
Abstract. Hepatic stem cells (HSCs) are involved in repair
of liver injury. Stem cells may have inhibitory effects on
tumor cell growth and apoptosis. However, it is unknown
whether HSCs regulate the biological functions of hepato-
carcinoma cells, especially tumor cell growth and apoptosis.
The present study was designed to determine the effects of
hepatocytic precursor (stem-like) WB-F344 cells on the growth
and apoptosis of hepatoma CBRH-7919 cells. Using a
Transwell chamber culture system, we co-cultured WB-F344
cells and CBRH-7919 cells in serum-free conditioned medium
at 3 different ratios: 1:1 (2x105: 2x105 cells/well), 1:5 (4x104:
2x105 cells/well), and 5:1 (2x105: 4x104 cells/well). We deter-
mined the effects of stem cells on tumor cells using in vivo
xenograft assay in nude mice and determining gene expression
by RT-PCR and Western blot analyses. With the increment
proportion of the WB-F344 cells in the co-culture system,
tumor formation was inhibited in nude mice. Moreover, down-
regulation of bone morphogenetic protein 4 (BMP4), Bcl-2,
and c-Myc and upregulation of PTEN also occurred along
with the inhibitory effects. Western blotting showed that the
TGF-ß/Smad pathway played a prominent role in tumor
inhibition, which may have been mediated by the cytokines
released from the stem cells. In conclusion, hepatocytic
precursor (stem-like) WB-F344 cells inhibit the tumorigenicity
of hepatoma CBRH-7919 cells, and the effect is mediated by
TGF-ß/Smad signaling pathway.

Introduction

Hepatocellular carcinoma (HCC), which is characterized by
aggressive growth and poor prognosis, is the third leading
cause of cancer-related mortality worldwide (1). Currently, no
effective treatment is available for most HCC patients, except
for surgical resection and liver transplantation in some
patients whose disease is detected at a sufficiently early stage
(2). The prognosis of patients with HCC remains extremely
poor, with a 5-year survival rate of <5% (3). Therefore, it is
of interest and importance to develop novel approaches to
better prevention and treatment of this disease.

Recently there has been increasing interest in the
development of stem cell therapy for a variety of diseases,
including cancers. Stem cells, derived from adult and
embryonic sources, have great therapeutic potential. They are
generally characterized by their capacity for self-renewal
through asymmetrical cell division, long-term tissue recon-
stitution, multipotency for producing progeny in at least two
lineages, and serial transplantability (4). In liver tissue,
pre-existing mature hepatocytes have an extraordinary ability
to regenerate after injury or resection (5,6). Oval cells, one
type of the candidate hepatic progenitor cells in rodent models,
can differentiate to form both hepatocytes and cholangiocytes
(7).

In a rodent hepatocarcinogenesis model, HCC is shown to
originate from two cellular sources: mature hepatocytes (8)
and hepatic progenitor cells (oval cells) (9-12). Kubota et al
(13) reported that bone marrow cells (BMCs) fused with
some oval cells but that the BMC-fused oval cells and BMCs
did not have malignant potential in rats fed with the choline-
deficient, ethionine-supplemented diet. Another study
suggested that the stem cell microenvironment may play an
essential role in preventing carcinogenesis by providing signals
to inhibit proliferation and to promote differentiation (14).
Moreover, evidence is emerging that supports the premise
that stem cells may serve as a vehicle for the transfer of genetic
material in the treatment of patients with HCC, especially for
those not suitable for resection, transplantation, ablation
therapy, or arterial chemoembolization (15). In a clinical
trial, treatment with stem cell differentiation stage factors
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showed inhibition of tumor growth in patients with HCC
(14), but the underlying mechanisms are not fully understood.

The role of cellular transforming growth factors in carcino-
genesis and stem cells is an emerging hot area of research.
Transforming growth factor ß (TGF-ß) is the prototype of a
large family of structurally-related factors that regulate a
diverse array of biological processes such as cell growth,
differentiation, and apoptosis (16). The intracellular effectors
of TGF-ß signaling, Smad proteins, are activated by receptors
and translocated to the nucleus, where they regulate tran-
scription of target genes (17). TGF-ß can be produced by
hepatic non-parenchymal cells and acts as an inhibitory
cytokine on hepatocytes (18) and as a negative regulator of
hepatocyte proliferation after viral infection-induced chronic
injury (19). In addition, TGF-ß induces apoptosis in several
established human liver cancer cell lines, including HepG2
and HepG3 cells (20). Dysfunction of the members in the
TGF-ß pathway, such as TGF-ß RII, bone morphogenetic
proteins (BMPs), Smad2/3, and Smad4, may lead to
progenitor/stem cell deregulation and, possibly, cancer
formation (21).

In this study, we investigated the effects of hepatocytic
precursor (stem-like) cells on HCC cells in vitro and in vivo
using conditioned media, a co-culture system, and animal
tumor transplantation models. We focused on the role of the
TGF-ß/Smad4 pathway in mediating HCC apoptosis, which
may be induced by cytokines elicited from the liver epithelial
stem-like cells. This study may have implications for the
development of stem cell therapy for HCC.

Materials and methods

Cell culture. The diploid rat liver epithelial cell line WB-F344,
derived from an adult male Fischer-344 rat (22), was obtained
from Shanghai Cell Bank (Shanghai, China). Under suitable
conditions, WB-F344 cells can differentiate into multiple cell
lineages, including hepatocyte (23) and biliary (24) lineages.
The rat hepatoma cell line CBRH-7919 was also obtained from
Shanghai Cell Bank. The cells were cultured in Dulbecco's
modified Eagle's medium/Ham's F12 medium (DMEM/F12,
Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco) in a humidified incubator
containing 5% CO2 at 37˚C.

Co-culture of WB-F344 stem cells and tumor cells. To
determine the effects of stem cells on hepatoma cells, we
co-cultured WB-F344 cells and CBRH-7919 cells in various
ratios: 1:1 (2x105: 2x105 cells/well), 1:5 (4x104:2x105 cells/
well), and 5:1 (2x105:4x104 cells/well) in a Transwell chamber
culture system (4.0 μm pore polycarbonate membrane insert,
Corning, NY, USA ). The cells were co-cultured in a serum-
free conditioned medium at 37˚C with 95% air, 5% CO2, and
100% humidity for 7 days (25) before use of the cells for
subsequent assays, such as the nude mouse xenograft assay,
flow cytometry analysis, and immunoblotting. The serum-
free conditioned medium was composed of DMEM/F12
supplemented with 20 ng/ml of basic fibroblast growth factor
(bFGF; Sigma, St. Louis, MO, USA), 20 ng/ml of epidermal
growth factor (EGF; Sigma), and 20 μl/ml of B27 supplement
(Life Technologies, Carlsbad, CA, USA).

Cell transplantation in nude mice. Nude mice (age: 4-6 weeks,
obtained from the Institute of Zoology, Chinese Academy of
Sciences, China) were kept under pathogen-free conditions
in accordance with procedures and guidelines set by the
Institutional Animal Care and Use Committee (IACUC) of
the Second Military Medical University, Shanghai, China. The
animals were divided into four groups (15/group): In groups
A, B, and C, CBRH-7919 hepatoma cells in equal cell
numbers (1x106) of the aforementioned different co-culture
ratios (1:1, 1:5, 5:1), respectively, were subcutaneously
injected into the flanks of the mice; animals in group D were
injected with equal numbers (1x106) of CBRH-7919 cells and
constituted the control group. At 35 days post-injection, five
mice from each group were randomly selected and sacrificed
for pathology analysis. Xenograft tumor tissues were fixed in
10% formaldehyde and processed using standard pathology
section methods. The sections were stained using hematoxylin
and eosin (H&E) for histopathology analysis. Six tumor-
bearing mice were randomly selected for monitoring tumor
growth, which was accomplished by measuring the length
(L) and the width (W) of each tumor, and the volume was
calculated by the formula of V = (L x W2)/2. Then, survival
analysis of the remaining (n=6, selected randomly from mice
which formed tumors) in each group were compared.

Flow cytometric analysis. Apoptotic hepatoma cells were
detected by flow cytometry after staining with the ApoScreen
Annexin V apoptosis kit (SouthernBiotech, Birmingham, AL,
USA) in accordance with the manufacturer's instructions.

RT-PCR analysis. The mRNA expression levels of the selected
genes, bone morphogenetic protein 4 (BMP4) (26), PTEN
(27), Bcl-2 (28), and c-Myc (29), were examined using RT-
PCR analysis. Total RNA was prepared from hepatoma cells
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Reverse transcription of RNA was performed using the
Superscript kit (Invitrogen) according to the manufacturer's
instructions. The primers for the four rat genes were: BMP4:
forward 5'-CGT TAC CTC AAG GGA GTG G-3' and reverse
5'-GCG ACG GCA GTT CTT ATT C-3'; PTEN: forward
5'-ACC ATA ACC CAC CAC AGC-3' and reverse 5'-CAC
CAG TCC GTC CTT TCC-3'; BCL-2: forward 5'-CGG
GAG AAC AGG GTA TGA-3' and reverse 5'-CAG GCT
GGA AGG AGA AGA T-3'; and c-MYC: forward 5'-TCT
CCG TCC TAT GTT GCG-3' and reverse 5'-GTC CTG GAT
GAT GAT GTT CTT G-3'. ß-actin was used as a housekeeping
gene and the primers were 5'-ACG TTG ACA TCC GTA
AAG AC-3' and reverse 5'-GAA GGT GGA CAG TGA
GGC-3'. Amplification was performed in a GeneAmp PCR
system 9700 thermocycler (PE Applied Biosystems, Foster
City, CA, USA). The PCR cycle was as follows: one cycle at
95˚C for 30 sec, followed by 30 cycles at 95˚C for 5 sec, at
60˚C for 30 sec, with a final extension step at 72˚C for 1 min,
using the Takara Bio kit (Osaka, Japan) according to the
manufacturer's recommendations. The amplified product was
loaded onto a 15 g/l agarose gel containing ethidium bromide
(0.5 g/l) and visualized under UV light.

Western blot analysis. The protein expression levels of Smad4
and TGF-ß RII were analyzed by immunoblot analysis. Cell
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lysate was prepared using RIPA buffer with protease inhibitors
and quantified using the BCA protein assay (Pierce, IL, USA).
Equal amounts of protein were separated by 10% sodium
dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-
PAGE) and electrophoretically transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, IN, USA) using a
minitrans-blot (Hercules, CA, USA). Membranes were then
blocked with PBST (PBS with 0.05% Tween-20) containing
5% non-fat dry milk for 4 h and incubated with a rabbit poly-
clonal antibody against Smad4 (Cell Signaling Technology,
MA, USA) or a rabbit polyclonal antibody against TGF-ß RII
(Cell Signaling Technology) for 24 h at 4˚C. Membranes were
then washed with PBST and incubated with horseradish
peroxidase conjugated goat anti-rabbit immunoglobulin G
(IgG) for 1 h. The blots were developed using an enhanced
chemiluminescence (ECL) kit (Pierce). Protein was normalized
with GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA,
USA).

Results

WB-F344 hepatocytic precursor (stem-like) cells inhibit
tumor formation of hepatoma CBRH-7919 cells in nude mice.
As illustrated in Table I, the control mice (n=15) transplanted
with CBRH-7919 cells alone formed tumors within 16-18
days (average tumor diameter = 3.4 cm on day 35). The mice
injected with co-cultured CBRH-7919 hepatoma cells formed
detectable tumors on days 19-28, and smaller tumors were
formed (average tumor diameter = 1.9 cm on day 35). Patho-
logical examination of tumor tissues revealed a higher
proportion of WB-F344 hepatocytic precursor (stem-like) cells
in the co-culture system, as well as a lower karyoplasmic
ratio and a lower degree of cellular atypia, compared to the
control (Fig. 1). Survival analysis showed that groups A, B,
and C had significantly longer life spans compared with
group D (Fig. 2, Kaplan Meier survival analysis, P<0.05).
Taken together, these results show that the tumor formation
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Table I. Transplantation in nude mice inoculated with CBRH-7919 cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Groups The average day of the Average volume (cm3)            Sacrificed on day

tumor formation (D)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
A: (CBRH-7919:WB-F344 = 5:1) 21 6.63 35
B: (CBRH-7919:WB-F344 = 1:1) 24 5.52 35
C: (CBRH-7919:WB-F344 = 1:5) 26 4.26 35
D: (Control group) 16 7.34 35
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Inhibition of hepatoma cell tumor formation by WB-F344 hepatocytic precursor (stem-like) cells in nude mice. (A) CBRH-7919 control group
(H&E staining, x400); (B) CBRH-7919:WB-F344 = 5:1 group (H&E staining, x400); (C) CBRH-7919:WB-F344 = 1:1 group (H&E staining, x400). (D-F)
CBRH-7919:WB-F344 = 1:5 group (H&E staining; x100 for D; x400 for E and F). Scale bar: 100 μm.
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of the hepatoma cells was inhibited by WB-F344 hepatocytic
precursor (stem-like) cells in nude mice.

WB-F344 hepatocytic precursor (stem-like) cells increase
apoptosis in CBRH-7919 hepatoma cells. To investigate the
mechanisms responsible for the inhibitory effects of WB-F344
hepatocytic precursor (stem-like) cells on tumor formation of
the hepatoma cells in nude mice, we determined the apoptotic
cells in various settings of the co-culture system using flow
cytometry analysis. The apoptotic rates of co-cultured CBRH-
7919 cells were 13.24, 17.08, and 18.10% when the co-culture
ratios (CBRH-7919:WB-F344) were 5:1, 1:1, and 1:5, respec-
tively (Fig. 3). These figures were significantly higher than
that of the CBRH-7919 control cells (12.90%; Cochran-Mantel-
Haenszel test, P<0.05), which indicates that the increase in
hepatoma cell apoptosis was correlated with the increase in
the proportion of the WB-F344 hepatocytic precursor (stem-
like) cells in the co-culture system. The decrease in tumor
formation and the increase in apoptosis of hepatoma cells
were also correlated with the downregulation of BMP4, Bcl-2,
and c-Myc and the upregulation of PTEN (Fig. 4).
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Figure 2. Kaplan-Meier survival analysis of the nude mice that were injected
with CBRH-7919 hepatoma cells. Group A: CBRH-7919 control group;
group B: CBRH-7919:WB-F344 = 5:1 group; group C: CBRH-7919:WB-
F344 = 1:1 group; group D: CBRH-7919:WB-F344 = 1:5 group.

Figure 3. The pro-apoptotic role of the WB-F344 hepatocytic precursor (stem-like) cells on CBRH-7919 hepatoma cells (flow cytometric analysis). The
apoptotic rate increased from 12.90% to 18.10% when CBRH-7919 cells were co-cultured with WB-F344 cells; that is, the increment in apoptosis was
associated with the increased proportion of the WB-F344 hepatocytic precursor (stem-like) cells in the co-culture system. (A) CBRH-7919 control group; (B)
CBRH-7919:WB-F344 = 5:1 (2x105:4x104); (C) CBRH-7919:WB-F344 = 1:1 (2x105: 2x105); (D) CBRH-7919:WB-F344 = 1:5 (4x105:2x104).
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The TGF-ß/Smad signaling in tumor cells is upregulated by
conditioned media in Transwell chamber co-culture system.
Since TGF-ß is an essential regulator of cellular and physio-
logic processes, including apoptosis (30,31), we propose that
the TGF-ß/Smad signal transduction pathway would be
involved in governing the inhibitory effect on CBRH-7919
hepatoma cells through its pro-apoptotic role mediated by the
WB-F344 hepatocytic precursor (stem-like) cells. As illustrated
in Fig. 5, Western blot analyses showed that the treatment of
CBRH-7919 hepatoma cells with the increased proportion
of WB-F344 cells in the co-culture system resulted in the
upregulation of Smad4 and TGF-ßRII.

Discussion

The failure of existing treatments for liver cancer has prompted
the search for new methods that can effectively treat cancer
cells, including modulating stem cells. In the current study,
we demonstrated that the tumorigenicity and apoptosis of
hepatoma CBRH-7919 cells was influenced by hepatocytic
precursor (stem-like) WB-F344 cells in the co-culture system.
Furthermore, the expression levels of several growth/
apoptosis related genes (BMP4, Bcl-2, c-Myc) (32) that
represent the malignancy of tumors were downregulated. The
TGF-ß superfamily ligands include BMPs (33). Signaling
begins with the binding of a TGF-ß superfamily ligand to a
TGF-ß type II receptor, which recruits and phosphorylates
the type I receptor. The type I receptor then phosphorylates
receptor-regulated Smads (R-Smads), which can bind the
coSmad Smad4. The R-Smad/coSmad complexes accumulate
in the nucleus, where they act as transcription factors and
participate in the regulation of target gene expression. Finally,

the TGF-ß signaling pathway is involved in many cellular
processes, including apoptosis (16). Our findings about the
WB-F344 cell inhibitory effects on the tumor formation of
hepatoma cells were consistent with other studies of stem
cells (34). Our study had two major findings. First, WB-F344
hepatocytic precursor (stem-like) cell treatment increased
apoptosis of the co-cultured CBRH-7919 cells. Second, RT-
PCR and immunoblot analyses showed that the TGF-ß/Smad
signaling pathway played a pivotal role in suppressing tumor
formation after stem cell treatment.

The selective tropism of liver stem cells to HCC has been
reported previously (35), thus stem cells have great thera-
peutic potential, including as a vector to deliver therapeutic
genes for targeted therapy of HCC (36). Mesenchymal stem
cells (MSCs) have been identified as bone marrow-derived
stem cells, and animal studies have demonstrated that gene-
modified human MSCs (hMSCs) may serve as a platform
for delivery of biological anticancer agents (37). Moreover,
unmodified hMSCs can inhibit the growth of tumor cells
in vitro, and the homing of hMSCs to sites of hepatocellular
carcinoma has been observed, which potently inhibited tumor
growth in vivo (34,38) by downregulating certain types of
signal transduction pathway, such as the Wnt/ß-catenin
pathway, by direct cell-cell contact. Other studies suggest
that unmodified MSCs are able to home to several different
tumor sites in mice and enhance their growth (39,40).
Obviously, there are discrepancies about the effects of
standard MSCs on tumor cells.

In the present study, we demonstrated the inhibitory
capacity of hepatocytic precursor WB-F344 (stem-like) cells
on hepatoma cells, which was consistent with the effect of
hMSCs on hepatocellular carcinoma (34,38). Although the
origins of the cells used in various studies are different, it is
generally accepted that stem cells and tumor cells have similar
signaling pathways that regulate self-renewal, differentiation,
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Figure 4. The expression levels of selected genes examined using RT-PCR
analysis. The increase in apoptotic rate was associated with downregulation
of bone morphogenetic protein 4 (BMP4), Bcl-2, and c-Myc and with
upregulation of PTEN levels when the CBRH-7919 cells were co-cultured
with WB-F344 cells.

Figure 5. The expression levels of Smad4 and TGF-ß RII examined by
immunoblot analysis. Upregulation of TGF-ß pathway members such as
TGF-ß RII and Smad4 indicate that soluble factors in co-culture conditioned
media released from WB-F344 hepatocytic precursor (stem-like) cells might
induce tumor cell apoptosis via the TGF-ß/smad signal transduction
pathway.
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and apoptosis, including the Wnt/ß-catenin (41), Notch (42),
BMP (26,43), and TGF-ß/Smad pathways (18). These
pathways determine the diverse developmental fates of the
cells. According to different differentiation potentials, stem
cells can be divided into totipotent stem cells, pluripotent
stem cells, and unipotent stem cells (44). Unipotent stem cells,
also known as progenitor cells, are limited to differentiating
themselves into a specific cell type. The regulation and control
mechanisms of different stem cells remain unclear.

Based on our results, we speculate that the TGF-ß/Smad
pathway induces apoptosis (caused by unipotent stem cell,
WB-F344 cells) and inhibits tumor growth, which is different
from the same phenomenon caused by pluripotent stem cells
(hMSCs) (34). We believe that, as a result of the different
stages of stem cells, the cell signal transduction pathways
that control cell growth, differentiation, and apoptosis are
different; if the same pathway is involved, the mechanism
involved may also be different (45). Studies of the molecular
signatures of prostate stem cells also revealed that TGF-ß
has a prominent role in adult stem cells (46), and the Wnt
signaling pathway plays a critical role in the regulation of
proliferation and in the migration/invasion capacity of
hMSCs (47).

In conclusion, we found that the tumor formation of
hepatoma cells was inhibited by cytokines that were generated
by co-culture with stem cells. Stem cells at different stages
may be activated by different pathways, which will be the
focus of our future research. Further exploration of how cell-
cell contact and other factors modulate signaling pathways
during carcinogenesis and cancer progression and treatment
are required to provide insight into the causes of, and possible
treatments for, human hepatocellular carcinoma.
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