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ABSTRACT
A cancer-promoting role of fibrogenesis in the liver has long been speculated; however, the molecular
mechanisms regarding this phenomenon are largely unknown. We demonstrated in our previous study
that macrophage-derived S100A4 promotes liver fibrosis via activation of hepatic stellate cells; however,
whether and how S100A4 directly contributes to the development of fibrosis-associated liver cancer
remains elusive. High expression of S100A4 in the fibrotic region was observed in human liver tumor
tissues which associated with advanced disease severity. Through an established hepatocarcinogenesis
model involving apparent liver fibrogenesis, we found that S100A4-deficient mice developed signifi-
cantly less and smaller liver tumor nodules, with no change in the liver inflammation but decreased liver
fibrosis and expression of stem cell markers in hepatocellular carcinoma (HCC) tissues. Mechanistically,
S100A4 directly promoted stem cell-associated genes signatures in a way synergistic with its interacting
protein, extracellular matrix component collagen I. This process is dependent on the receptor of
advanced glycation end products (RAGE) and β-catenin signaling. Furthermore, the liver tumor sphere
formation in vitro and tumor growth in vivo were greatly enhanced only when the cancer cells were
pretreated with both S100A4 and collagen I. Our work firstly demonstrated a key role of S100A4 in
synergy with extracellular matrix in the promotion of hepatocellular carcinoma by affecting the stem-
ness of cancer cells.
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Introduction

Liver cancer was the sixth most commonly diagnosed
cancer and the fourth leading cause of cancer-related
death worldwide in 2018, with approximately 841,000
new cases and 782,000 deaths annually.1 Hepatocellular
carcinoma (HCC) is the most prevalent primary liver
cancer, accounting for 80-90% of cases, and usually arises
after years of liver disease.1 Approximately 90% of HCCs
develop due to underlying chronic liver inflammation, the
induction of fibrosis and/or subsequent cirrhosis caused
by hepatitis B virus, hepatitis C virus, high alcohol con-
sumption or nonalcoholic steatohepatitis.2,3 As a result of
the wound healing process in response to hepatic injury of
various causes and manifested by deposits of extracellular
matrix synthesized by activated stellate cells, the risk for
HCC in patients with fibrotic disease is greatly
enhanced.4-7 The presence of fibrosis has been speculated
to increase the stromal stiffness,8,9 potentially activate
integrin signaling pathways and promote the crosstalk of
intercellular networks between tumors and hepatic stromal

cells, negatively modulating immune responses, inducing
cancer-prone chronic inflammation, and leading to tumor-
igenesis or aberrant cancer growth.10-13 Although several
genes/signaling pathways have been implicated in the
development of HCC, the molecular mechanisms under-
lying fibrosis-related liver cancer pathogenesis are still
poorly understood.

S100A4 is a member of the S100 calcium-binding protein
family that was originally cloned as a fibroblast specific protein
(FSP1).14 It was further identified as a molecule associated with
tumor metastasis (metastasin, or mts-1) that acted by promoting
the motility and invasion of tumor cells.15 Moreover, S100A4
interacts with p53, annexin II,16 receptor for advanced glycation
end products (RAGE),17 heparan sulfate proteoglycans and
cytoskeletal proteins, and these interactions have been shown
to enhance apoptosis, cell motility and angiogenesis.18

Interestingly, a recent finding indicated that S100A4 cells con-
stitute an inflammatory subpopulation of macrophages in the
liver;19 however, the function of S100A4 in liver biology is still
unclear.

CONTACT Zhihai Qin zhihai@ibp.ac.cn The First Affiliated Hospital of Zhengzhou University, Zhengzhou University, Zhengzhou, Henan 450052, China;
Jinhua Zhang zhangjh@bjtu.edu.cn College of Life Science and Bioengineering, Beijing Jiaotong University, Beijing 100044, China

*These authors are contributed equally to this work.
Supplemental data for this article can be accessed on the publisher’s website.

ONCOIMMUNOLOGY
2020, VOL. 9, NO. 1, e1725355 (13 pages)
https://doi.org/10.1080/2162402X.2020.1725355

© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0001-8957-8893
https://doi.org/10.1080/2162402X.2020.1725355
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2020.1725355&domain=pdf&date_stamp=2020-02-13


High expression levels of S100A4 are associated with
a poor prognosis in several human cancers including
breast cancer,20 colorectal cancer,21 and HCC.22 In prior
studies, we also showed that S100A4+ cells promoted
tumor development and chronic inflammation in different
pathological process.24–27 Given the importance of
S100A4 in both tumor biology and fibrogenesis, we eval-
uated whether S100A4 contributes to fibrosis-related liver
carcinogenesis. Using a DEN/CCl4-induced fibrosis-
related HCC mouse model, we found a critical role of
S100A4 in orchestrating liver cancer development. Thus,
S100A4 may represent an important pathway that triggers
liver fibrogenesis-cancer stemness-carcinogenesis
trilogy.

Results

Expression of S100A4 in liver cancer associated with
fibrotic lesions

To identify the relationship between S100A4 expression
and HCC progression, we profiled tumor tissues and adjacent
paracarcinoma tissues from 75 HCC patients.
Immunohistochemical analysis indicated that S100A4 expression
was significantly upregulated in HCC samples compared to the
paracarcinoma tissues. As shown in Figure 1(a), S100A4 expres-
sion was observed in the cytoplasm or a combination of the
nucleus and cytoplasm inHCC tumor tissues by stromal-like cells.

By leveraging the different expression densities of S100A4 in
this cohort of HCC tumor tissues (Figure 1(a)), we found that

Figure 1. S100A4 expression is associated with fibrosis-related HCC. (a) Immunohistochemical staining of S100A4 in 75 HCC tissues and 75 adjacent cancer-free
tissues in a tissue array was performed. (a) Representative S100A4 staining is shown. (b) Percentage of the cases expressing S100A4 in carcinoma tissues. (c) Average
tumor size in HCC patients with different S100A4 protein levels. * P < .05. (d) Percentage of tissues with negative, low and high S100A4 expression with different
tumor grades. (e) Serum S100A4 levels in healthy donors (n = 20) and HCC patients (n = 20) were detected by ELISA. *** P < .001. (f) Immunohistochemical staining
including H&E, S100A4 and Sirius Red staining of adjacent tissue sections of human HCC tissues. (g) S100A4 expression in mouse models of HCC. Adjacent sections of
HCC tissues were stained for S100A4, Sirius Red and ER-TR7 in C57BL/6 mice treated with DEN for 8 months, C57BL/6 mice treated with DEN and CCl4 for 8 months,
and C57BL/6 mice treated with DEN and anti-CD137 agonist antibody (2A) for 8 months. Scale bar, 100 μm.
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approximately 17.7%caseswere negative for S100A4, and 52%and
33.3% cases had either low or high expression, respectively (Figure
1(b)). Furthermore, patients with high S100A4 expression had
significantly larger tumor sizes (P = .015) (Figure 1(c)), and there
was a positive trend in the percentage of patientswith high S100A4
expression and advanced tumor grades (P < .001) (Figure 1(d)).
Serum S100A4 levels in HCC patients were also significantly
higher than those in healthy donors (P = .041) (Figure 1(e)). As
most human HCC was associated with liver fibrosis, interestingly,
we found thatmost S100A4+ cells were accumulated around Sirius
Red-positive fibrotic areas in HCC tissues (Figure 1(F)).

Then we took advantage of several recently established mouse
models of HCC involving liver fibrogenesis.27 DEN/CCl4

28 and
DEN/2A (one anti-CD137 agonist antibody)24,29 models were
fibrosis-related HCC models, but DEN induced HCC model30

was not closely related with fibrosis. Consistent with the observa-
tions in HCC patients, the expression of S100A4 was also found in
these fibrosis-related HCC models. As shown in Figure 1(g), high
expression of S100A4 was found in DEN/CCl4 and DEN/2A
fibrosis-related HCC models. However, fibrosis rarely accompa-
niedwithDEN-inducedHCC tissues and the expression of S100A4
was very low. Altogether, our data suggest that S100A4 may play
a significant role during the development of HCC that is associated
with a fibrotic microenvironment.

S100A4+ cells accumulate during the development of
HCC, and they are a subpopulation of macrophages

We intended to further investigate the kinetics of S100A4+ cells
during the development of fibrosis-related HCC. We then select
the DEN/CCl4 model to study the role of S100A4 in HCC devel-
opment. C57BL/6 mice were as Figure2(a) showed, tissue sections
were evaluated for S100A4 staining and Sirius Red staining for
collagen deposition. As shown in Figure 2(b), only a few S100A4+

cells could be detected in untreated liver tissues; however, the
number of S100A4+ cells were increased significantly after
DEN/CCl4 treatment, similar to how there was increased collagen
deposition in the liver sections (Figure 2(b,c)). We also confirmed
the expression of S100A4 by using S100A4+/+ GFP transgenic
mice.31 The number of GFP+ (S100A4+) cells in liver tissues
were significantly increased after CCl4 application at different
timepoints and correlated very well with the percentage of Sirius
Red-positive areas (Figure 2(c,d)).

Christoph H. Österreichera et al. demonstrated that
S100A4+ cells in livers were an inflammatory subpopulation
of macrophages in the liver.19 In our previous studies, we also
reported that both CCl4 and DEN/CD137 induced S100A4+

cells in livers were main macrophages.24,32 In this study, we
found most of the S100A4+ cells in both mouse liver fibrotic
tissues and mouse liver tumor tissues, as well as in human
HCC tissues were also expressed macrophage markers CD11b,
F4/80 or CD68 by immunofluorescent double staining (Figure
2(e,f)). To further confirm the phenotypes of liver-infiltrating
S100A4+ cells, we also isolated the liver nonparenchymal cells,
performed fluorescence-activated cell sorting (FACS) staining
of these cells, and we found that, among the S100A4-GFP+

cells, about 78.84% were CD11b+ and about 73.07% were F4/
80+ (Figure 2(g,h)), further confirmed the macrophage-
associated origin of S100A4+ cells.

S100A4 deficiency attenuates liver fibrosis and prevents
hepatocarcinogenesis

To explore the role of S100A4 in fibrosis-related liver carcinogen-
esis, S100A4-deficient mice (S100A4−-/-)33 and WT control litter-
mates were given a single intraperitoneal injection of DEN,
followed by CCl4 treatment twice a week for 8 weeks; liver
tumorigenesis was monitored at 32 weeks (Figure 3(a)). All WT
littermates developed liver tumors within 32 weeks, however,
S100A4−/- mice showed obvious resistance to liver cancer devel-
opment. S100A4 deficiency significantly decreased the number of
HCC tumors detectable at 32 weeks after DEN administration
(22.9 ± 2.93 vs 6 ± 0.65, P < .001) (Figure 3(b,c)), the maximal
tumor diameters (9.4 ± 0.99 mm vs. 2.8 ± 0.45 mm, P < .001) and
liver weights (5.2 ± 0.35 vs. 2.2 ± 0.36, P < .001) were also notably
smaller in S100A4−/- mice than in WT littermates (Figure 3(d,e)).
Pathologic analysis further confirmed the different tumor sizes in
S100A4−/- mice compared to WT littermates (Figure 3(f)), and
S100A4 deficiency led to impaired accumulation of fibrosis in the
liver, as measured by Sirius Red and α-SMA staining (Figure 3(f)).
A decrease in the percentages of Ki67+ cells in the liver was also
found in S100A4−/- mice (Figure 3(f)). Therefore, our data suggest
a critical role of S100A4 in promoting both liver fibrosis and liver
cancer pathogenesis.

HCC tends to be located in fibrotic livers and to express
high levels of stem cell markers

Chronic inflammation of the liver has been linked to both
liver fibrosis and liver cancers.34,35 We evaluated liver inflam-
matory responses at different timepoints in our study.
However, in the DEN/CCl4 model, both innate and adaptive
immune subsets in the liver remained unchanged after
S100A4 depletion (Fig. S1). Thus, we reasoned that the effect
of S100A4 in the liver might not occur through altering
inflammation but potentially through other mechanisms.

Similar to previous reports, we found that the majority of
the local tumors were surrounded by liver fibrotic lesions both
in human and mouse HCC tissues (Figure 4(a)), emphasizing
a potential contribution of a fibrotic liver environment to
cancer development. By profiling cancer-related markers in
the liver tumors by immunohistochemical staining, we found
that the expression of stem cell markers CD44 and CD34 in
fibrosis adjacent HCC tissues of WT littermates was dramati-
cally higher than that in tissues from S100A4−/- mice (Figure 4
(b)). Further immunofluorescence staining of HCC tissues
from WT littermates showed that the expression of CD44
and CD34 was correlated with S100A4 (Figure 4(c)), which
was near the area of fibrosis as indicated by ER-TR7 staining
(Figure 4(d)). The results suggest that the effect of S100A4 in
the liver might occur by affecting tumor stem cells.

Upregulation of stem cell-associated genes in huh-7 cells
cultured in collagen Ⅰ medium with S100A4

We further tested the target cells that S100A4 works on within
the liver. Interestingly, we found exogenous recombinant
S100A4 could be sequestered in the fibrous extracellular matrix
of cirrhotic liver. When sections were pre-incubated with
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recombinant S100A4 protein, this protein was exclusively loca-
lized in the fibrous extracellular matrix of the fibrotic septa as
indicated by immunostaining (Fig. S2). Whereas no such stain-
ing was observed on sections that was preincubated with PBS

(Fig. S2). This result indicates that S100A4 might interact with
fibrotic lesions that may potentiate the liver pathogenesis.

Stem cell activation plays key roles in carcinogenesis in
multiple tumor types, including in liver cancers.36,37 To

Figure 2. S100A4+ cells accumulate during the development of HCC, and they are a subpopulation of macrophages. (a) Schematic representation of the
DEN/CCl4-induced liver fibrosis-related HCC experiment. Groups of mice (3/group) were left untreated (control) or were treated i.p. with a single injection of 50 μg/g
of DEN at 15 days old and were treated with CCl4 twice weekly for 8 weeks 1 month later. Liver tissues were harvested at the indicated timepoints after the final
injection. (b) Histological characterization of liver fibrosis and S100A4+ cell accumulation. Adjacent sections were stained with H&E, anti-S100A4 and Sirius Red.
Representative images are shown for untreated control and CCl4-treated mice at each time point. Scale bar, 50 μm. (c) Quantification of areas stained with Sirius Red.
Statistical analysis was performed between the control and CCl4-treated groups (n = 3). Results represent three independent experiments; mean ± SEM, n = 5 mice
per group. * P < .05. (d) S100A4+/+ GFP transgenic mice were administered DEN/CCl4 as described above. Total cell numbers of GFP+ cells in the liver (calculated by
multiplying the absolute liver nonparenchymal cell number by the percentage of GFP+ cells) of untreated (control) and CCl4-treated mice at each time point are
shown. * P < .05. (e) Double staining for S100A4 (green) and F4/80, CD11b and CD68 (red) in liver, mouse HCC and human HCC tissues. Typical double staining
positive cells were indicated by arrows. Scale bar, 50 μm. (f) Percentages of double staining positive S100A4+ cells in HCC tissues. (g-h) Flow cytometry analysis of the
phenotypes of S100A4+ cells in the liver of S100A4+/+GFP mice treated with CCl4 by staining GFP+ cells with CD11b and F4/80 antibodies. (g) Representative images
of three independent experiments showed S100A4+ cells in the liver of CCl4 treatment. (h) Statistic analysis of CD11b+S100A4+ or F4/80+S100A4+ cells in S100A4+

(GFP+ cells) cells.
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further test our hypothesis, we performed in vitro hepatoma
culture experiments. We precoated the tissue culture plate
with collagen I as it is the major component of the extracel-
lular matrix of liver fibrotic lesions,38 and later placed Huh-7
cells. S100A4 recombinant protein was further added to the
culture medium for 12 hrs. By using RT-PCR or real-time
PCR, we found a panel of stem cell markers OCT-4, SOX2,
CD44 and Nanog were significantly upregulated upon stimu-
lation with collagen (Figure 5(a,b)).

Further we performed a sphere formation assay to deter-
mine the in vitro self-renewal ability of these cells. Huh-7 cells
cultured with both collagen I and S100A4 displayed much
better sphere-forming features (Figure 5(c,d)), thus, in sphere-
forming experiment, collagen I plus S100A4 given together
elicited a strong synergistic effect. In addition, we found that
cells stimulated with collagen plus S100A4 grew rapidly
in vivo, 4 of 6 mice formed palpable tumors by 15 days. In
contrast, other groups, subcutaneously injecting of Huh-7

Figure 3. S100A4 deficiency attenuates liver fibrosis and DEN/CCl4-induced carcinogenesis. (a) Schematic illustration of the DEN/CCl4-induced HCC model.
Fifteen-day-old WT littermates and S100A4−/- mice (n = 8) were treated i.p. with a single injection of 50 μg/g DEN and 1 month later were treated with CCl4 twice
weekly for 2 months. All mice were euthanized 8 months after DEN treatment for further analysis. (b) Representative photographs of the livers from the animals in
each group at 8 months of age. (c-e) The tumor number, maximal tumor size and weight of liver are shown. *** P < .001. (f) Liver sections of HCC were stained with
H&E, S100A4, Sirius red and α-SMA. Scale bar, 100 μm. * P < .05, ** P < .01.
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Figure 4. Higher expression of stem cell markers in HCC is associated with liver fibrosis. (a) Representative images of Sirius Red staining of human and mouse
HCC tissues. (b) DEN/CCl4-induced HCC sections from WT littermates and S100A4−/- mice were stained with CD34 and CD44. Scale bar, 100 μm. (c) Double staining for
CD34/CD44 (red) and S100A4 (green). DEN/CCl4-induced HCC tissues were harvested and stained with anti-CD34/CD44 and anti-S100A4. White arrows indicate the
adjacent CD44/CD34+ cells and S100A4+ cells. Scale bar, 50 μm. (d) Staining for CD34/CD44 and ER-TR7. Scale bar, 50 μm.
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cells cultured with S100A4 only or without S100A4 and col-
lagen I stimulation, did not elicit obvious tumor formation (0/
6), and only 2 of 6 mice formed tumor with collagen I only
treatment (Figure 5(e)). Thus, our data suggest that S100A4
could promote stem cell features and the tumorigenic capacity
of liver cancer cells in the presence of collagen I.

S100A4 upregulates stem cell-associated genes in
collagen Ⅰ-cultured huh-7 cells through β-catenin
signaling

To identify the molecular mechanisms underlying the effects
of extracellular S100A4 and collagen I on the induction of

stem cell-associated genes, Huh-7 cells were cultured with
different stimuli as indicated previously. After treatment
with S100A4 at various timepoints (Figure 6(a)), we found
that both the overall protein and phosphorylation levels of β-
catenin, Erk, and p65 were unaffected. However, when cells
were pretreated with collagen I, the addition of S100A4
resulted in upregulation of these three signal pathways when
compared with control group (Figure 6(b)).

β-catenin signaling plays a pivotal role in regulating cancer
stem cells.39 In previous study, we demonstrated that S100A4
promoted lung tumor development through β-catenin pathway-
mediated autophagy inhibition.25We were interested in whether

Figure 5. Upregulation of stem cell-associated genes in Huh-7 cells cultured in collagen I medium with S100A4. (a) Stem cell marker expression in Huh-7
cells. Huh-7 cells were cultured in collagen I medium or without collagen I medium and incubated with or without S100A4 (200 ng/ml) for 5 days; then, cell mRNA
was extracted and used for the detection of OCT-4, SOX2, CD44 and Nanog mRNA expression by RT-PCR. Three independent experiments showed similar results. (b)
Stem cell markers expression in Huh-7 cells was quantified by real-time PCR. Cells treated as described above were collected and analyzed for the expression of OCT-
4, SOX2, CD44 and Nanog by real-time PCR. ** P < .01. (c-d) Huh-7 tumor spheroid formation after 3 days in culture treatment with collagen I and S100A4. ** P < .01.
(e) Tumorigenicity of collagen I and S100A4-cultured Huh-7 cells in nude mice. Cells were treated as described above for 5 days. They were then subcutaneously
injected into nude mice with 5 × 105, and tumor formation was observed as described in methods.
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β-catenin signaling was regulated by S100A4 in HCC develop-
ment. Importantly, the β-catenin levels in DEN/CCl4-induced
liver tissues and HCC tissues in S100A4−/- mice were clearly
downregulated, as indicated by western blot (Figure 6(c)). We
further confirmed the upregulation of β-catenin in collagen
I plus S100A4-treated Huh-7 cells also by immunofluorescence
(Figure 6(d)). Thus, S100A4 seems to affect the β-catenin path-
way both in vitro and in vivo.

Cardamonin is a chalcone from Aplinia katsumadai
Hayata that inhibits intracellular β-catenin levels. To further
test the contribution of β-catenin signaling on Huh-7 cells
stemness properties, we applied cardamonin to β-catenin sig-
naling in this assay (Figure 6(e)). The inhibition of β-catenin

signaling markedly eliminated the upregulated expression of
OCT-4, SOX2, CD44 and Nanog in Huh-7 cells after collagen/
S100A4 stimulation (Figure 6(f)), which suggested that
S100A4 may upregulate stem cell-associated genes in collagen
I-cultured Huh-7 cells through β-catenin signaling.

S100a4-induced β-catenin signaling in collagen Ⅰ-cultured
huh-7 cells was RAGE dependent

RAGE is a well-accepted interaction partner for S100A4.17,40We
detected whether S100A4-induced β-catenin signaling in col-
lagen I-cultured Huh-7 cells was RAGE dependent. As shown
in Figure 7(a), the basal expression of RAGE is very low in Huh-

Figure 6. S100A4 upregulates stem cell-associated genes in collagen I-cultured Huh-7 cells through β-catenin signaling. (a) Levels of p-p65, p-Erk and p-β-
catenin in Huh-7 cells were determined by western blot analysis. Huh-7 cells were cultured without collagen I and incubated with or without S100A4 (200 ng/ml) as
indicated. (b) Levels of p-p65, p-Erk and p-β-catenin in Huh-7 cells were upregulated upon administration of collagen I and S100A4, determined by western blot.
Huh-7 cells were cultured with collagen I and incubated with or without S100A4 (200 ng/ml) as indicated. (c) Western blot analysis of protein levels of p-β-catenin in
DEN/CCl4-treated liver tissues and tumor tissues from S100A4−/- and WT littermates. (d) Sections of β-catenin expression was detected upon S100A4 and collagen
I administration by immunofluorescence, representative images were shown. (e) Levels of p-β-catenin in Huh-7 cells were determined by western blot analysis. Huh-7
cells were cultured with collagen I and incubated with S100A4 (200 ng/ml) or a β-catenin inhibitor for 12 h. (f) Expression of OCT-4, SOX2, CD44 and Nanog in Huh-7
cells by real-time PCR. The upregulated effect of S100A4 was abolished upon administration of β-catenin inhibitors. *P < .05, ** P < .01.
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7 cells cultured without collagen I. However, it was clearly
upregulated after collagen I stimulation. FPS-ZM1 is a specific
antagonist of RAGE, which interacts with the ligand-bingding
domain of the receptor to block RAGE signaling.41 Furthermore,
we used FPS-ZM1 to prevent RAGE activation in collagen
I-cultured Huh-7 cells. As a result, the level of phosphorylated β-
catenin could not be upregulated by S100A4/collagen
I stimulation (Figure 7(b,c)). Consequently, the expression of
stem cell-associated genes was also downregulated by RAGE
inhibitors (Figure 7(d)). Thus, our results indicate the critical
contribution of the RAGE receptor to the induction of β-catenin
signaling in collagen I-cultured Huh-7 cells by S100A4.

Discussion

The mechanism for fibrosis-associated hepatocellular carci-
nogenesis is rather unclear. In this study, we have demon-
strated that S100A4, a liver macrophage-associated molecule,
not only affects liver fibrosis as we previously reported but
also promotes the development of fibrosis-associated HCC
by enhancing fibrosis-related liver cancer stemness.
Mechanistically, S100A4 and collagen I together upregulates
stem cell-associated genes signatures in liver tumor cells.
This process is dependent on the RAGE and β-catenin
signaling.

Figure 7. S100A4 induced β-catenin signaling in collagen I cultured Huh-7 cells was RAGE dependent. (a) The expression of RAGE in HCC cells was
upregulated after collagen treatment. Huh-7 cells were cultured with or without collagen I and incubated with S100A4 (200 ng/ml) for different time as indicated.
Levels of RAGE in Huh-7 cells were determined by western blot. (b) Huh-7 cells were cultured as (a) described, levels of p-β-catenin in Huh-7 cells were determined
by western blot analysis. (c) Huh-7 cells were cultured as (a) described, RAGE inhibitor FPS-ZM1 (75 nmol/μl) was added or not, levels of p-β-catenin were determined
by western blot analysis. (d) The expression of OCT-4, SOX2, CD44 and Nanog in Huh-7 cells were detected by real-time PCR. * P < .05, ** P < .01, *** P < .001.
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S100A4 has been associated with cancer for a long time, but
previous studies were mainly focused on its role in cancer
metastasis. S100A4 expression was initially characterized in
cells of mesenchymal origin including stromal fibroblasts and
epithelial cells undergoing epithelial mesenchymal
transition.14,31 However, in the liver, S100A4+ cells mainly repre-
sent cells of macrophage origin. Previously, we have reported
a critical role of macrophage-derived S100A4 in the liver in
promoting liver fibrosis through hepatic stellate cell activation.
Moreover, it has been reported that increased S100A4 expression
is an independent biomarker for poor outcomes of HCC.22,42 In
our current study, IHC analysis of human HCC tissues revealed
clear S100A4 expression in over 80% of HCC tissues and most
S100A4+ cells accumulated around fibrotic areas in humanHCC
tissues (Figure 1), suggesting a potential role of S100A4 in
fibrogenesis related HCC development. Further study indicated
that whole-body genetic deletion of S100A4 in mice attenuates
liver fibrosis and resistance to liver cancer development, high-
lighting the critical role of S100A4 in HCC pathogenesis.

Recently, it has been reported that depletion of S100A4+

stromal cells does not prevent HCC development but reduces
the stem cell-like phenotype of HCC tumors in Pten-S100A4
transgenic mice.43 In that study, S100A4+ cells depletion
reduced the inflammation but did not affect liver fibrosis. In
our study, S100A4-deficient mice developed significantly less
and smaller liver tumor nodules (Figure 3(d,e)), with no
change in both innate and adaptive immune subsets in the
liver (Fig. S1), but decreased liver fibrosis (Figure 3(f)) and
expression of stem cell markers in hepatocellular carcinoma
(HCC) tissues (Figure 4(b)). In addition, in our another study,
S100A4 significantly promoted liver fibrosis and HCC devel-
opment induced by anti-CD137 mAb treatment in S100A4-Tk

and S100A4−/- mice.24 Thus, the effect of S100A4 on HCC
development may be correlated with liver fibrosis. Our find-
ings demonstrated a key role of S100A4-RAGE-β-catenin axis
in the promotion of hepatocellular carcinoma by affecting
fibrosis-associated cancer stemness.

Cancer stem cells are believed to possess stem cell-like
properties, such as unlimited self-renewal, exclusive in vivo
tumorigenicity, and subsequent generation of differentiated
progeny recapitulating the parental tumor phenotype.36,44

The mechanisms of cancer stem cell involvement in the initia-
tion and progression of HCC are still unclear. The contribu-
tion of S100A4 to modulating the stemness properties of
cancer-initiating cells was first proposed in head and neck
and gastric cancers.45,46 Recently, it has been reported that
S100A4 is a central node in a molecular network that controls
stemness and EMT in glioblastoma.47 In our results, collagen
plus S100A4 elicited strong synergistic effects in promoting
self-renewal markers, such as Oct-4, Nanog, CD133, SOX2
and CD44 in HCC cells. However, S100A4 alone could not
upregulate the stemness genes of liver cancer cells. Our results
showed that collagen I and S100A4 provided synergetic effects
in promoting the activation of β-catenin signaling in Huh-7
cells. However, whether it is specific to the liver or represents
a general mechanism for stem cell activation in other organs
remains to be answered.

In summary, this study provides both in vitro and in vivo
evidence for a critical role of S100A4 in promoting fibrosis-
related hepatocarcinogenesis through the crosstalk between
macrophage-associated S100A4, fibrotic lesion and HCC
stem cells. These results are summarized in a model diagram
(Figure 8). It would be important to test further whether anti-
S100A4 antagonists may be effective through targeting tumor

Figure 8. Schematic summary for the role of S100A4 in promoting fibrosis-related hepatocarcinogenesis through the crosstalk between macrophage-associated
S100A4, fibrotic lesion and HCC stem cells.
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initiating cells and the tumor microenvironment and there-
fore provide a potential strategy for liver cancer prevention
and treatment.

Materials and methods

Some detailed information was provided in supplementary
data.

Cell lines, mice and antibodies

The murine liver cancer cell line Hep1-6 and human HCC cell
line Huh-7 were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). These cells were cul-
tured in high glucose Dulbecco’s Modified Eagle’s Medium
(HG-DMEM) containing 10% fetal bovine serum.
Heterozygous B6.Cg-Tg (S100a4-EGFP) M1Egn (S100A4+/
+GFP)31 and homozygous B6.129S6-S100a4tm1Egn (S100A4−/−)
transgenic mice34 were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). All mice and wild-type (WT) control
littermates were bred under specific pathogen-free conditions in
the animal facilities at the Institute of Biophysics, Chinese
Academy of Sciences. Male mice that were 6–8 weeks of age
were used. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the Chinese Academy of Sciences.
The experiments described were approved by the Institutional
Animal Care and Use Committee of the Institute of Biophysics,
Chinese Academy of Sciences.

Diethylnitrosamine (DEN)/CCl4-induced hepatocellular
carcinoma

Mice were first intraperitoneal (i.p.) injection with 50 μg/g of
DEN (Sigma-Aldrich) in 0.1 ml of PBS at the age of 15 days.
Mice at the age of 45 days were then treated with 0.5 μl/g
body weight of CCl4 (Sigma-Aldrich, St. Louis, MO) diluted
(1:9) in corn oil (Sigma-Aldrich, St. Louis, MO) by i.p. injec-
tion twice weekly for 8 weeks. Tumor development was mon-
itored at 8 months.

Tissue microarray immunohistochemistry staining

Tissue microarrays (TMAs) consisting 75 HCC patient cases for
immunohistochemistry were purchased from Xin Chao
(Shanghai, China). The company provided ethical statement to
confirm that the local ethics committees approved their consent
procedures and all study participants signed an approved
informed consent form. The ethical statement provided by the
company and the protocol of experiment had been checked
carefully and approved by Ethics Committee of Beijing
Jiaotong University. The tissue microarrays were stained with
anti-S100A4 (Abcam, Cambridge, UK). In the 75 cases, was
carried out for evaluating S100A4 staining according to previous
study.48 The intensity of S100A4 expression was scored as fol-
lows: 0, negative; 1, weak; 2, moderate; 3, strong (Figure 1(a)).
Extent of staining was scored as follows: 1, 0 to 25%; 2, 25 to 50%;
3, 50 to 75% or 4, 75 to 100%. Five random fields were observed
under a light microscope. The final score was determined by

multiplying the scores of intensity with the extent of staining.
The sum from 0 to 5 was defined as S100A4 negative. The sum
from 5 to 45 was defined as S100A4 low expression. The sum
from 45 to 80 was defined as S100A4 high expression.

Human samples

For serum S100A4 detection, venous blood was drawn from 20
HCC patients and 20 healthy donors. The informed consent was
obtained from all participants before sample collection. The
characteristics of patients and healthy donors are listed in
Supplementary Table 1. The study was approved by the Ethics
Committee at the First Affiliated Hospital of Zhengzhou
University.

Isolation of liver nonparenchymal cells

Briefly, cells were isolated from the liver tissues using a two-stage
collagenase perfusion technique as described previously.24

Filtered cells were centrifuged at 50 × g for 2 minutes to remove
hepatocytes. The remaining nonparenchymal cell (NPC) frac-
tion was collected, washed, and isolated by a 40% and 70%
nonlinear Percoll (GE healthcare biosciences, Pittsburgh, PA)
gradient system.

In vitro tumor sphere coculture system

Huh-7 and PLC/PRF/5 cells were plated at a density of 1000
cells/ml in ultralow attachment plates in tumor sphere culture
medium. We used serum-free DMEM/F-12, supplemented
with B27 (Invitrogen, Carlsbad, CA, 1:100), N2 (Invitrogen,
1:50), 10 ng/ml epidermal growth factor (EGF), 5 ng/ml
bFGF, 4 µg/ml heparin, 2 µg/ml insulin, 100 units/ml peni-
cillin, and 100 ng/ml streptomycin.

In vivo tumorigenesis experiment

Huh-7 cells were cultured with or without S100A4 and collagen
I for 2 weeks, washed by phosphate-buffered saline (PBS, pH
7.4) for 3 times before injected to nude mice. 1 × 106 cells in
200 μL PBS were subcutaneously injected into the abdominal
region of nude mice (n = 6 per group). Starting at day 7 after
tumor-cell inoculation, tumor growth was monitored every
2–3 days, and tumor volumes (V) were assessed in mm3 using
the formula: V = 0.5 (a × b2) with a being the long and b the
short diameters of the tumor. Tumor volumes >100 mm3 were
considered as effective tumorigenesis.

Statistical analysis

All of the data were expressed as the mean ± SEM and analyzed
using GraphPad Prism software. Significant differences between
mean values were obtained using three independent experi-
ments. Differences between two groups were compared using
Mann–Whitney, and grouped comparison was evaluated by
non-parametric ANOVA and subsequent Kruskal–Wallis
(Kruskal–Wallis). Correlations between S100A4 expression and
clinicopathologic variables were obtained by using Spearman’s
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rank correlation analysis. P < .05 was considered statistically
significant.
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