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Abstract
Hepatocellular carcinoma (HCC) generally occurs in the presence of chronic liver injury, often as a sequela of liver fibrosis.
Hepatic progenitor cells (HPCs) are known to be capable of forming both hepatocytes and cholangiocytes in chronic liver
injury, which are also considered a source of myofibroblasts and tumor-initiating cells, under carcinogenic circumstances.
However, the underlying mechanisms that activate HPCs to give rise to HCC are still unclear. In current study, the
correlation between HPCs activation and liver fibrosis and carcinogenesis was investigated in rats and human specimens. We
analyzed the role of HPCs in tumorigenesis, by transplanting exogenous HPCs in a diethylnitrosamine-induced rat HCC
model. Our data indicated that HPC activation correlated with hepatic fibrosis and hepatocarcinogenesis. We further found
that exogenous HPC infusion promoted liver fibrosis and hepatocarcinogenesis, while lipopolysaccharides (LPS) played an
important role in this process. However, results of our study indicated that LPS did not induce HPCs to form tumor in nude
mice directly. Rather, LPS induced myofibroblast-like morphology in HPCs, which enhanced the tumorigenic potential of
HPCs. Further experiments showed that LPS/Toll-like receptor 4 (TLR4) signaling mediated the differentiation of HPCs into
myofibroblasts and enhanced the production of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), which led to the
aberrant expression of Ras and p53 signaling pathways in HPCs, and finally, promoted the proliferation and malignant
transformation of HPCs, by long non-coding RNA regulation. Besides, examination of HCC clinical samples demonstrated
that IL-6 and TNF-α production correlated with HPC activation, hepatic fibrosis, and HCC recurrence. Our study indicates
that both myofibroblasts and tumor cells are derived from HPCs. HPC-derived myofibroblasts create tumor
microenvironment and contribute to the proliferation and malignant transformation of HPCs. Furthermore, LPS present
in the chronic liver inflammation microenvironment might play an important role in hepatocarcinogenesis, by regulating the
plastic potential of HPCs.

Hepatocellular carcinoma (HCC) is the fifth most com-
monly diagnosed cancer and the third cause of cancer death
worldwide [1]. The development of HCC is associated with
chronic liver inflammation, fibrosis, and its subsequent
irreversible cirrhosis [2]. Hepatic fibrosis is a pathological
consequence of chronic liver diseases, and results from the
progressive accumulation of altered extracellular matrix,
highly enriched in type I and III fibrillar collagens; [3] in
advanced stages, fibrosis leads to cirrhosis. Clinical con-
sequences of cirrhosis are: failure in the synthetic function
of the liver, portal hypertension, high susceptibility to
infection, and high risk to develop HCC [3]. While the
histopathologic features of HCC are well established, the
molecular mechanisms of the cancer-promoting effectors,
including fibrosis, are not well understood.
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Hepatic progenitor cells (HPCs), which are denoted as
oval cells in rodents, reside in the smallest and most per-
ipheral branches of the biliary tree, ductules, and canals of
Hering [4–6]. Results of numerous studies indicate that
HPCs can differentiate toward the hepatocytic and the
biliary lineage [7]. HPC activations are closely related to
liver fibrosis [8, 9]. Several studies have shown that acti-
vated HPCs release cytokines to activate quiescent hepatic
stellate cells to promote liver fibrosis [10]. In addition, a
recent study has demonstrated that myofibroblasts are
generated from HPCs [11]. In our previous study, we found
that lipopolysaccharide (LPS) could effectively promote the
differentiation of HPCs into myofibroblasts [12]. Injured
liver affects the permeability of the gut, which facilitates the
abnormal translocation of bacteria and their metabolites,
such as LPS, across the gastrointestinal barrier, into the
portal circulation. LPS can induce the production of
inflammatory cytokines, including interleukin-1β (IL-1β),
IL-6, type I interferons, transforming growth factor-beta
(TGF-β), and tumor necrosis factor-α (TNF-α) [13, 14].
Recent reports have demonstrated that LPS played an
important role in liver damage and development of HCC
[15–17]. The results of our study also reported that LPS
could promote the proliferation of mouse-derived HPCs
in vitro and in vivo. Moreover, LPS blocked the hepatic and
biliary differentiation of multipotent HPCs (mHPCs) [18].

There is extensive evidence to indicate that HCC is a
stem cell-derived disease. In addition, human HPCs have
been discerned adjacent to HCC in hepatitis B virus-
induced cirrhosis [19, 20], which is considered to represent
precursor lesions of HCC. These results hint that HPCs may
play a role in liver tumor development. However, the
mechanisms by which HPCs give rise to HCC are still
unclear, and whether genetic alterations play a role in this
event is unknown. Therefore, the aim of the present study
was to investigate the evolution of HPCs in tumor micro-
environment and the potential mechanism underlying the
process of hepatocarcinogenesis.

Results

HPC activation correlated to liver fibrosis and
hepatocarcinogenesis in primary HCC model and
clinical HCC specimens

In the diethylnitrosamine (DEN)-induced primary rat HCC
model, we found that hepatocarcinogenesis was accom-
panied by the development of hepatic fibrosis (Fig. 1a). The
expression of α-smooth muscle actin (α-SMA) was
increased during hepatocarcinogenesis (Fig. 1b). Consistent
with the data, HPC activation (OV6 expression) was also
enhanced during HCC occurrence (Fig. 1c). Both α-SMA

and OV6 expression was associated with HCC occurrence
(r= 0.8, p < 0.001; r= 0.784, p < 0.001) (Fig. 1d, e), and α-
SMA expression correlated with OV6 expression (r=0.658,
p<0.001) (Fig. 1f). The results indicate that HPC activation
plays an important role in liver fibrosis and carcinogenesis.

Then, the association between HPC activation, liver
fibrosis, and HCC occurrence was analyzed in clinical HCC
specimens. According to the peritumoral immunohis-
tochemistry results, all 84 HCC patients were divided into
the following groups: α-SMA high expression group (n=
42) and low expression group (n= 42), and OV6 high
expression group (n= 40) and low expression group (n=
44) (Fig. 1g, h). We further examined the correlation
between OV6 and α-SMA expression by comparing the
integrated optical density (IOD) from image analysis. OV6
had a positive correlation with α-SMA (r= 0.297, p < 0.01)
in the entire group (Fig. 1i). As shown in Fig. 1j, patients
with high OV6 expression were likely to be having sig-
nificantly earlier recurrence than patients with low OV6
expression (p < 0.001). K7 expression was also detected as
HPC expansion, and the same results were obtained (Sup-
plementary Fig. 1). Additionally, α-SMA high expression
group also showed higher recurrence rate than low
expression group (p < 0.05, Fig. 1k). These results suggest
that HPC activation correlates to hepatic fibrosis and HCC
recurrence.

HPC transplantation promoted
hepatocarcinogenesis and liver fibrosis in primary
rat HCC model

We demonstrated that long-term exposure of mHPCs to
LPS did not lead to a higher incidence of HCC in a primary
mouse liver cancer model (Supplementary Fig. 2). We
speculated that the liver of mouse could not form typical
hepatic cirrhosis, which was different from the process of
hepatocarcinogenesis of human being. We employed DEN-
induced primary rat HCC model to identify the role of
HPCs in tumorigenesis. HPC cell line, WB-F344 cells, was
intrasplenically (i.s.) injected into F344 rats during hepa-
tocarcinogenesis (Fig. 2a). Transplantation of WB-F344
cells led to poorer survival and could effectively promote
tumorigenesis in DEN-exposed rats (Fig. 2b–d). Besides,
levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in WB-F344 cell transplantation
group were obviously higher than those in the control group
(Fig. 2e, f). Thereafter, the results from hematoxylin and
eosin (H&E) staining and Bio-Plex assay showed that HPC
infusion exacerbated inflammatory response in the livers
(Fig. 2g, Supplementary Fig. 3a). The results of Sirius Red
staining and Masson’s Trichrome staining showed that
compared with the control group, the liver from the WB-
F344 infusion group demonstrated higher levels of fibrosis.
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In addition, immunohistochemical (IHC) staining also
showed that the WB-F344 group illustrated higher levels of
α-SMA expression (Fig. 2h). These results indicate that

HPC transplantation may promote hepatic fibrosis in DEN-
induced primary HCC model. Furthermore, we marked the
WB-F344 cells with green fluorescent protein (GFP), by
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transfection with GFP lentiviral vector, to trace the evolu-
tion of WB-F344 cells in vivo. As shown in Fig. 2i, the
presence of GFP-positive cells in the liver, after intrasplenic
transplantation, indicated that WB-F344 cells had migrated
and colonized in the liver. Immunofluorescence staining of
α-SMA, merged with GFP, indicated that WB-F344 cells
might contribute to the formation of hepatic fibrosis, by
differentiating into myofibroblasts.

In order to further confirm the role of HPCs on HCC
incidence and hepatic fibrosis, we isolated primary HPCs
from 2-acetylaminofluorine (2-AAF)/partial hepatectomy
(PH) rat model and the primary HPCs were transplanted
into DEN-treated rats (Fig. 3a). As shown in Fig. 3b, c,
transplantation of primary HPCs effectively enhanced the
tumor incidence in DEN-induced HCC model. The level of
ALT and AST also increased in HPC infusion group
(Fig. 3d, e). H&E staining demonstrated that primary HPC
transplantation significantly lead to enhancement of
inflammatory response in the liver tissues (Fig. 3f). Besides
that, consistent with the effect of WB-F344 cells, the pri-
mary HPCs could also promote the hepatic fibrosis in DEN-
exposed rats and lead to the upregulation of α-SMA in liver
tissues (Fig. 3g–i). These results confirm the effect of HPCs
on hepatic fibrosis and hepatocarcinogenesis.

LPS elimination alleviated HPC transplantation-
induced liver fibrosis and hepatocarcinogenesis in
primary HCC model

LPS is a key pro-inflammatory cytokine in liver tumor
microenvironment and plays an important role in liver
damage and HCC [21]. We collected the serum from the
portal vein at different times during the process of HCC
model. The level of LPS increased during the process of

DEN-induced hepatocarcinogenesis (Fig. 4a), which indi-
cated that LPS might be a key factor in HCC-associated
microenvironment. In order to identify the role of LPS in
liver fibrosis and hepatocarcinogenesis induced by HPCs, a
combination of four different antibiotics was used to elim-
inate gut-derived LPS during HCC occurrence. The results
demonstrated that this combination of antibiotics could
effectively reduce the LPS level in the serum during DEN
treatment (Fig. 4a). We further observed the effect of HPC
infusion on tumorigenesis, with or without LPS treatment.
As shown in Fig. 4b, c, compared to the control group, LPS
elimination significantly reduced the enhancement of
tumorigenesis induced by HPCs. Moreover, survival rate
analysis also showed that LPS elimination significantly
increased survival in rats that were transplanted with WB-
F344 cells, during DEN treatment (Fig. 4d). Meanwhile,
ALT and AST levels decreased in the LPS elimination
group (Fig. 4e, f). The results from H&E staining and Bio-
Plex assay showed that LPS elimination could reduce
inflammatory response that increased by HPCs (Fig. 4g,
Supplementary Fig. 3b). Additionally, LPS elimination
reversed the ability of HPCs to enhance hepatic fibrosis
(Fig. 4h–j). These results suggest that LPS plays an
important role in controlling the ability of HPCs to augment
hepatocarcinogenesis and liver fibrosis.

LPS induced HPC differentiation into
myofibroblasts, which enhanced tumorigenic
potential of HPCs

In order to clarify the role of LPS in HPC-mediated hepa-
tocarcinogenesis, we treated WB-F344 cells with LPS
(10 μg/ml) for 2 weeks. As shown in Fig. 5a, the mor-
phology of WB-F344 cells exhibited myofibroblast-like
phenotype. LPS-pretreated WB-F344 cells were sub-
cutaneously injected in BALB/c nu/nu mice. However, after
8 weeks of observation, we found that LPS pretreatment did
not increase the tumorigenic potential in WB-F344 cells.
Surprisingly, once LPS-pretreated WB-F344 cells and nor-
mal WB-F344 cells were mixed together and simulta-
neously injected subcutaneously, tumor nodules emerged
(Fig. 5b, c). The histological type of these tumor nodules
was confirmed as liver cancer; both α-fetoprotein (AFP) and
α-SMA expression were detected in the tumor (Fig. 5d).
These results indicate that LPS may induce the differentia-
tion of HPCs into myofibroblasts, and that HPC-derived
myofibroblasts enhance the tumorigenic potential of HPCs.

Furthermore, the impact of LPS on gene expression of
WB-F344 cells was explored by transcriptomes analysis.
We observed that 1590 genes were differentially expressed
in the LPS-treated WB-F344 cells, including 588 upregu-
lated genes and 1002 downregulated genes (Supplementary
Fig. 4a). Further analysis showed that LPS treatment did not

Fig. 1 Hepatic progenitor cell (HPC) activation correlated to liver
fibrosis and hepatocarcinogenesis in primary rat hepatocellular carci-
noma (HCC) model and clinical HCC specimens. a Hematoxylin and
eosin (H&E) staining was performed to observe the histological
structure at different time points of diethylnitrosamine (DEN)-induced
HCC rats, arrows mean the fibrosis structure in the liver section.
b, c The expression of α-smooth muscle actin (α-SMA) and OV6 was
detected by immunohistochemical analysis. d, e The expression of α-
SMA and OV6 was evaluated at different time points in DEN-induced
HCC rats; the data were measured by integrated optical density (IOD).
Pearson’s correlation analysis provided correlation coefficient (r) and
p value. f Scatterplot with fitting line showed that the expression of
OV6 strongly correlated with α-SMA expression measured by IOD.
Pearson’s correlation analysis provided correlation coefficient (r) and
p value. g, h α-SMA and OV6 expression was detected in HCC
peritumoral tissues by immunohistochemical analysis. i Scatterplot
with fitting line showed that the expression of OV6 strongly correlated
with α-SMA expression measured by IOD. Pearson’s correlation
analysis provided correlation coefficient (r) and p value. j, k Recur-
rence rate was analyzed in each group of HCC patients (Kaplan–Meier
method), p values were obtained by log-rank multiple comparison
tests.
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lead to upregulation of cancer-associated pathways in HPCs
(Supplementary Fig. 4b, c). Interestingly, the upregulated
genes were mostly associated with hepatic fibrosis (Fig. 5e,

f). Additionally, expression of epithelialmarker was
repressed, whereas mesenchymal cell markers exhibited
high expression (Fig. 5g, h). As shown in Fig. 5i, the
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expression of α-SMA was significantly upregulated in LPS-
treated WB-F344 cells.

In order to confirm the mesenchymal differentiation of
HPCs in vivo, the GFP-labeled HPCs were isolated from
DEN-treated rat liver at 8 weeks by flow cytometry
(Fig. 5j). As shown in Fig. 5k, α-SMA expression was
upregulated in GFP-positive cells compared with the control
group. Furthermore, after homing in the microenvironment,
the expression of epithelial cell markers in GFP-positive
cells were repressed, whereas mesenchymal cells and
myofibroblast markers exhibited high expression
(Fig. 5l–n). Taken together, these results suggest that LPS
may induce the differentiation of HPCs into myofibroblasts.

HPC-derived myofibroblasts produced high levels of
IL-6 and TNF-α, which promoted proliferation of
HPCs via regulation of Ras and p53 signaling
pathways by lncRNAs

Having found that WB-F344 cell-derived myofibroblasts
enhance the tumorigenic potential of HPCs, we collected
conditioned medium (CM) from LPS-pretreated WB-F344
cells, which was then used to dispose the WB-F344 cells.
Cell Counting Kit-8 (CCK8) assay showed that the CM of
LPS-pretreated WB-F344 cells could significantly promote
the proliferation of HPCs (Fig. 6a). Next, the Bio-Plex assay
demonstrated that WB-F344 cell-derived myofibroblasts
produced high levels of IL-6 and TNF-α (Fig. 6b). To
further investigate the mechanism of malignant transfor-
mation of HPCs, which was induced by WB-F344 cell-
derived myofibroblasts, microarray analysis of messenger

RNA (mRNA) expression was performed. The gene
expression signature and KEGG (Kyoto Encyclopedia of
Genes and Genomes) enrichment analysis showed that the
Ras signaling was upregulated and p53 signaling was
downregulated in WB-F344 cells treated with CM from
WB-F344 cell-derived myofibroblasts (Fig. 6c, d). We next
used reverse transcription-polymerase chain reaction (RT-
PCR) to validate the expression of Ras and p53 signaling
pathway-related genes; epidermal growth factor receptor
(EGFR) was found to be upregulated and phosphatase and
tensin homolog (PTEN) was found to be downregulated,
most significantly (greater than six-fold) (Fig. 6e). There-
fore, these two genes may play an important role in the
malignant transformation of HPCs.

Next, lncRNA expression profile was analyzed in WB-
F344 cells, and then treated with CM of WB-F344 cell-
derived myofibroblasts. The relationship between the
lncRNAs and mRNAs of EGFR and PTEN was determined.
Compared to the control, ten lncRNAs that regulated both
EGFR and PTEN expressions were found to be obviously
upregulated (Fig. 6f). RT-PCR assay further confirmed that
lncRNA-Ell2 and Dlg4 were the two most upregulated
lncRNAs (Fig. 6g). Taken together, these results indicate
that LPS induce HPC differentiation into myofibroblasts
and produce high levels of IL-6 and TNF-α, which lead to
the aberrant expression of Ras and p53 cancer-related
pathways, by lncRNA regulation.

LPS/TLR4 signaling pathway contributed to IL-6 and
TNF-α production in HPC-derived myofibroblasts,
and malignant transformation of HPCs

TLR4 is an important receptor of LPS; immuno-
fluorescence staining showed that TLR4 was expressed at
a high level in WB-F344 cells (Supplementary Fig. 5a).
We silenced TLR4 expression in WB-F344 cells by using
three short hairpin RNA (shRNAs). As shown in Sup-
plementary Fig. 5b, c, TLR4 shRNA3 demonstrated the
best suppression efficiency. Further data demonstrated
that TLR4 silencing diminished the secretion of IL-6 and
TNF-α in LPS-disposed WB-F344 cells (Supplementary
Fig. 5d). Thereafter, compared to the control group, the
CM collected from the LPS-disposed TLR4 silencing
WB-F344 cells could not enhance the proliferation of
WB-F344 cells (Supplementary Fig. 5e). Additionally,
TLR4 silencing in LPS-disposed WB-F344 cells dimin-
ished the ability of tumor formation of HPCs in vivo
(Supplementary Fig. 5f, g). Consistent with this finding,
liver fibrosis and hepatocarcinogenesis were also inhibited
by TLR4 deletion (Supplementary Fig. 5h, i). These
results indicate that LPS/TLR4 plays an important role in
the differentiation from HPCs into myofibroblasts and
increases the production of IL-6 and TNF-α, which finally

Fig. 2 Hepatic progenitor cell (HPC) transplantation promoted hepa-
tocarcinogenesis and liver fibrosis in primary liver cancer model. a
F344 rats were intrasplenically injected with HPC-like WB-F344 cells
(1 × 106/200 μl) at 2 weeks after diethylnitrosamine (DEN) treatment
and sacrificed at different time points to observe the development of
hepatocellular carcinoma (HCC). b DEN-treated F344 rats injected
with WB-F344 cells; survival rate was observed. Data are represented
as mean ± SD. *p < 0.05. c, d Rat livers of the indicated groups. The
number of HCC nodules per liver in rats was determined at 8 and
12 weeks after DEN treatment. Data are represented as mean ± SD.
*p < 0.05, **p<0.01. e, f Serum levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were determined to indi-
cate the extent of liver damage caused by DEN administration and the
role of HPCs in promoting the damage. Data are represented as mean
± SD. **p < 0.01, ***p<0.001. g Hematoxylin and eosin (H&E)
staining was employed to observe the histological structure in different
groups. h Hepatic collagen deposition was determined by Sirius Red
staining and Masson’s trichrome staining. The expression of α-smooth
muscle actin (α-SMA) was detected by immunohistochemical analysis.
i WB-F344 cells were transfected with GFP-labeled lentiviral vector.
After transplantation in rats, WB-F344 cells in the liver were detected
by immunofluorescence double staining of GFP and α-SMA expres-
sion. The merged immunofluorescence staining picture was used to
determine the expression of α-SMA in GFP-positive cells

90 Wen-ting Liu et al.



Fig. 3 Primary hepatic progenitor cell (HPC) transplantation promoted
hepatocarcinogenesis and liver fibrosis in primary hepatocellular car-
cinoma (HCC) model. a Primary HPCs were isolated from 2-acet-
ylaminofluorine/partial hepatectomy (2-AAF/PH) model. b, c Rat
livers of the indicated groups. The number of HCC nodules per liver in
rats was determined at 8 weeks after diethylnitrosamine (DEN) treat-
ment. Data are represented as mean ± SD. **p < 0.01. d, e Serum
levels of aspartate aminotransferase (AST) and alanine

aminotransferase (ALT) were determined to indicate the extent of liver
damage caused by DEN administration and the role of HPCs in pro-
moting the damage. Data are represented as mean ± SD. *p < 0.05.
f Hematoxylin and eosin (H&E) staining was employed to observe the
histological structure in different groups. g–i Hepatic collagen
deposition was determined by Sirius Red staining and Masson’s tri-
chrome staining. The expression of α-smooth muscle actin (α-SMA)
was detected by immunohistochemical analysis
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leads to the promotion of liver fibrosis and hepatocarci-
nogenesis in DEN-induced HCC model.

IL-6 and TNF-α level in peritumoral tissue correlated
with HPCs activation, hepatic fibrosis, and HCC
recurrence

We next explored the correlation of IL-6 and TNF-α level
with HPC activation, hepatic fibrosis, and HCC incidence in
HCC peritumoral specimens. IL-6lowTNF-αlow, IL-6lowTNF-
αhigh, IL-6highTNF-αlow, and IL-6highTNF-αhigh were observed
in 26 of 84 (30.9%), 15 of 84 (17.8%), 18 of 84 (21.4%), and
25 of 84 (29.8%) cases, respectively (Fig. 7a, b). We further
determined the OV6 and α-SMA expression in the four
groups and found that IL-6highTNF-αhigh group had the
highest level of OV6 and α-SMA expression, compared to
the other three groups (Fig. 7c, d). The results indicate that
IL-6 and TNF-α production is associated with quantity of
activated HPCs and myofibroblasts. Besides, recurrence rate
in IL-6highTNF-αhigh group was significantly higher than the
other groups (Fig. 7e), which indicates that the expression
of IL-6 and TNF-α in peritumoral tissues may be useful in
predicting recurrence of HCC.

In summary, we found that HPCs could promote hepatic
fibrosis and hepatocarcinogenesis. Furthermore, LPS
induced differentiation of HPCs into myofibroblasts,
resulting in the proliferation and malignant transformation
of HPCs. The potential mechanism underlying the process
of hepatocarcinogenesis by HPCs is that LPS/
TLR4 signaling induced the differentiation of HPCs into
myofibroblasts, with subsequent production of IL-6 and
TNF-α. These cytokines, in turn, promoted the upregulation
of EGFR and downregulation of PTEN, through lncRNA
regulation, resulting in the aberrant expression of Ras and

p53 signaling pathways, which finally enhanced prolifera-
tion and malignant transformation of HPCs (Fig. 7f).

Discussion

It has been reported that the degree of HPC activation
positively correlates with the severity of liver disease
[22, 23]. In chronic hepatitis, activation of HPCs correlates
with the degree of inflammation and fibrosis, and stage of
disease [23–25]. In the current study, we also found that
HPC activation correlated with hepatic fibrosis and hepa-
tocarcinogenesis. In vivo experiments indicated that HPC
transplantation promoted liver fibrosis and HCC in the DEN
model, suggesting that HPCs are instrumental in aggravat-
ing the liver damage in chronic liver injury processes. We
traced the fate of HPCs in vivo by transfecting GFP lenti-
viral vector in WB-F344 cells and the results showed that
GFP-positive cells formed the liver fibrosis lesions, indi-
cating that HPCs may differentiate into myofibroblasts.

In majority of patients, primary liver cancer arises in an
inflammation-associated microenvironment. LPS is com-
monly associated with a variety of human liver disorders,
including liver fibrosis and HCC that leads to severe
inflammation by activating various inflammatory cells
[26, 27]. In the present study, the level of LPS continued to
elevate in rats with DEN treatment. At this point, it is
unclear whether LPS plays a role in the promotion of liver
damage by HPC transplantation. Our group has earlier
reported that LPS could regulate the metastatic and stem-
ness potential of HCC cells and liver cancer stem cells
[28, 29]. However, the effect of LPS on HPCs has not yet
been fully understood. In the current study, we found that
the decrease of LPS level diminished the effect of HPC
transplantation on liver fibrosis and hepatocarcinogenesis.
Notably, LPS preconditioning of HPCs did not augment its
tumorigenic potential in vivo. However, these cells could
promote the tumorigenic potential of normal HPCs, which
meant that LPS-pretreated HPCs differentiated into myofi-
broblasts and then enhanced the tumorigenicity of HPCs,
resulting in the promotion of HCC. Taken together, these
findings indicate that LPS has a significant role in liver
fibrosis and hepatocarcinogenesis promoted by HPCs.

At this point, it is unclear whether genetic alterations
have occurred in HPCs preconditioned with LPS. Tran-
scriptomic analysis revealed that LPS-induced HPCs are
related to myofibroblasts, indicated by the expression of
several markers, such as CTGF, COL1A1, COL4A1, and
TGF-β. Additionally, the change of epithelia and
mesenchymal cell markers was observed in LPS-
preconditioned HPCs, which gave HPCs the mesenchymal
cell phenotype. It is well known that HCC development is
mediated by the contact between stromal and tumor cells. In

Fig. 4 Lipopolysaccharide (LPS) elimination alleviated hepatic pro-
genitor cell (HPC) transplantation-induced hepatocarcinogenesis and
liver fibrosis in primary hepatocellular carcinoma (HCC) model. a A
combination of four different antibiotics, including ampicillin (1 g/l;
Sigma), neomycin sulfate (1 g/l; Sigma), metronidazole (1 g/l; Sigma),
and vancomycin (500 mg/l; Abbott Labs) was used to eliminate gut-
derived LPS during HCC occurence. Serum LPS levels were measured
by enzyme-linked immunosorbent assay (ELISA) in the indicated
groups. Data are represented as mean ± SD. ***p < 0.001. b, c Rat
livers of the indicated groups. The number of HCC nodules per liver in
rats was determined at the eighth week after diethylnitrosamine (DEN)
treatment. Data are represented as mean ± SD. *p < 0.05. d Survival
rate was observed. LPS elimination alleviated the death in DEN-
treated rats. Data are represented as mean ± SD. *p < 0.05 and #p <
0.01. e, f Serum levels of AST and ALT were determined to indicate
the extent of liver damage. Data are represented as mean ± SD. **p <
0.01 and ***p < 0.001. g Hematoxylin and eosin (H&E) staining
was employed to observe the histological structure in different groups.
h–j Hepatic collagen deposition was determined by Sirius Red staining
and Masson’s trichrome staining. Expression of α-smooth muscle actin
(α-SMA) was detected by immunohistochemical analysis
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the present study, we found that HPC-derived myofibro-
blasts could significantly promote the proliferation of HPCs.
During the transformation of HPCs to cancer cells, stromal
cells expressed pro-inflammatory mediators, such as IL-6
and TNF-α, which were found to play an important role in
HPC proliferation and abnormal differentiation [30–32]. In
our study, we found that LPS induced HPC differentiation
into myofibroblasts, followed by subsequent secretion of
high levels of IL-6 and TNF-α, which might be involved in
the proliferation and malignant transformation of HPCs.

Recent studies have confirmed the upregulation of IL-6
and TNF-α in human HCC, and suggested that they played
a central role in the gene expression network that drived
tumor development [31, 33]. IL-6 and TNF-α have also
been reported to promote HPC activation and proliferation
during HCC formation [34]. To further clarify the
mechanism of HPC proliferation and malignant differ-
entiation induced by IL-6 and TNF-α, the mRNA expres-
sion profile was analyzed in HPCs treated with conditioned
medium of HPC-derived myofibroblasts. We found that the
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classical cancer-related signaling pathways, Ras and p53,
were aberrantly expressed in HPCs treated with LPS-
disposed HPCs, indicating that IL-6 and TNF-α promoted
the proliferation and malignant transformation of HPCs
through deregulation of Ras and p53 signaling pathways.
EGFR was found to be most significantly upregulated,
whereas PTEN was found to be the most significantly
downregulated. The aberrant expression of EGFR and
PTEN has been reported to lead to cell proliferation, dif-
ferentiation, and survival in cancer [35, 36]. Our studies
indicate that the critical role of EGFR and PTEN expression
shifts from HPCs to cancer cells during the course of DEN-
induced liver tumorigenesis. Indeed, during HCC forma-
tion, HPCs might be the origin of both tumor-associated
stromal cells and tumor cells.

Emerging evidence has indicated a regulatory role of
lncRNAs in various cancers, including HCC [37, 38].
However, knowledge on the role of lncRNAs in the
expansion and malignant transformation of HPCs remains
largely unclear. Herein, we analyzed lncRNA expression
profile in HPCs treated with conditioned medium of HPC-
derived myofibroblasts. We found that ten lncRNAs, which
targeted both EGFR and PTEN, were upregulated, amongst
which expression of lncRNA-Ell2 and lncRNA-Dlg4 was
most significantly increased. Therefore, our data suggest

that IL-6 and TNF-α from HPC-derived myofibroblasts
upregulated lncRNA-Ell2 and Dlg4, which resulted in the
aberrant expression of EGFR and PTEN and the deregula-
tion of Ras and P53 signaling pathways, and finally led to
the promotion of HPC proliferation and malignant
transformation.

Activation of LPS/TLR4 signaling leads to the promo-
tion of cell survival and proliferation in HCC [16, 39].
However, the role of LPS/TLR4 signaling pathway in HPC
differentiation is unclear. We now found that the expression
of TLR4 was high in HPCs; LPS-induced IL-6 and TNF-α
production in HPCs was decreased, when TLR4 expression
was silenced. Moreover, HPC proliferation and malignant
transformation were also diminished, when treated with the
CM of LPS-disposed HPCs without TLR4 expression.
These results suggest TLR4 plays a key role in mediating
LPS-induced HPC differentiation into myofibroblasts and
the production of IL-6 and TNF-α, which finally leads to the
promotion of liver fibrosis and hepatocarcinogenesis.

In summary, we identify an indispensable role of LPS/
TLR4 in the differentiation of HPCs to myofibroblasts, and
the increased secretion of IL-6 and TNF-α. Moreover, our
results suggest that IL-6 and TNF-α are the essential factors
of neoplastic transformation in HPCs, which leads to the
aberrant expression of Ras and p53 signaling pathways.
This finding will further promote our understanding about
regulation of HPC differentiation and tumorigenesis in
the liver.

Materials and methods

Patients and tissue specimens

Specimens of HCC tissues were obtained from 84 HCC
patients who underwent hepatic resection at the Shanghai
Eastern Hepatobiliary Surgery Hospital from 1997 to 2007.
These patients included 75 men and 9 women, with a
median age of 41.59 years (range: 21–71), and all the
specimens were subjected to IHC analysis. Prior informed
consent was obtained, and the study protocol was approved
by the Ethics Committee of the Shanghai Eastern Hepato-
biliary Surgery Hospital.

Cell culture and treatment

WB-F344 cells were incubated in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco-BRL, Gaithersburg, MD,
USA), containing 10% FBS and 100 mg/l penicillin, and
100 mg/l streptomycin. WB-F344 cells were treated with
LPS (Sigma, Saint Louis, MO, USA) at 10 μg/ml con-
centration, for 2 weeks.

Fig. 5 Lipopolysaccharide (LPS) induced hepatic progenitor cell
(HPC) differentiation into myofibroblasts, which enhanced the
tumorigenic potential of HPCs. a Cell morphology was observed in
LPS-disposed WB-F344 cells for 2 weeks. b, c Tumorigenicity was
detected in each group. Pictures were taken at the eighth week after
subcutaneous injection. d Subcutaneous tumor was observed with
hematoxylin and eosin (H&E) staining. α-Fetoprotein (AFP) and α-
smooth muscle actin (α-SMA) expression was detected by immuno-
histochemical analysis. e RNA was extracted from WB-F344 cells
after 2 weeks of LPS exposure and subjected to microarray analysis (n
= 3 for each sample). Heatmap displaying positive fold changes in
expression of myofibroblast-like genes in phosphate-buffered saline
(PBS)-treated WB-F344 cells versus LPS-treated WB-F344 cells.
f Expression of myofibroblast-associated genes was examined by real-
time PCR (n= 3; mean ± SD). *p < 0.05, **p < 0.01, and ***p <
0.001. g, h Expression of epithelial and mesenchymal markers were
examined by real-time PCR (n= 3; mean ± SD). **p < 0.01 and ***p
< 0.001. i Flow cytometry was performed to analyze α-SMA expres-
sion in PBS-treated WB-F344 cells versus LPS-treated WB-F344 cells
(n= 3; mean ± SD). j WB-F344 cells were transfected with GFP-
labeled lentiviral vector. Then, F344 rats were intrasplenically injected
with GFP-labeled WB-F344 cells at 2 weeks after DEN treatment.
After transplantation in DEN-induced rats for 6 weeks, GFP-positive
cells were isolated from the liver by using flow cytometry. k. Western
blot was employed to detect α-SMA expression in GFP-positive cells
and WB-F344 cells. l Expression of myofibroblast-associated genes in
GFP-positive cells and WB-F344 cells was examined by real-time
PCR (n= 3; mean ± SD). **p < 0.01 and ***p < 0.001. m, n Expres-
sion of epithelial and mesenchymal markers in GFP-positive cells and
WB-F344 cells were examined by real-time PCR (n= 3; mean ± SD).
*p < 0.05, **p < 0.01, and ***p < 0.001
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Animal models

Male F344 rats (8–10 weeks old, weighing 160–180 g) were
obtained from Shanghai Laboratory Animal Center
(Shanghai, China), and were housed in a pathogen-free
animal facility. Rats received DEN at 0.01% concentration,
through drinking water. After 2 weeks, single-cell suspen-
sions (106 WB-F344 cells/200 μl saline solution) were i.s.
injected into the DEN-pretreated rats. Blood samples were
collected and serum was separated for biochemical analysis
at the indicated time. The serum levels of ALT and AST
were determined. Meanwhile, rats were sacrificed to obtain
liver samples. The animal protocols were approved by
Second Military Medical University Animal Care
Committee.

Histological examination

Liver samples were fixed in 4% paraformaldehyde, paraffin
embedded, and sectioned. H&E, Sirius Red, and Masson’s
trichrome staining were performed. Each sample was
independently assessed and scored by three pathologists,
blinded to the study protocol.

IHC staining and immunofluorescence

IHC analysis was performed using the following antibodies:
rabbit anti-α-SMA (diluted 1:100, Abcam, Cambridge,
UK), anti-AFP (diluted 1:200, Abcam, Cambridge, UK),
anti-OV6 (diluted 1:100, Abcam, Cambridge, UK), anti-IL-
6 (diluted 1:200, Abcam, Cambridge, UK), and anti-TNF-α
(diluted 1:200, Abcam, Cambridge, UK). The detailed

method has been published previously [12]. Five fields in
each section were randomly selected to calculate the ratio of
positive expression area. The density of immunostaining
was measured using Image-Pro Plus, Version 6.2 software
(Media Cybernetics Inc., Bethesda, MD, USA), described
previously as an established method [40]. The IOD in each
image was measured, and the density of each marker was
calculated as IOD/total area of each image. For immuno-
fluorescence, mouse anti-GFP (diluted 1:200, CST, USA),
rabbit anti-α-SMA (diluted 1:100, Abcam, Cambridge,
UK), and rabbit anti-TLR4 (diluted 1:200, Abcam, Cam-
bridge, UK) were used.

Isolation of primary HPCs

To isolate primary HPCs, 2-AAF/PH was employed in
Sprague–Dawley (SD) rats. 2-AAF was administered daily
at a dose of 10 mg/kg for 4 days. On the fifth day, 70%
hepatectomy was performed. 2-AAF was continued to be
administered for 1 week. Under sterile conditions, SD rats
were anesthetized. The pre-warmed GBSS (Gey’s balanced
salt solution) solution (containing 0.125 mg/ml DnaseI) was
perfused into the liver via the portal vein, then 0.1% of type
IV collagenase was perfused, and the liver was cut and
placed in a 0.06% type IV collagenase solution. After
shaking at 37 °C for 30 min, 100 mesh filter was filtered,
placed in 0.01% protease solution, shaken at 37 °C for
30 min, centrifuged at 50 × g for 5 min, the supernatant
was collected, centrifuged at 350 × g for 5 min, and
then resuspended in DMEM medium. OV6-positive
cells were isolated from hepatic cell suspensions with
immunomagnetic beads.

In vivo tumorigenicity experiments

Six-week-old male athymic BALB/c nu/nu mice were
obtained from Shanghai Experimental Animal Center,
Chinese Academy of Science. Mice were maintained under
a pathogen-free condition and treated in accordance with the
institutional animal welfare guidelines of the Second Mili-
tary Medical University. For the assay to assess tumor-
igenicity, 5 × 106 WB-F344 cells, cultured with phosphate-
buffered saline (PBS) or LPS (10 μg/ml) for 2 weeks, were
injected subcutaneously into the left back of the mice. At
the end of 8 weeks, the mice were sacrificed for analysis.

Transcriptome sequencing

Total RNA was extracted from each tissue sample using
TRIzol (Life Technologies, Grand Island, NY, USA),
according to the protocol provided by the manufacturer.
Five micrograms of RNA of each sample was individually
used for the construction of transcriptome libraries, using

Fig. 6 Hepatic progenitor cell (HPC)-derived myofibroblasts produced
high levels of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-
α), which promoted proliferation of HPCs by regulating epidermal
growth factor receptor (EGFREGFR) and phosphatase and tensin
homolog (PTEN) expression via long non-coding RNAs (lncRNAs). a
Cell proliferation was detected by Cell Counting Kit-8 (CCK8) assay
in WB-F344 cells treated with lipopolysaccharide (LPS)-pretreated
WB-F344 cells conditioned medium (CM) and control (n= 3; mean ±
SD). ***p < 0.001. b Inflammatory factors were examined by Bio-Plex
assay (n= 3; mean ± SD). *p < 0.0, and ***p < 0.001. c RNA was
extracted from WB-F344 cells after treatment of LPS-pretreated WB-
F344 cells CM and subjected to microarray analysis (n= 3 for each
sample). The top 10 pathways enriched among the upregulated mes-
senger RNAs (mRNAs) (red) and downregulated mRNAs (blue) in
WB-F344 cells. d Heatmap displaying fold changes in expression of
Ras and p53 signaling pathways in WB-F344 cells after treatment of
LPS-pretreated WB-F344 cells CM and phosphate-buffered saline
(PBS)-pretreated WB-F344 cells CM. e Expression of selected genes
of Ras and p53 signaling pathway was examined by real-time PCR (n
= 3; mean ± SD). *p < 0.05, **p < 0.01, and ***p < 0.001. f The net-
work represents co-expression correlations between the two mRNAs
and upregulated lncRNAs. g Expression of selected genes of Ras and
p53 signaling pathways was examined by real-time PCR (n= 3; mean
± SD). **p < 0.01 and ***p < 0.001; ns, not significant
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IlluminaTruSeq™ RNA Sample Preparation Kit (Illu-
mina, San Diego, CA, USA), and sequenced using Illu-
minaHiSeq™2000, according to the manufacturer’s

instructions. Q20 was used as quality control standard to
filter raw reads. After filtering the low-quality reads, the
adaptors of high-quality reads were removed, and then
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clean reads were aligned to the rat genome, using UCSC
Rat reference [build Rn4]. No more than five mismatches
were allowed in the alignment. The gene expression level
was calculated using the RPKM (Reads Per Kilobase
Million) method [41]. Differentially expressed transcript
of each biological replicate was identified using two-fold
change (log 2 fold change ≥1 or ≤−1), statistical test
referring to the significance of digital gene expression
profiles [42], and a 0.001 Benjamini and Hochberg false
discovery rate (FDR) [43]-corrected p-value cut-off for
the thresholds. Only those transcripts that were upregu-
lated or downregulated in three biological replicates were
identified as differentially expressed transcripts. RNA
isolation, library construction, RNA-sequencing, reads
alignment, and DET identification were performed at
Wuxi AppTec, China.

Real-time PCR

Total RNA was extracted using Trizol reagent according to
the manufacturer’s protocol. Real-time PCR was performed
in a total reaction volume of 10 µl (5 µl SYBR green, 1 µl
forward and reverse specific primers, respectively, 2 µl
complementary DNA and 1 µl ddH2O). PCR conditions
used were: 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s, 60 °C for 30 s, and 72 °C for 30 s.

FACS analysis

In this analysis, 20 μl of anti-α-SMA antibody was added to
100 μl of cell suspension (1 × 106 cells/ml) and incubated at
4 °C for 30 min, and further stained with secondary

Alexa488-conjugated goat anti-rabbit IgG (Invitrogen,
Carlsbad, CA, USA) antibody at 4 °C for 30 min. Alexa488-
conjugated isotype IgG antibody was used as a negative
control. The stained cells were analyzed on a FACS flow
cytometer (Becton Dickinson, San Jose, CA, USA).

Bio-Plex assay

Concentrations of chronic inflammatory factors were mea-
sured by the multiplex technology (Millipore, Darmstadt,
Germany), according to the manufacturer’s protocol (Bio-
Rad, USA).

Enzyme-linked immunosorbent assay

CM was collected from LPS-disposed WB-F344 cells and
centrifuged at 1000 rpm for 5 min to obtain the supernatant.
The levels of IL-6 and TNF-α in CM were determined using
Enzyme-Linked Immunosorbent Assay (ELISA) Kit (R&D
Systems, USA), according to the manufacturer’s instruc-
tions. Serum levels of LPS in rats were measured by
ELISA, using the Rat Endotoxin (ET) ELISA Assay Kit
(H178, Jiancheng, Nanjing, China)

Microarray analysis

Microarray analysis was performed by KangChen Bio-tech
(Shanghai, P.R. China). Expression profiles of lncRNA and
mRNA were analyzed using a Rat LncRNA Array
(Arraystar, Rockville, MD, USA). Data were analyzed
using the Agilent Feature Extraction software. Further
analysis was carried out using the GeneSpring GX
v11.5.1 software package (Agilent Technologies).

Correlation and co-expression analysis

The co-expression analysis was based on calculating the
Pearson’s correlation coefficient (PCC) between coding
genes and non-coding transcripts, according to their
expression levels. The absolute value of parameter PCC
≥0.90, p value <0.01 and FDR <0.01 was recommended and
retained for further analysis.

Gene silencing mediated by lentivirus-delivered
shRNA

We designed three shRNA candidates with TLR4 target
sequences. Scramble shRNA served as the negative control.
pGCL-GFP lentiviral particles encoded GFP and shRNAs
(Obio Technology, Shanghai, China). Gene expression,
after lentiviral infection, was determined by western blot on
the fourth day. The transfected cells, after 6–8 passages,
were used for subsequent experiments.

Fig. 7 Interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) level
in peritumoral tissue correlated with hepatic progenitor cell (HPC)
activation, hepatic fibrosis, and hepatocellular carcinoma (HCC)
recurrence. a, b IL-6 and TNF-α expression was detected in HCC
peritumoral tissues by immunohistochemical analysis. c, d. OV6 and
α-smooth muscle actin (α-SMA) expression was analyzed in each
group. *p < 0.05, **p < 0.01, and ***p < 0.001. e. Recurrence rate was
analyzed in each group of HCC patients (Kaplan–Meier method); p
values were obtained by log-rank multiple comparison tests. f A
schematic model of the mechanism underlying the role of lipopoly-
saccharide (LPS) induced HPC differentiation into myofibroblasts in
the malignant transformation of HPCs. LPS induced HPCs to differ-
entiate into myofibroblasts, which led to the proliferation and malig-
nant transformation of HPCs by secretion of IL-6 and TNF-α. The
potential mechanism was that LPS/Toll-like receptor 4 (TLR4) sig-
naling induced differentiation of HPCs into myofibroblasts and pro-
duction of IL-6 and TNF-α. IL-6 and TNF-α promoted the
upregulation of epidermal growth factor receptor (EGFR) and down-
regulation of phosphatase and tensin homolog (PTEN) through long
non-coding RNA (lncRNA) regulation, which resulted in the aberrant
expression of Ras and p53 signaling pathways in HPCs and finally
enhanced the proliferation and malignant transformation of HPCs. ns,
not significant
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Western blot

Protein samples were collected and quivalent aliquots of
protein were electrophoresed on a 10% sodium dodecyl
sulfate/polyacrylamide gel, in 1× Tris-glycine buffer, fol-
lowed by transfer to nitrocellulose membranes, and incu-
bated with primary antibodies, overnight at 4 °C. Thereafter,
the nitrocellulose membranes were incubated with second-
ary antibody for 1 h, at room temperature. The immunor-
eactive proteins were detected by enhanced
chemiluminescence substrate and the blot was scanned, and
densitometric analysis with the Image J software was per-
formed. The primary antibodies used in our experiment
included α-SMA (Abcam, diluted 1:1000), TLR4 (Abcam,
diluted 1:1000) and glyceraldehyde 3-phosphate dehy-
drogenase (Bioworld, diluted 1:5000).

Statistical analysis

All experiments were performed at least three times. Ana-
lysis of variance was performed using GraphPad Prism 5.0
(GraphPad Software). Quantitative data were expressed as
mean ± SD, for each experiment. Significance between
groups was performed using Student’s t test. Clinical data
analysis was performed using SPSS 20.0 for Windows
(SPSS Inc., Chicago, IL, USA); Pearson’s correlation
coefficient was used to determine correlations between
continuous normally distributed variables. Kaplan–Meier
analysis was used to determine the recurrence. Log-rank test
was used to compare patients’ recurrence time between each
group. Statistical significances are indicated by *p < 0.05,
**p < 0.01, and ***p < 0.001.
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