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Depletion of S100A4+ stromal cells does not prevent
HCC development but reduces the stem cell-like
phenotype of the tumors

Jingjing Jiao1, Álvaro González1, Heather L Stevenson2, Mihai Gagea3, Hikaru Sugimoto4, Raghu Kalluri4

and Laura Beretta1

There is a pressing need for the development of novel approaches to treat and prevent hepatocellular carcinoma (HCC). The

S100 calcium-binding protein S100A4 is associated with poor prognosis and metastasis in several human cancers. In addition,

a role for S100A4 in modulating cancer-initiating cells stemness properties was recently proposed in head and neck and gastric

cancers. Whether S100A4+ stromal cells contribute to tumor onset remains, however, an unanswered question. To address that

question, we generated a new mouse model allowing for the depletion of S100A4+ cells in a mouse model of HCC with

stemness properties, by crossing mice with hepatic deletion of phosphatase and tensin homolog (PTEN) with mice expressing

viral thymidine kinase under the control of S100A4 promoter. Depletion of S100A4+ cells by ganciclovir injection did not

prevent the development of HCC but reduced the stemness phenotype of the tumor as measured by the expression of progenitor

cell, biliary cell and hepatocyte markers. The results were further confirmed by histology analysis showing reduction of

cholangiolar tumor components and degree of oval cell hyperplasia in the adjacent liver. Depletion of S100A4+ cells had also

some beneficial effect on the underlying liver disease with a reduction of NAS score, largely due to the reduction of

inflammation. In conclusion, this study demonstrated that S100A4+ cells do not contribute to HCC onset but maintain the

stemness phenotype of the tumor. This study also suggests for the first time a crosstalk between inflammation and stemness.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the second most common
cause of cancer-related mortality worldwide.1 Although the
highest rates of liver cancer are found in certain areas of Asia
and Africa, liver cancer incidence and mortality rates are
increasing strikingly in western countries, including the United
States.2,3 Liver cirrhosis due to hepatitis B virus, hepatitis C
virus, high alcohol consumption or non-alcoholic steatohepa-
titis is the main risk factor associated with HCC and most
patients with HCC have compromised liver function, limiting
treatment options.4 Survival rates are low, remaining at 15% at
5 years. Thus, there is a pressing need for the development of
novel approaches to treat and prevent HCC.5

The S100 calcium-binding protein A4 (S100A4) is a member
of the S100 protein family.6 Expression of S100A4 is associated
with poor prognosis in several human cancers including breast
and colorectal cancers.7,8 S100A4 also has a role in promoting

metastatis9–11 and in epithelial-mesenchymal transition in
colorectal cancer12,13 and ovarian cancer.14 In HCC, abnormal
expression of S100A4 correlates with poor prognosis.15 A role
in metastasis and epithelial-mesenchymal transition for S100A4
was also proposed in HCC16–19 as well as in
cholangiocarcinoma.20–22 Furthermore, S100A4 induced liver
fibrosis and activation of hepatic stellate cells, suggesting that
S100A4 could also be a marker for liver fibrogenesis and a
target for novel antifibrotic strategies.23,24

The role of S100A4 in carcinogenesis, in hepatocarcinogen-
esis in particular, is unknown. In prior studies, we showed that
in mice with hepatic deletion of Pten, anti-miR-21 treatment
reduced liver tumor growth and prevented tumor develop-
ment. These effects were accompanied with a decrease in liver
fibrosis and a concomitant reduction of CD24+ liver progenitor
cells and S100A4+ cancer-associated stromal cells.25 To assess
the role of S100A4+ stromal cells in HCC onset, we crossed
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mice with hepatic deletion of Pten and mice expressing viral
thymidine kinase under the control of S100A4 promoter
(S100A4-tk mice). In S100A4-tk mice, ganciclovir (GCV)
treatment results in the selective ablation of S100A4+ stromal
cells.26 Mice with hepatocytic-deletion of Pten develop liver
disease marked by steatosis, inflammation and fibrosis char-
acteristic of non-alcoholic steatohepatitis, which progresses to
HCC with stemness properties.25,27–30

MATERIALS AND METHODS

Mice generation and treatment
Mouse studies were approved by the MDACC Institutional Animal
Care and Use Committee. Liver-specific Pten knockout mice
(Pten loxP/loxP; Alb-Cre+) were crossed with S100A4-tk mice (B6.Cg-
Tg (S100a4-TK) M31Egn/YunkJ) to generate Pten-S100A4 double
transgenic mice. For this model, control animals were PtenloxP/loxP;
Alb-Cre+; S100A4-tk− (referred as PTEN-TK−) while the experimental
mice were PtenloxP/loxP; Alb-Cre+; S100A4-tk+ (referred as PTEN-TK+).
To deplete S100A4+ cells, ganciclovir (GCV) was injected intraper-
itoneally (50 mg per kg of body weight in a final volume of 500 μl
phosphate-buffered saline). Five rounds of treatment were given to
mice, with each round consisting of one injection (50 mg kg− 1, i.p.)
per day for 1 week, and 1 week of interval. In Pten-S100A4 double
transgenic mice, GCV treatment was initiated at 7-month-of age. For
diethylnitrosamine (DEN) model, HCC was induced by the combina-
tion of 25 mg kg− 1 DEN given at day 15 postpartum and 17 weekly
injections of CCl4 (0.5 ml kg− 1 i.p., dissolved in corn oil) starting at 5-
week of age.

Quantitative PCR
For quantitation of target gene expression levels, equal amounts of
RNA samples were submitted to reverse transcription and real-time
PCR using the following primers: HNF4A: F:5′-AGCTTGCC
TTATAGTACTCCT-3′, R:5′-AGAGATGGCTTTAGAGAAGTC-3′;
Albumin: F:5′-TACACTTCCTGAAGATCAGAG-3′, R:5′-AGAGAT
GGCTTTAGAGAAGTC-3′; KRT19: F:5′-GAAGTCAGTATGA
GATCATGG-3′, R:5′-GTCTTGCTTATCTGGATCTG-3′; OPN: F:5′-
AGTACACAAGCAGACACTTTC-3′, R:5′-ATCAGGATACTGTTCAT
CAGA-3′; S100A4: F:5′-CTGGGGAAAAGGACAGATGA-3′; R:5′-TGC
AGGACAGGAAGACACAG-3′; CD24: F:5′-CCCGTACAGTAGTCTT
GATAA-3′; R:5′-AATAGATGTACAGCATTCAGG-3′. PCR amplifica-
tions of the respective genes were performed with iTaq SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA) in CFX Connect Real-Time

System (Bio-Rad). The Bio-Rad CFX Manager software (version 2.1)
was used for calculation of threshold cycles (Ct)-values and melting
curve analysis of amplified DNA. Relative expression of the genes was
calculated by 2−TTCt method.

Histopathology analysis, tissue immunohistochemistry
staining
Liver and tumor tissues were collected from mice at the time of
necropsy. Immediately after euthanasia and gross examination, tissue
samples were collected as snap-frozen in liquid nitrogen and fixed in
10% neutral buffered formalin. The snap-frozen tissues were ground
for RNA extraction. The formalin fixed tissues were processed
histologically, embedded in paraffin blocks, and cut in 4-μm-thick
sections that were stained with hematoxylin and eosin, Masson’s
trichrome or immunohistochemistry. All lesions above 7.8 mm3

detected at necropsy, were included for histology analysis. Hyperplastic
and neoplastic lesions of liver were evaluated by a veterinary
pathologist and classified according with the ‘International Classifica-
tion of Rodent Tumors—The Mouse’ by Ulrich Mohr, 2001. In these
mice, were detected hyperplastic lesions of hepatocytes, oval cells and
bile ducts; neoplastic being tumors such as hepatocellular adenomas;
and neoplastic malignant tumors including HCC, cholangiocarcinoma
and hepatocholangiocellular carcinoma. No preneoplastic lesions of
liver were described in these mice. For S100A4 immunohistochemistry
staining, paraffin slides were deparaffinized and rehydrated. Antigen
retrieval was performed by heating in Tris-EDTA buffer (10 mM Tris
Base, 1 mM EDTA Solution, 0.05% Tween 20, pH 9.0). Sections were
blocked in TAE buffer containing 10% bovine serum albumin and
0.03% Triton X-100 for 30 min and incubated with S100A4 (DAKO,
Glostrup, Denmark, 1:100) overnight at 4°. Slides were washed in
phosphate-buffered saline and incubated with horseradish peroxidase-
conjugated goat anti rabbit secondary antibodies (DAKO) at dilution
of 1:400 for 30 min at room temperature. S100A4-positive cell were
visualized by DAB chromogen (Cell Signaling, Danvers, MA, USA).
S100A4-positive staining area were quantified by Imagescope (Aperio,
Vista, CA, USA).

Statistical analysis
Data are presented as mean± s.e.m. Statistical difference between each
group was assessed by unpaired Student t-test, which was assessed by
χ2-test using Graphpad 6.0 software (Graphpad software, San Diego,
CA, USA). A value of Po0.05 was considered significant.

Figure 1 Expression of S100A4 in mouse models of liver cancer. (a) Expression of S100A4 was measured by quantitative PCR in liver and
tumor of DEN model and PTEN− /− model. Data are shown as fold change and standard error of the mean (unpaired student t-test).
(b) Immunohistochemistry staining of S100A4 on liver tumor sections from PTEN− /− mice. Scale bar, 300 μm.
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RESULTS

S100A4 expression in liver and tumors in mouse models of
HCC
We first measured S100A4 mRNA expression in liver and
tumors of two mouse models of HCC: mice treated with a
combination of diethylnitrosamine (DEN) and the hepatotoxin
carbon tetrachloride (CCl4) and mice with hepatocytic deletion
of Pten. While HCCs in the DEN model are well differentiated,
tumors in Pten− /− model present stemness properties with a
mixture of cholangiocarcinomas and HCCs. In both liver and
tumors, S100A4 expression was significant higher in Pten− /−
model that in DEN model (1.82-fold; P= 0.02 and 3.39-fold;
Po0.001, respectively) (Figure 1a). Figure 1b shows represen-
tative expression of S100A4 and tumor and adjacent liver in
Pten-null mice measured by immunohistochemistry staining.
These results suggest that S100A4 expression correlates with
stemness properties in HCC.

Generation of Pten-S100A4 double transgenic mice
To assess the role of S100A4+ cells in the development of liver
cancer, we generated Pten-S100A4 double transgenic mice that
were derived from crossing S100A4-tk mice with liver-specific
Pten− /− mice. In this new model, S100A4+ cells can be
depleted by administration of ganciclovir. Mice negative for TK
gene were also treated with ganciclovir as controls. We first
evaluated whether ganciclovir treatment reduced S100A4+ cell
populations by quantification of S100A4 immunohistochem-
istry staining. Ganciclovir injection led to a 57% decrease of
S100A4 in the liver (Po0.001) (Figure 2a) and to a 50%
decrease in tumors (Po0.001) (Figure 2b). Representative
images are shown in Figure 2.

S100A4+ stromal cells depletion did not prevent HCC
development
As shown in Figure 3, in controls PTEN-TK− mice that do not
respond to ganciclovir treatment, 100% of mice had tumors at
9 months of age while 83.3% of the PTEN-TK+ mice, treated
with ganciclovir and therefore depleted of S100A4+ cells, had
tumors (Figure 3a). Depletion of S100A4+ cells led to a
decrease in average tumor volume from 48.89 to 28.89 mm3,
but this effect was not statistically significant (Figure 3b). The
average number of tumors per mouse in PTEN-TK− and
PTEN-TK+ was similar (2.2 vs 2.0, respectively) (Figure 3c).

S100A4+ cells depletion abolished the biliary type tumor in
Pten-null mice
Interestingly, we observed a tumor type change in PTEN-TK+

group after S100A4+ cells depletion as evaluated by histopatho-
logical analysis. In control PTEN-TK− group, 37% of the
tumors were HCCs, 45% were hepatocellular adenomas, 9%
were cholangiocarcinomas and 9% were hepatocholangiocel-
lular carcinomas. No biliary tumor phenotypes were observed
in PTEN-TK+ mice (Figure 4a). Representative histology
images of each tumor type are shown in Figure 4b.

S100A4+ cells depletion reduced oval cell hyperplasia in
Pten-null mice
In agreement with the inhibition of biliary tumor components
in PTEN-TK+ mice after S100A4+ cells depletion, a decrease in
the degree of oval cell hyperplasia was also observed. Only
8.3% of the PTEN-TK+ liver had moderate to marked degrees
of oval cell hyperplasia (scores 3–4) while 35.3% of the control
PTEN-TK− liver had oval cell hyperplasia with scores 3–4
(P= 0.04) (Figure 5a). Representative images are shown in
Figure 5c. The control PTEN-TK− group also had higher
percentage of high degree of bile duct hyperplasia (23.5 vs
8.3%), but these changes did not reach significance (Figure 5b).

S100A4+ depletion inhibited non-alcoholic steatohepatitis
and inflammation
Histological analysis also showed a mild but significant decrease
in non-alcoholic steatohepatitis severity as reflected by non-
alcoholic fatty liver disease activity scores (NAS) (P= 0.03). This
effect was largely due to a decrease in inflammation (P= 0.02) in
PTEN-TK+ liver (Figures 6a and e). No significant effect was
observed on other liver histology parameters such as degenera-
tive ballooning, steatosis or fibrosis (Figures 6b–d and f).

S100A4+ cells depletion correlated with reduction of
stemness and increased hepatocytic differentiation
We measured the expression of progenitor cell, biliary cell and
hepatocyte markers after S100A4+ cell depletion. Expression of
progenitor cell marker osteopontin (OPN) and CD24 was
significantly decreased in PTEN-TK+ liver (−2.7-fold, Po0.001
and − 2.1-fold, P= 0.006, respectively) and tumor (−1.8-fold,
Po0.001 and − 1.9-fold P= 0.03 respectively). Expression of
biliary cell marker Keratin 19 (KRT19) was also significantly
decreased in PTEN-TK+ tumor (−2.6-fold, P= 0.04)
(Figures 7a–c). In contrast, the expression of hepatocyte
markers Hepatocyte Nuclear Factor 4 Alpha (HNF4A) and
albumin was increased in PTEN-TK+ tumors (1.4- fold,
P= 0.003 and 2.0-fold, P= 0.01, respectively) (Figures 7d
and e).

DISCUSSION

In the United States, deaths from liver cancer increased at the
highest rate of all cancer sites.3 Survival has not significantly
improved in decades and the current 5-year survival rate is only
17.5%. HCCs with mixed HCC/cholangiocarcinoma pheno-
type and those with stemness properties have a worse prognosis
and higher risk of recurrence. The large majority of HCC cases
are diagnosed at a late stage and a challenge in the clinical care
of HCC patients is that over 90% of patients with HCC have
underlying liver cirrhosis and compromised liver function,
limiting treatment options. Treatment of HCC remains a huge
unmet need.

Cancer stem cells have the ability to self-renew, differentiate
and proliferate, have greater tumorigenicity and chemoresis-
tance, and have been associated with a poor prognosis in
several human malignancies.31 Targeting the regulatory
mechanism of their self-renewal and differentiation capacity
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is a promising strategy for both therapy and chemoprevention.
Our group recently reported that the induction of hepatocyte
differentiation by miR-148a treatment reduces HCC tumor

growth and prevents tumor development in mice with hepatic
deletion of Pten.30 We also reported that anti-miR-21 treatment
of Pten-null mice, reduces liver tumor growth and prevents

Figure 2 Depletion of S100A4-positive cells in the liver and the tumor. Reduction of S100A4-positive cells in TK+ mice shown with
quantification data calculated using the percentage of positive staining areas and representative immunohistochemistry staining of S100A4
in both liver (a) and tumor (b). Scale bar, 300 μm.

Figure 3 Effect of S100A4 cell depletion on tumor prevention in vivo. Graphs showing effect of S100A4 depletion on tumor incidence (a),
average tumor volume per mouse (b) and average number of tumors per mouse (c). Tumor sizes were measured with calipers in three
dimensions at necropsy. Tumor volumes were calculated using the formula tumor volume (mm3)= (L×W 2)/2, where L is length and W is
width. Graphs were shown as mean± s.e.m.
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tumor development, effects accompanied with a decrease in
liver fibrosis and a concomitant reduction of CD24+

liver progenitor cells and S100A4+ cancer-associated stromal
cells.25

S100A4+ cells likely represent an heterogeneous cell popula-
tion, including cancer-associated fibroblasts and inflammatory
macrophages.32,33 The role of each S100A4+ cell subpopulation
in the crosstalk between S100A4+ cells and cancer stem cells

Figure 4 Effect of S100A4 cell depletion on tumor type. (a) Pie charts represented the overall tumor histology distribution in PTEN-TK+

and PTEN-TK− mice. (b) Representative histology images of each tumor type. Scale bar, 50 μm

Figure 5 Effect of S100A4 cell depletion on hepatic oval cell hyperplasia (a) and bile duct hyperplasia (b). Both were accessed on 1 to 4
scale, score 0 for no lesion, 1 for lesion affects less than 10% of the tissue, 2 for lesion affects 10–20% of the tissue, 3 for lesion affects
20–40% of the tissue and 4 for lesion affects 40–100% of the tissue. (c) Representative images showing hepatic oval cell hyperplasia in
PTEN-TK− and PTEN-TK+ mice.
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remain to be determined. The contribution of S100A4 in
modulating cancer-initiating cells stemness properties was first
proposed in head and neck and gastric cancers.34,35 A role for
S100A4 in tumor onset in intestinal tumors was also investi-
gated using genetic ablation or overexpression.36 That later
study concluded that S100A4 does not affect tumor initiation
in the intestinal tract but confirmed the role of S100A4 in
tumor metastasis. Therefore, the role of S100A4 and S100A4+

cells in tumor onset remains an important unanswered
question. To address that question, we generated a new mouse
model allowing for the depletion of S100A4+ in a mouse model
of HCC with stemness properties. Our data showed that
although depleting S100A4+ cells did not prevent the develop-
ment of HCC, it reduced the stemness of the tumor as
measured by the expression of progenitor cell markers CD24
and osteopontin and biliary marker KRT19. The results were
further confirmed by histology analysis showing reduction of

cholangiolar tumor components and of the degree of oval cell
hyperplasia in the adjacent liver. In contrast, hepatocyte
markers albumin and HNF4A were upregulated upon the
depletion of S100A4 expressing cells, supporting a role of
S100A4 expressing cells in differentiation and progenitor cells
survival. This is particularly relevant considering our recent
demonstration that differentiation-targeted therapy is a pro-
mising approach for the treatment of HCC.30

Besides the effects on tumor, our data showed that depletion
of S100A4+ cells has some beneficial effect on the underlying
liver disease with a reduction of NAS scores, largely due to the
reduction of inflammation. The involvement of S100A4 in
chronic inflammation was previously demonstrated in condi-
tions such as rheumatoid arthritis37 and myositis.38 However,
we did not observe any reduction of fibrosis.

In conclusion, this study demonstrated that S100A4+ cells do
not contribute to HCC onset but maintain the stemness

Figure 6 Effect of S100A4 cell depletion on hepatic histopathology. (a) Modified NAS is the Sum of marcrosteatosis, microsteatosis,
inflammation and ballooning scores. (b) Liver fibrosis stage was individually scored as 0 for no fibrosis, 1 for periportal or perivenular
fibrosis, 2 for periportal and perivenular, 3 for bridging fibrosis and 4 for cirrhosis. (c, d) Steatosis was individually scored by
macrosteatosis (c) and microsteatosis (d) (0 for o5%, 1 for 5–33%, 2 for 33–66%, and 3 for more than 66%). (e) Inflammation was
graded by overall assessment of all inflammatory foci (0 for no foci, 1 for o2, 2 for 2–4 foci, and 3 for 44 foci). (f) Ballooning score was
0 for no ballooned cells per field, 1 for few, and 2 for many.
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phenotype of the tumor. This study also suggests for the first
time a crosstalk between inflammation and stemness.
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