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Mesenchymal stem cells seldomly fuse with
hepatocellular carcinoma cells and are mainly
distributed in the tumor stroma in mouse models
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Abstract. Mesenchymal stem cells (MSCs) can have an effect
on the growth and metastasis of human malignancies, including
hepatocellular carcinoma (HCC); however, their mechanisms of
action are not yet fully understood. The cell fusion of stem cell
derived from bone marrow with other cells has been increas-
ingly emphasized. The purpose of this study was to investigate
the distribution of MSCs in mouse models of HCC, as well as
the cell fusion between MSCs and HCC cells. We labeled HCC
cells and MSCs with green fluorescence protein (GFP), red fluo-
rescence protein (RFP), 4',6-diamidino-2-phenylindole (DAPI)
and 5-bromo-2'-deoxyuridine (BrdU). We found that MSCs
fused with HCC cells at a low frequency in vitro. MSCs were
found to be merged into HCC tissues after intravenous injec-
tion, and compared with the mice not injected with MSCs, the
MSCs were mainly distributed in the tumor stroma; Following
the injection of the MSCs, the tumor stroma was found to have
expanded in size, and the rate of pulmonary metastasis in the
MSC-injected group was significantly lower (20%) compared to
that in the group not injected with MSCs (100%, P=0.01). These
data suggest that cell fusion between MSCs and HCC after
engraftment is not one of the main mechanisms of action of the
MSCs, while stromal differentiation is a major mechanism of
action of the MSCs, leading to the inhibition of the pulmonary
metastasis of HCC.

Introduction
Mesenchymal stem cells (MSCs) are marrow-derived non-

hematopoietic precursor cells that contribute to the maintenance
and regeneration of connective tissues through engraftment (1).
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In vivo engraftment is not only an intrinsic function of MSCs
but also depends on appropriate external signals produced by
the tissue microenvironment (2). Over the years, the correlation
between bone marrow-derived stem cells and cancers has been
increasingly emphasized. Cancer is increasingly being viewed
as a stem cell disease (3), and a large body of convincing
evidence has shown MSCs can home to the tumor site and play
an important role in tumor progression (1,4-6). The mecha-
nisms of action of MSCs are related to tumor angiogenesis (7)
and immunosuppression (8).

Hepatocellular carcinoma (HCC) is a lethal malignancy
with an extremely poor prognosis due to a high rate of tumor
recurrence after surgery and intra-hepatic metastases (9,10).
It has been reported that bone marrow stem cells are a source
of liver oval cells (11), and that transplanted bone marrow can
regenerate liver cells (12,13). In our previous study, we found
that MSC injection inhibited the pulmonary metastasis of
HCC (14). However, the distribution and mechanisms of action
of MSCs after injection have not been well documented and
the majority of studies have concentrated on benign disease.

Cell fusion is a highly regulated and dramatic cellular event
that is required for development and homeostasis. It has been
reported that cell fusion events involving bone marrow-derived
cells (BMDCs) commonly occur after different types of tissue
damage and play a crucial role in tissue restoration (15,16). A
number of studies have suggested that cell fusion is the main
mechanism of action after stem cell transplantation other
than transdifferentiation. Moreover, the broad differentiation
potential of bone marrow cells in most cases is a consequence
of cell fusion (15,17).

Therefore, taking into account the above data, we hypoth-
esized that MSCs may affect HCC progression by fusing with
cancer cells. In this study, we injected labeled MSCs into mice
with HCC, in order to observe the in vivo distribution of MSCs
and the cell fusion between MSCs and HCC cells.

Materials and methods

Cell lines. The MSC cell line was obtained from ScienCell
Research Laboratories (Carlsbad, CA, USA), which was
isolated from human bone marrow, and characterized by
immunofluorescence with CD44 and CD90 antibodies, and
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lipid staining after differentiation. The fifth passage MSCs
did not express the surface marker, CD34; they expressed low
levels of fetal liver kinase-1 (Flk-1) and higher levels of CD29
and CDI105. Quantitative RT-PCR showed that the MSCs
expressed octamer-binding transcription factor-4 (OCT-4) and
Flk-1. They were cultured in Alpha Minimum Essential Medium
(a-MEM, Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco) and 100 U/ml penicillin/streptomycin solution.
The fifth to eighth passage cells were used in the following
experiments.

MHCC97-H is human HCC cell line with a higher meta-
static potential (18,19). These cells were cultured in high
glucose Dulbecco's modified Eagle's medium (H-DMEM,
Gibco), supplemented with 10% FBS at 37°C in a humidified
incubator containing 5% CO,.

Labeling of MSCs and liver cancer cells. MHCC97-H cells
were labeled with green fluorescence protein (GFP) by
transfection with the plasma vector, pPEGFP-N1 (Clontech).
Lipofectamine 2000 which mediated the highest transfec-
tion rates was used as a transfection agent. After 2 weeks of
selection with G418 (800 pg/ml), the individual G418-resistant
clones were picked up and subcultured. Finally, a stable
eukaryotic cell line with the highest fraction of EGFP expres-
sion was obtained (GFP-MHCC97-H).

MSCs were labeled with red fluorescence protein (RFP)
and GFP by transfection with the plasma vector, pPERFP-N1
(Clontech),and after 2 weeks of selection with G418 (400 pg/ml),
stable RFP-MSCs and GFP-MSCs were then acquired, respec-
tively.

MSCs were labeled with 4',6-diamidino-2-phenylindole
(DAPI, Vector Laboratories) according to the manufacturer's
instructions.

MSCs were also labeled with 5-bromodeoxyuridine (BrdU,
Sigma) according to the manufacturer's intuductions. For
BrdU labeling, MSCs were cultured for 15 min in the presence
of 2 mM BrdU, washed and expanded for 2 additional passages
before being injected into the mice. This procedure labeled
70-80% of the MSCs.

Co-culture of MSCs and liver cancer cells. To evaluate
the in vitro cell fusion between MSCs and HCC cells, the
GFP-MHCCO97-H cells were co-cultured with DAPI-MSCs
at a ratio of 5:1 in a 6-well plate. After 4 days, the culture
was observed under a fluorescence microscope. Similarly,
GFP-MHCC97-H cells and RFP-MSCs were also co-cultured
at a ratio of 5:1 and observed under a microscope.

An Axioplan Epifluorescence microscope (Carl Zeiss,
Oberkochen, Germany) was used and images were obtained
using a DC300 digital video camera (Leica). Optical images
were acquired using a DMR microscope connected to a
DC300 video camera (Leica).

Co-culture of GFP-MSCs and RFP-MSCs. RFP-MSCs and
GFP-MSCs were co-cultured at a ratio of 1:1 in a 6-well plate.
The culture was observed under a fluorescence microscope to
evaluate the in vitro cell fusion of the MSCs.

Cytoimmunochemistry. MSCs (2x10°) were plated and
cultured in 6-well plate. When the cells had reached 60%
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confluency, they were fixed with 100% methanol, permeabi-
lized with 0.5% Triton X-100, and sequentially incubated with
primary anti-matrix metalloproteinase (MMP)2 or primary
anti-MMP9 monoclonal antibodies and anti-mouse immuno-
globulin (Ig) coupled with horseradish peroxidase (HRP). The
cells were then stained with 3,3'-diaminobenzidine (DAB) and
counterstained with hematoxylin.

Transwell assay for in vitro migration of MSCs. In vitro
invasion assay was performed as follows: briefly, 80 ul of
serum-free a-MEM-diluted Matrigel (0.8 mg/ml) was added
to the Transwell filters (8.0p¢m pore size) of a Boyden chamber
(Costar, MA, USA) and incubated at 37°C for 2 h to form
matrix gel. MSCs (1x10%) were cultured in FBS-free a-MEM
for 24 h, and subsequently the cells were collected and counted.
Cells (2x10°) were re-suspended with a-MEM and seeded in
the upper well of Transwell chamber, a mixture of 600 ul of
a-MEM with 10% fetal calf serum (FCS) was added to the
lower chamber, serving as the chemoattractant. After incuba-
tion at 37°C for 48 h, the cells that had invaded across the
Matrigel and passed through the Transwell filter were stained
and observed under a light microscope.

Gelatin zymography detection of MMP2 and MMP9 activi-
ties. Equal amounts of protein from the MSCs, MHCC97-H
and MHCC97-L cells (HCC cells with lower metastasis) were
mixed with SDS buffer and incubated for 20 min at 37°C. After
incubation, samples (30 ug/lane) were added onto a 4.5% (w/v)
stacking polyacrylamide gel and separated on a 7.5% (w/v)
polyacrylamide gel containing 1 mg/ml gelatin for the detec-
tion of MMP2 and MMP9 activities. After electrophoresis, the
gels were soaked in 2.5% Triton X-100 for 1 h to remove SDS
and incubated for 16 h at 37°C in 50 mM Tris-HCI (pH 7.6)
containing 150 mM NaCl, 10 mM CaCl, and 0.02% NaNj.
Finally, the gels were stained for 1 h in 45% methanol/10%
acetic acid containing 0.5% Coomassie brilliant blue G250.
Proteolytic activity was detected as clear bands on a blue
background of the Coomassie blue staining gel.

In vivo visualization of MSCs. To detect the distribution
of MSCs in vivo, we subcutaneously injected 6x10° GFP-
MHCC97-H cells into nude mice (n=4). When the nodular
tumors were formulated, we injected 5x10° of human DAPI-
MSCs into the tail veins of the mice. Four days after the
injection, the mice were sacrificed, the subcutaneous tumor
tissues, livers and lungs were removed and embedded with 1:4
dilution of optimum cutting temperature (OCT) compound in
phosphate-buffered saline (PBS). Fresh-frozen tumor sections
(5-pm thick) were mounted on glass slides, and the distribution
of DAPI-MSCs was observed under a fluorescence microscope.
These experiments were approved by the Shanghai Medical
Experimental Animal Care Commission.

We also orthotopically implanted tissues of subcutaneous
tumor into the livers of 10 nude mice, and 15 days after the
implantation, 5 out of the 10 mice were intravenously injected
with 5x10° of human BrdU-MSCs 3 times per week. The
other 5 mice were injected with PBS as the controls. After
20 days, the tumors, livers and lungs were removed and fixed
in paraformaldehyde and embedded in paraffin wax. Paraffin
sections (5-um-thick) were mounted on glass slides.
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The tumor and liver slides were deparaffinized and rehy-
drated over 10 min through a graded alcohol series to deionized
water. Subsequently, 1% Antigen Unmasking Solution (Vector
Laboratories) was added and the slides were microwaved to
enhance antigen retrieval, followed by immunostaining with
primary mouse anti-human antibody against BrdU (Sigma).
Goat anti-mouse IgG-peroxidase (A9917, Sigma) or Cy3-Goat
anti-mouse IgG were used as the secondary antibodies.

Analysis of pulmonary metastasis. Lung samples were sliced
into 20 sections of 5 ym thickness, and a 50-ym interval
between 2 successive sections. After staining with hematoxylin
and eosin (H&E), the sections were independently observed
under a microscope by 2 pathologists to evaluate pulmonary
metastasis.

Statistical analysis. The data were analyzed using SPSS 11.5
software (SPSS Corp., Chicago, IL). The Student's t-test was
used to analyze the differences in tumor weight. Fisher's exact
test was used for the comparison of the ratio involved. All
statistical tests were two-sided and P<0.05 was considered to
indicate a statistically significant difference.

Results

MSCs fuse with HCC cells in vitro at a low frequency. After
the co-culture of GFP-MHCC97-H with RFP-MSCs, and the
co-culture of GFP-MHCC97-H with DAPI-MSC:s, the culture
formation mimicked the in vivo tumor structures. MSCs grad-
ually circled and partitioned cancer cells (Fig. 1). Cell fusion
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Figure 1. Co-culture of RFP-MSCs and GFP-MHCC97-H. RFP-MSCs (red) and GFP-MHCC97-H cells (green) were co-cultured at a ratio of 5:1, and the cul-
ture were observed under a fluorescence microscope from day 4 to 11. The cultures were well grown. The cell fusion was not evident, while, MSCs interweaved
and partitioned cancer cells; the formation was similar to the in vivo tumor structures. The top panel denotes the cultures observed under a phase-contrast
microscope (magnification, x20).

was observed in the cultures on the 4th day, and binucleated or
yellow fluorescent hybrid cells had formed. However, the cells
fused at a very low frequency (approximately 4-5 GFP* RFP*
cells and 4-5 binucleated cells were observed per microscopic
sight; x20), and the cell fusion did not obviously increase in the
following days (Fig. 2A and B).

MSCs spontaneously fuse with each other in vitro. When
GFP-MSCs and RFP-MSCs were co-cultured for 4 days, cell
fusion was also observed in the culture; however, the cell fusion
was also generated at a low frequency and did not increase in
the following time-periods (Fig. 2C).

Detection of MMP expression and invasive capability of
MSCs. We found that MSCs expressed MMP2 at a low level
(Fig. 3A), but highly expressed MMP9 (Fig. 3B), as shown
by immunocytochemistry staining with MMP2 and MMP9
monoclonal antibodies. MSCs infiltrated through the Matrigel,
as shown by in vitro Transwell assay (Fig. 3C). The zymo-
graphic pattern showed that the MSCs had a higher activity
of MMP9 than the MHCC97-L cells (HCC cells with a lower
metastatic potential) (Fig. 3D) (17,22).

DAPI-MSCs home to tumor site. Four days after injecting
DAPI-MSCs into the mice, we found that fewer MSCs
had engrafted the heart, spleen, kidneys and bone marrow,
(Fig. 4A) while, more DAPI-MSCs were present in the tumor
site compared with the normal liver tissues (Fig. 4B). More
DAPI-MSCs were present in the site of pulmonary metastasis
compared with the normal lung tissues (Fig. 4C).
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Figure 2. Cell fusion between MSCs and MHCC97-H cells, as well as cell fusion among MSCs observed under a phase contrast and fluorescence microscope.
(A) After 4 days co-culture, RFP-MSCs (red) fused with GFP-MHCC97-H cells (green), and the RFP* GFP* fusion cells (yellow) were observed (magnifica-
tion, x20). (B) After 4 days co-culture, DAPI-MSCs (blue) fused with GFP-MHCC97-H cells (green), and binucleated cells were observed in the culture.
Arrows denote the fused cells (magnification, x40). (C) RFP-MSCs and GFP-MSCs were co-cultured at a ratio of 1:1 in a 6-well plate, the cell fusion was

spontaneously generated among the MSCs (magnification, x20).
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Figure 3. Detection of invasive capability of MSCs. (A and B) MSCs expressed
(A) MMP2 at lower levels, but highly expressed (B) MMP9, as shown by
immunohistochemistical staining with MMP2 and MMP9 monoclonal
antibodies. (C) MSCs infiltrated through the Matrigel, as shown by in vitro
Transwell assay. The cells were stained with Giemsa. (D) Zymographic pat-
tern of MSCs. MSCs had a higher activity of MMP-9 (92 kDa, latent form
of MMP9; 72 kDa, latent form of MMP2). The MHCC97-H and MHCC97-L
cells were used as the controls.

MSCs distributed in tumor stroma. Twenty days after the
BrdU-MSC injection, we did not find any more binucleated
cells in the tumor tissuses and the cells were mainly distributed
in the tumor stroma. Moreover, we found that the components
of the tumor stroma had increased compared to the tumors not
injected with MSCs, as shown by immunostaining with Brdu
(Fig. 5A-D).

Table I. Effect of MSCs on tumor growth and invasion of HCC.

MSC No. of
injection animals (Mean + SE) P-value
Tumor weight Yes 5 2.63+£0.29 0.163
No 5 3.10+0.21
Rate (%) Yes 5 20% 0.010
No 5 100%
No. of lesions Yes 5 0.60+0.60 0.008
No 5 3.00+0.71
No. of cells Yes 5 7.60+7.60 0.029
No 5 58.00+17.36

The Student's t-test was used to assess the statistical difference of
tumor weight, no. of lesions and no. of cells between the group
injected with MSCs and the group not injected with MSCs. The rate
of pulmonary metastasis in each group was analyzed by Fisher's exact
test. Rate, rate of pulmonary metastasis; no. of lesions, total number
of metastatic lesions in lungs; no. of cells, total number of metastatic
cells in the lungs; SE, standard error.

Injection of MSCs affects the invasion of HCC cells. After
the in vivo injection of MSCs, we also found that the invasive
capability of the HCC cells significantly decreased. The rate
of pulmonary metastasis was 20% in the group injected with
MSCs and 100% in the group not injected with MSCs (P=0.01).
The total number of metastatic cells, as well as the total number
of metastatic lesions in the lungs had decreased (Table I).
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Figure 4. Distribution of MSCs in mice bearing tumors. (A) Distribution of DAPI-MSCs (blue) in mouse (a) spleen, (b) heart, (c) kidneys and (d) bone marrow
(magnification, x10). (B) More DAPI-MSCs (blue) homed to tumor tissues formed by GFP-MHCC97-H cells (green) than to normal liver tissues (d) (magnifica-
tion, x20). Cell fusion was also observed found (arrow denote). (C) More DAPI-MSCs (blue) home to pulmonary metastatic sites formed by GFP-MHCC97-H
cells (green) than to normal lung tissues (d). Arrows denote metastases formed in lungs (magnification, x10).

Figure 5. MSC were mainly distributed in the tumor stroma. (A and B) Immunostaining with anti-BrdU antibody, BrdU-MSCs were mainly found in the tumor
stroma. (A) Sample without BrdU-MSC injection was immunostained with anti-BrdU antibody as the negative control. (B) DAB staining. (C) Similarly, using
Cy3 labeling anti-BrdU antibody, BrdU-MSCs were mainly observed in the tumor stroma (magnification, x10). (D and E) As shown by immunostaining with
anti-BrdU antibody, (D) MSC-injected samples had an enlarged tumor stroma compared to (E) the samples not injected with MSCs (magnification, x10).
(F) Using Cy3 labeled anti-BrdU antibody, BrdU-MSCs increased the tumor stroma size. Red, Cy3; blue, nuclei counter staining with DAPI.

Discussion in vivo, and cell fusion mainly occurred 4-5 days after in vitro

co-culture; even between the MSCs themselves, cell fusion spon-
Although cell fusion has been emphasized in other studies, few  taneously occurred at a low level (Fig. 2C). Our results suggested
hybrid cells were observed in our experiment both in vitro and  that cell fusion was not a major mechanism by which MSCs
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influence HCC. These results were consistent with the report that
engrafted MSCs do not fuse with somatic cells in rats, as shown
by fluorescence in situ hybridization (20). In another study (21),
binucleated heterokaryons were not observed in the regenerated
liver after MSC transplantation. The efficiency of in vivo somatic
fusion is possibly influenced by a number of factors. BMDCs
have been found to regenerate liver tissue by fusing with existing
hepatocytes at a low frequency (12,22,23). Moreover, it is haema-
topoietic stem cells (HSCs), rather than MSCs, that are more
often associated with the phenomena of cell fusion (11,22-25).

MMPs are important enzymes that mediate endothelial
cell invasion and the homing of stem cells (25,26). It has been
reported that MMP9 is one of the elements required to break
down basement membranes and to provide a road map for the
homing of HSCs (25). In this study, MSCs expressed a high level
of MMPY, suggesting that the homing of MSCs also correlates
with MMP9. We also observed a higher invasive capability
of MSC:s in vitro by Transwell assay and a higher number of
MSC:s distributed in the tumor site rather than the normal liver
tissues. These data suggest that tumor microenvironment may
provide a special niche for the homing of engrafted MSCs.

Our results demonstrated that MSCs were mainly distrib-
uted in the tumor stroma and differentiated into stromal cells;
which is in disagreement with the hepatocellular differentiation
of MSCs, and which reflects a limited differentiation of MSCs
in the microenvironment of HCC. The views regarding the
differentiation capability of MSCs are controversial. The self-
renewal and proliferative capacity of adult stem cells is very
limited (27) and only a limited proportion of adult stem cells
isolated from post-natal tissues are capable of differentiating
into the hepatic lineage (28,29). The hepatic differentiation
of MSCs in vitro may be due to the ideal milieu created by
humans MSCs which are chemically defined, either by the use
of serum-free or synthetic serum replacements (30), with the
possible supplementation of specific recombinant cytokines,
growth factors and extracellular matrix (ECM) substratum.

The tumor stroma is composed of myofibroblasts and
fibroblasts which produce the extracellular matrix supporting
the tumor structure and influences invasiveness (31-33). The
tumor stroma has been regarded as a more dynamic compo-
nent of tumors. In our study, we found that MSCs were mainly
distributed in the tumor stroma. Therefore, the engrafted
MSCs may be capable of changing the tumor microenviron-
ment, influencing tumor progression in a complex manner
associated with the secretion of growth factors, chemokines
and cytokines (6,34,35).

In conclusion, our results suggest that after transplanting
MSCs in HCC tumors, cell fusion is not the major mechanism
of action of the MSCs; MSCs mainly engraft into the tumor
tissues and differentiate into tumor stromal cells and thus
regulate the formation of the stroma. The data presented in
this study may provide novel potential methods for the appli-
cation of anticancer therapies.
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