) for

48 h, and the results showed that TGFb induced EMT in SMMC-

7721 cells obviously. Results presented represent mean of triplicate

experiments 6 SEM; (B) The wound healing assay was employed

to determine the migration of in SMMC-7721 cells, cells were

monitored every 24 h for 2 days to determine the rate of migration

into the scratched area. The results showed that closure of in

SMMC-7721 cells stimulated by TGFb as significantly nearer
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than that of in control group (*P,0.05;6200); (C) Invasiveness of

cells was determined using Transwell assay. Cells stimulated by

TGFb (1 ng/ml) for 48 h, and then plated in the upper chamber

of the Transwell and allowed to grow for 24 h in serum-free

medium, 5% fetal bovine serum was placed in the lower chamber.

Number of cells that invaded through the Matrigel was counted in

10 fields under the620 objective lens. Our data showed that the

percent of cell invasion stimulated by TGFb was also up-regulated

(*P,0.05;6200).

(TIF)

Figure S4 Suppression of TGFb expression in MSCs by
siRNA. (A) Transfections of TGFb siRNA into MSCs were

performed using a Lipofectamine, and FAM was observed under

fluorescence microscope (Right, 6400); (B) The transfection

efficiency of TGFb siRNA was detected by FACS was more than

70%; (C) RT-PCR and (D) Western-blot results showed that the

expression of TGFb was markedly decreased in MSCssi-TGFb

stimulated by both IFNc and TNFa, the inhibitory efficiency was

more than 80% compared with the MSCsvector stimulated by both

IFNc and TNFa.
(TIF)

Figure S5 Silencing TGFb inhibited the motility, in-
vasion abilities of Hep-3B cells induced by MSCs
stimulated by IFNc and TNFa in vitro. (A) Expression of

EMT genes was detected by qPCR (normalized to b-actin); (B) E-
cadherin and Vimentin expression was performed by immunoflu-

orescent staining, nuclei were counterstained with DAPI. Hep-3B

cells co-cultured with MSCssi-TGFb stimulated by both IFNc and

TNFa did not present EMT (6200); (C) The wound healing assay

was employed to determine the migration of Hep-3B cells (6200);

(D) Invasiveness of Hep-3B cells was determined using Transwell

assay. The motility and invasion abilities of Hep-3B cells induced

by MSCs stimulated by both IFNc and TNFa were reversed

accompany with TGFb depletion (*P,0.05 versus Control group;

#P,0.05 versus MSCs(IFNc+TNFa) and MSCs(IFNc+TNFa)-
vector;6200).

(TIF)

Figure S6 Identification of MSCs in HCC inflammation
microenvironment. (A) Immunofluorescence was used to

identify human MSCs from bone marrow presenting SSEA-4

expression (6400); (B) The surface phenotype of isolated cells at

passage 3 was detected by FACS, and CD342, CD452, HLR-

DR2, CD192, CD90+, CD105+, CD29+, FIK1+were in agree-

ment with surface phenotype of MSCs; (C) Multilineage

differentiation of isolated cells at passage 5 for adipocytes was

demonstrated by Oil Red O staining (Left, 6200), and for

osteoblasts showed by von kossa staining (Right, 6200).

(TIF)

Table S1 Sequence of the oligonucleotides for real-time
PCR and siRNA construct-making assays. The primer

sequences used in qPCR for E-cadherin, Vimentin, N-cadherin,

Twist, b-catenin, TGFb, b-actin, and three siRNA sequences of

TGFb and a scrambled sequences with no significant homology

were listed in Table S1.

(DOC)

Table S2 List of proteins tested by antibodies and
characteristics of the corresponding antibodies used.
The antibodies used in the western-blot, immunofluorescence or

immunohistochemistry for SSEA-4, E-cadherin, Vimentin, IFNc,
TNFa, and TGFb.
(DOC)

Author Contributions

Conceived and designed the experiments: LW MW YJ. Performed the

experiments: YJ SZ GJ RL LG XZ. Analyzed the data: YJ XC KS.

Contributed reagents/materials/analysis tools: YJ DW. Wrote the paper:

YJ ZH YL.

References

1. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)

Multilineage potential of adult human mesenchymal stem cells. Science 284:

143–147.

2. Barry FP, Murphy JM (2004) Mesenchymal stem cells: Clinical applications and

biological characterization. Int J Biochem Cell Biol 36: 568–584.

3. da Silva Meirelles L, Chagastelles PC, Nardi NB (2006) Mesenchymal stem cells

reside in virtually all post-natal organs and tissues. J Cell Sci 119: 2204–2213.

4. Noel D, Djouad F, Jorgense C (2002) Regenerative medicine through

mesenchymal stem cells for bone and cartilage repair. Curr Opin Investig

Drugs 3: 1000–1004.

5. Quintavalla J, Uziel-Fusi S, Yin J, Boehnlein E, Pastor G, et al. (2002)

Fluorescently labeled mesenchymal stem cells (mscs) maintain multilineage

potential and can be detected following implantation into articular cartilage

defects. Biomaterials 23: 109–119.

6. Moutsatsos IK, Turgeman G, Zhou S, Kurkalli BG, Pelled G, et al. (2001)

Exogenously regulated stem cell-mediated gene therapy for bone regeneration.

Mol Ther 3: 449–461.

7. Mantovani A, Allavena P, Sica A, Balkwill F (2008) Cancer-related in-

flammation. Nature 454: 436–444.

8. Hall B, Andreeff M, Marini F (2007) The participation of mesenchymal stem

cells in tumor stroma formation and their application as targeted-gene delivery

vehicles. Handb Exp Pharmacol: 263–283.

9. Direkze NC, Hodivala-Dilke K, Jeffery R, Hunt T, Poulsom R, et al. (2004)

Bone marrow contribution to tumor-associated myofibroblasts and fibroblasts.

Cancer Res 64: 8492–8495.

10. Hu M, Polyak K (2008) Molecular characterisation of the tumour microenvi-

ronment in breast cancer. Eur J Cancer 44: 2760–2765.

11. Nasef A, Chapel A, Mazurier C, Bouchet S, Lopez M, et al. (2007) Identification

of il-10 and tgf-beta transcripts involved in the inhibition of t-lymphocyte

proliferation during cell contact with human mesenchymal stem cells. Gene

Expr 13: 217–226.

12. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, et al. (2002)

Human bone marrow stromal cells suppress t-lymphocyte proliferation induced

by cellular or nonspecific mitogenic stimuli. Blood 99: 3838–3843.

13. Coffelt SB, Marini FC, Watson K, Zwezdaryk KJ, Dembinski JL, et al. (2009)

The pro-inflammatory peptide ll-37 promotes ovarian tumor progression

through recruitment of multipotent mesenchymal stromal cells. Proc Natl Acad

Sci U S A 106: 3806–3811.

14. Popp FC, Renner P, Eggenhofer E, Slowik P, Geissler EK, et al. (2009)

Mesenchymal stem cells as immunomodulators after liver transplantation. Liver

Transpl 15: 1192–1198.

15. Povero D, Busletta C, Novo E, di Bonzo LV, Cannito S, et al. (2010) Liver

fibrosis: A dynamic and potentially reversible process. Histol Histopathol 25:

1075–1091.

16. Larue L, Bellacosa A (2005) Epithelial-mesenchymal transition in development

and cancer: Role of phosphatidylinositol 39 kinase/akt pathways. Oncogene 24:

7443–7454.

17. Martin FT, Dwyer RM, Kelly J, Khan S, Murphy JM, et al. (2010) Potential role

of mesenchymal stem cells (mscs) in the breast tumour microenvironment:

Stimulation of epithelial to mesenchymal transition (emt). Breast Cancer Res

Treat 124: 317–326.

18. Yang MH, Chen CL, Chau GY, Chiou SH, Su CW, et al. (2009)

Comprehensive analysis of the independent effect of twist and snail in

promoting metastasis of hepatocellular carcinoma. Hepatology 50: 1464–1474.

19. Sun T, Zhao N, Zhao XL, Gu Q, Zhang SW, et al. (2010) Expression and

functional significance of twist1 in hepatocellular carcinoma: Its role in

vasculogenic mimicry. Hepatology 51: 545–556.

20. Gang EJ, Bosnakovski D, Figueiredo CA, Visser JW, Perlingeiro RC (2007)

Ssea-4 identifies mesenchymal stem cells from bone marrow. Blood 109: 1743–

1751.

21. Pittenger MF, Martin BJ (2004) Mesenchymal stem cells and their potential as

cardiac therapeutics. Circ Res 95: 9–20.

22. Xu W, Zhang X, Qian H, Zhu W, Sun X, et al. (2004) Mesenchymal stem cells

from adult human bone marrow differentiate into a cardiomyocyte phenotype in

vitro. Exp Biol Med (Maywood) 229: 623–631.

23. Kumar S, Chanda D, Ponnazhagan S (2008) Therapeutic potential of

genetically modified mesenchymal stem cells. Gene Ther 15: 711–715.

MSC Promotes HCC Metastasis by Inducing EMT

PLOS ONE | www.plosone.org 12 August 2012 | Volume 7 | Issue 8 | e43272



24. Xu WT, Bian ZY, Fan QM, Li G, Tang TT (2009) Human mesenchymal stem

cells (hmscs) target osteosarcoma and promote its growth and pulmonary

metastasis. Cancer Lett 281: 32–41.

25. Zavadil J, Bottinger EP (2005) Tgf-beta and epithelial-to-mesenchymal

transitions. Oncogene 24: 5764–5774.

26. Li GC, Ye QH, Xue YH, Sun HJ, Zhou HJ, et al. (2010) Human mesenchymal

stem cells inhibit metastasis of a hepatocellular carcinoma model using the

mhcc97-h cell line. Cancer Sci 101: 2546–2553.

27. Niess H, Bao Q, Conrad C, Zischek C, Notohamiprodjo M, et al. (2011)

Selective targeting of genetically engineered mesenchymal stem cells to tumor

stroma microenvironments using tissue-specific suicide gene expression sup-

presses growth ofhepatocellular carcinoma. Ann Surg 254: 767–74; discussion

774–5.

28. Poon RT, Fan ST, Lo CM, Liu CL, Wong J (2007) Difference in tumor

invasiveness in cirrhotic patients with hepatocellular carcinoma fulfilling the

milan criteria treated by resection and transplantation: Impact on long-term

survival. Ann Surg 245: 51–58.

29. Jin H, Morohashi S, Sato F, Kudo Y, Akasaka H, et al. (2010) Vimentin

expression of esophageal squamous cell carcinoma and its aggressive potential
for lymph node metastasis. Biomed Res 31: 105–112.

30. Roger L, Jullien L, Gire V, Roux P (2010) Gain of oncogenic function of p53

mutants regulates e-cadherin expression uncoupled from cell invasion in colon
cancer cells. J Cell Sci 123: 1295–1305.

31. Ren G, Su J, Zhang L, Zhao X, Ling W, et al. (2009) Species variation in the
mechanisms of mesenchymal stem cell-mediated immunosuppression. Stem

Cells 27: 1954–1962.

32. Wu F, Yang LY, Li YF, Ou DP, Chen DP, et al. (2009) Novel role for epidermal
growth factor-like domain 7 in metastasis of human hepatocellular carcinoma.

Hepatology 50: 1839–1850.
33. Zhang X, Liu S, Hu T, Liu S, He Y, et al. (2009) Up-regulated microrna-143

transcribed by nuclear factor kappa b enhances hepatocarcinoma metastasis by
repressing fibronectin expression. Hepatology 50: 490–499.

34. Chen L, Chan TH, Yuan YF, Hu L, Huang J, et al. (2010) Chd1l promotes

hepatocellular carcinoma progression and metastasis in mice and is associated
with these processes in human patients. J Clin Invest 120: 1178–1191.

MSC Promotes HCC Metastasis by Inducing EMT

PLOS ONE | www.plosone.org 13 August 2012 | Volume 7 | Issue 8 | e43272


