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model. Cell lines of hepatoma and stromal cells including stel-
late cells, macrophages, T cells, and endothelial cells were used
for culture. Surgically resected 12 HCCs were used for human
analysis.
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SUMMARY

Signal transducer and activator of transcription 3 and con-
nective tissue growth factor mutually activated each other

via interleukin-6 family cytokine-mediated tumor-stroma RESULTS: Tumors in Kras®'2® mice showed up-regulation of

phosphorylated STAT3 (p-STAT3), together with interleukin
(IL)-6 family cytokines, STAT3 target genes, and connective
tissue growth factor (CTGF). Hepatocyte-specific STAT3
knockout (Alb-Cre Kras"S-¢122/+ STAT31/M) downregulated p-
STAT3 and CTGF and suppressed tumor progression. In
coculture with stromal cells, proliferation, and expression of p-
STAT3 and CTGF, were enhanced in hepatoma cells via gp130/
STATS3 signaling. Meanwhile, hepatoma cells produced CTGF to

crosstalk. This positive feedback loop is a novel molecular
and cellular mechanism of hepatocellular carcinoma pro-
gression and provides the rationale for therapeutic targets
against hepatocellular carcinoma.

BACKGROUND & AIMS: Signal transducer and activator of
transcription 3 (STAT3) is known as a pro-oncogenic transcription

factor. Regarding liver carcinogenesis, however, it remains
controversial whether activated STAT3 is pro- or anti-tumorigenic.
This study aimed to clarify the significance and mechanism of
STAT3 activation in hepatocellular carcinoma (HCC).

METHODS: Hepatocyte-specific Kras-mutant mice (Alb-Cre

Kras"S\"612P/+, KrasS12P mice) were used as a liver cancer

stimulate integrin/nuclear factor kappa B signaling and up-
regulate IL-6 family cytokines from stromal cells, which could
in turn activate gp130/STAT3 signaling in hepatoma cells. In
Kras®?P mice, hepatocyte-specific CTGF knockout (Alb-Cre
Kras"S\-6120/+ ¢TGFY/™ downregulated p-STAT3, CTGF, and IL-
6 family cytokines, and suppressed tumor progression. In hu-
man HCC, single cell RNA sequence showed CTGF and IL-6
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family cytokine expression in tumor cells and stromal cells,
respectively. CTGF expression was positively correlated with
that of IL-6 family cytokines and STAT3 target genes in The
Cancer Genome Atlas.

CONCLUSIONS: STAT3 is activated by CTGF-mediated tumor-
stroma crosstalk to promote HCC progression. STAT3-CTGF
positive feedback loop could be a therapeutic target. (Cell Mol
Gastroenterol ~ Hepatol  2023;15:99-119;  https://doi.org/
10.1016/j.jcmgh.2022.09.006)

Keywords: 1L-6 Family Cytokines; Intercellular Interactions;
Liver Cancer; Tumor Microenvironment.

ignal transducer and activator of transcription 3

(STAT3) is a cytoplasmic transcription factor that
mediates cellular responses to various cytokines or growth
factors, such as interleukin (IL)-6." When these extracellular
ligands bind to a ligand-specific receptor coupled with the
common receptor gp130, gp130 forms a dimer with the
ligand-specific receptor. Formation of this receptor complex
activates Janus kinase, which activates STAT3 through its
phosphorylation. Phosphorylated STAT3 (p-STAT3) di-
merizes and moves into the nucleus to enhance the tran-
scription of target genes.” Aberrant activation of STAT3 has
been reported in various cancer types and is thought to be
involved in oncogenesis.>* As an oncogene, activated STAT3
enhances multiple cellular processes, including prolifera-
tion, survival, antiapoptotic processes, invasion, metastasis,
angiogenesis, and immune escape.z'3 These actions are
mediated by the upregulated expression of its target genes,
such as the cell cycle regulators, Cyclin D and c-Myc, and the
antiapoptotic proteins, Bcl-2, Bcl-xL, and Mcl1.* STAT3 is
considered a key regulator of the proliferation and survival
of cancer cells.

Hepatocellular carcinoma (HCC) is the fourth leading
cause of cancer-related mortality worldwide.”® Surgical
resection, locoregional ablation, transarterial chemo-
embolization, and/or systemic drug therapy are performed
for the treatment of HCC, depending on the tumor stage and
liver function.”® Although several molecular targeted ther-
apies and immunotherapies have been recently developed,
treatment outcomes are still not satisfactory, with a 5-year
survival rate of only approximately 30%.” Therefore, novel
therapeutic targets have been sought to improve prognosis,
and STAT3 might be a candidate. In tumorous tissues,
STAT3 is constitutively activated in approximately 60% of
HCC cases.*® Clinically, activation of STAT3 is correlated
with poor prognosis and advanced tumor characteristics
such as larger tumor size, vascular invasion, and advanced
disease stage.”” As with other malignant tumors, the
oncogenic roles of STAT3 have been studied in HCC and
shown to be involved in cell proliferation, antiapoptotic
processes, migration, invasion, angiogenesis, stemness, and
immune suppression.”'® However, almost all of the findings
were based on in vitro experiments, and these processes
have not been sufficiently studied with respect to STAT3
in vivo. Therefore, several questions regarding the biology
of STAT3 in HCC remain unanswered. For example, the
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significance of hepatocyte STAT3 in liver carcinogenesis is
controversial. To date, the influence of hepatocyte STAT3
deficiency on hepatocarcinogenesis has been analyzed in 3
liver carcinogenesis models. Whereas some reports showed
tumor-suppressive results, others demonstrated completely
opposite findings (Table 1)."''° In addition, the molecular
mechanisms of STAT3 activation in HCC are not clearly
understood. Whereas IL-6 and IL-22 have been presumed to
be major stimuli to activate STAT3 in HCC cells,'” their true
impact, as well as the involvement of other cytokines, re-
mains unclear. Furthermore, the types of cells that produce
these humoral factors in the tumor microenvironment are
unknown.

In the present study, we demonstrated that hepatocyte-
specific knockout of STAT3 suppressed tumor progression
in 2 different liver carcinogenesis models. Connective tissue
growth factor (CTGF) produced by tumor cells is critical for
the production of IL-6 family cytokines, which can activate
STAT3 in hepatoma cells, stromal cells such as hepatic
stellate cells (HSCs), macrophages, T cells, and endothe-
1ial0020cells. In tumor cells, the expression of CTGF, whose
protein-coding gene has a STAT3-binding site in its
enhancer sequence (Table 2), was enhanced by stimulation
with IL-6 family cytokines. These findings provide
convincing evidence of the tumor-promoting characteristics
of STAT3 in HCC and suggests a novel mechanism of STAT3
activation mediated by tumor-stroma interactions.

Results

STAT3 Was Activated in Liver Tumors in Kras®'2P
Mice, and IL-6 Family Cytokine and CTGF
Expression Was Upregulated

As previously reported,'® Kras®'?P liver carcinogenesis
model mice developed multiple liver tumors at 9 months of
age (Figure 1, A-B). In tumorous tissues, several stromal
cells, including HSCs, macrophages, endothelial cells, and T
cells, were evident and expressing alpha smooth muscle
actin («-SMA), F4/80, platelet endothelial cell adhesion
molecule-1 (PECAM-1), and CD3, respectively, as deter-
mined by immunohistochemistry (Figure 1, C). Western
blotting demonstrated upregulation of p-STAT3, p-Smad2,

Abbreviations used in this paper: «-SMA, alpha smooth muscle actin;
CLCF1, cardiotrophin-like cytokine factor 1; CTF-1, cardiotrophin-1;
CTGF, connective tissue growth factor; DEN, diethylnitrosamine; HCC,
hepatocellular carcinoma; HE, hematoxylin and eosin; HSC, hepatic
stellate cell; IL, interleukin; JCRB/HSRRB, Japanese Collection of
Research Bioresources/Health Science Research Resources Bank;
LIF, leukemia inhibitory factor; LSL, lox P-stop-lox P; NF-«xB, nuclear
factor kappa B; NOG, NOD/Shi-scid/IL-2Ry (null); OSM, oncostatin M;
PCNA, proliferating cell nuclear antigen; PECAM-1, platelet endothelial
cell adhesion molecule-1; p-STAT3, phosphorylated STAT3; qRT-PCR,
quantitative real-time reverse-transcription PCR; scRNA-seq, single-
cell RNA sequencing; shRNA, short hairpin RNA; siRNA, short inter-
fering RNA; STATS, signal transducer and activator of transcription 3;
UMAP, uniform manifold approximation and projection.
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Table 1.Previous Studies in Which the Influence of Hepatocyte-specific Knockout of STAT3 on Liver Carcinogenesis Was

Analyzed
Year Authors Model Method of knockout Tumorigenesis Tumor size Ref.
2010 He G, et al. DEN Alb-Cre STAT3™" Decreased Decreased 11
2011 Bard-Chapeau EA, et al. DEN Alb-Cre STAT3¥! Increased Increased 12
2011 Wang H, et al. DEN Alb-Cre STAT3"" Decreased Decreased 13
2011 Wang H, et al. CCl4 Alb-Cre STAT3™" Increased Increased 13
2017 Abe M, et al. TAA Alb-Cre STAT3"! Decreased Decreased 14

CCl4, Carbon tetrachloride; DEN, diethylnitrosamine; Ref, reference; STAT3, signal transducer and activator of transcription 3;

TAA, thioacetamide.

p-Smad3, p-Erk, p-Akt, and CTGF expression in tumorous tis-
sues (Figure 1, D). Immunohistochemistry revealed CTGF
upregulation in tumors, mainly in hepatoma cells (Figure 1, E).
Quantitative real-time reverse-transcription PCR (qRT-PCR)
showed that STAT3-target genes (bcl-2, bcl-xl, cyclin d1, cyclin
d2, and myc) and IL-6 family cytokines (leukemia inhibitory
factor [lif], oncostatin M [osm], il-11, and clcf1) were upregu-
lated in tumorous tissues (Figure 1, F). The expression of ctgf
and tgf-bl was also elevated in tumors (Figure 1, F). In
tumorous tissues, the mRNA expression levels of STAT3 target
genes and IL-6 family cytokines were positively correlated
with the expression of CTGF (Figure 1, G). To analyze the
expression of STAT3-target genes, IL-6 family cytokines, and
CTGF in tumor cells, we performed single-cell RNA sequencing
(scRNA-seq) with tumor tissues. Tumor-consisting cells were
divided into clusters of tumor cells, HSCs, endothelial cells,
macrophages, T cells, and B cells by uniform manifold
approximation and projection (UMAP) plotting (Figure 1, H).
The related heat map and UMAP plotting suggested that IL-6
family cytokines were produced by stromal cells, especially
HSCs and macrophages, whereas tumor cells expressed only a
few of these molecules (Figures 1, H-I). The expression of
STATS3 target genes was determined in both tumor cells and
stromal cells (Figure 1, I). CTGF-positive cells were found in
tumor cells, HSCs, macrophages, and endothelial cells
(Figure 1, I). Multiple types of cells were observed to express
tgf-b1, a potent inducer of CTGF (Figure 1, I).

Hepatocyte-specific Deletion of STAT3
Suppressed Tumor Progression in Kras

mice, and CTGF Expression Was Downregulated
Among several cell types expressing STAT3-target genes
according to the scRNA-seq assay, tumor cells were our
primary focus. To analyze the significance of STAT3
expression in hepatocytes/hepatoma cells on the develop-
ment and progression of liver tumors in Kras®1?P mice, we
generated hepatocyte-specific STAT3-deletion Kras®'?P
mice, and their phenotypes were compared among the 5
following groups of 8-month-old mice: (1) Kras“'4 STAT3*/
* mice (STAT3"/" Kras™ "Alb-Cre); (2) Kras"'¢ STAT37/
mice (STAT3"® Kras*/*Alb-Cre); (3) Kras®'?P STAT3"/*
mice (STAT3™/* Kras"S""6120/FAlp-Cre); (4) Kras®'?P
STAT3*/" mice (STAT3"* Kras"SL"C12P/+ Alb-Cre); and (5)
Kras®!2P STAT3”" mice (STAT3"/® Kras“S'"¢12/* Alb-Cre).

G12D

Liver tumors were not observed in the Kras"'! groups

(Figure 2, A-B). Although there was no difference in
tumorigenesis rate among the Kras®!2P groups, maximum
tumor diameter, number of tumors, and the liver/body
weight ratio were significantly decreased by STAT3
knockout (Figure 2, A-B). The histological appearance of
hematoxylin and eosin (HE)-stained liver tumors did not
differ between the 3 groups (Figure 2, €). In the immuno-
histochemistry assay of proliferating cell nuclear antigen
(PCNA), the number of PCNA-positive tumor cells was
decreased after STAT3 was knocked out (Figure 2, D).
Western blotting of tumorous tissues showed downregulation
of p-STAT3 and CTGF expression in Kras®*?” STAT3”" mice
(Figure 2E). qRT-PCR demonstrated that the expression of
CTGF and several STAT3 target genes was downregulated in
tumors upon STAT3 knockout (Figure 2, F). In addition, the
expression of certain IL-6 family cytokines, such as IL-6, LIF,
IL-27, and cardiotrophin-like cytokine factor 1 (CLCF1), was
downregulated in tumors in Kras®?® STAT3”" mice (Figure 2,
F). STAT3 activation in tumor cells was thus shown to pro-
mote tumor progression in Kras®*?" mice.

Hepatocyte-specific STAT3 Knockout
Attenuated Tumor Progression in Model Mice
With Diethylnitrosamine (DEN)-induced Liver
Carcinogenesis, and CTGF Expression was
Downregulated

The significance of hepatocyte/hepatoma STAT3 on the
development and progression of liver tumors was analyzed
in DEN-induced liver carcinogenesis model mice. We
generated hepatocyte-specific STAT3-null mice and admin-
istered DEN to them at 2 weeks of age. The phenotypes
between the following 3 groups of 9-month-old mice: (1)
STAT3™/" mice (STAT3"/* Alb-Cre); (2) STAT3"/" mice
(STAT3"* Alb-Cre); and (3) STAT3”" mice (STAT3"™ Alb-
Cre). Macroscopic liver tumors developed in 82.4% to
100% of the mice, and the tumorigenesis rate was not
significantly different between the 3 groups (Figure 3, A-B).
The maximum tumor diameter, tumor number, and liver/
body weight ratio were significantly lower in the STAT3”"
mice than in their STAT3*/™ littermates (Figure 3, A-B). The
histological appearance of liver tumors in HE staining did
not differ between the 3 groups (Figure 3, C). Similar to that
observed with liver tumors in Kras®?® mice,
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Table 2.Enhancer Sequence of the Human ctgf Gene With

the STAT3-binding Sequence

Sequence

5 -GGGAATTGGTGCTTTATTTTTTTCAGATTTTCTTGATTTTTTTTCAATCTC
TGTGTATAATAAGTATATTACCATTCTGCTCTGTTGTTAAAAATGTCAAAA
GAAAGAATTTGGTTTTACTATAAAATTCTCATAGTCCCTCGAAGTCTCAAA
AAAATCTATAGTCAGTTCCAAATAGATGATTTTAATGTTGCTTAAGAGGAA
ATAAGCATATTGAAATATATAGAACATATGAAATCTCAGGAAAGAAAA
AGTTTCTGTGCATTATCAGGTTAGATTGAGGCTTTATGATCAAAACTCTTT
TTGAAGGAGTTAAAAGACTATTATTAAGAGAGTGACACAGAGACAGACA
GACACATACATGCACACACACCCAGAGAGAGAGAGAATGAGAGAAGA
CACCCAAGACATTCACAGACTCAGAAGTATGTTTTTATTGTGATATGGACCA
TCAAATGCCAGGAAACTCAAAGGGAAAGGCTGATACTCCATCCATAATT
CATGCCATGGGATCTGAATTCTTGCACTATTATCAATGACTCAGCAAATGTT
TGTGTGTGCCTGGGCGGTAAAGTGGGAAATAGTGGCTTCTTATAACTTCAT
CCAACTTTGACTTACCCCAGCCCCTTTGATTGACAGCAGGTCAGAGTTGGG
AGAAAAAGATCTTTGAATTTGTGTGCAAAATGGTTAAGATGCACTAATTTTG
ACTTGTAAGCAAGTATTTATCTAGCAAATGCTTTTTAGAGAGCATTTTTTCCT
CGTGGTAAAATGAGGAATTAACTAAGCTGGCCACTGAGTCCTGTTTACCAA
GCTATATAAGGTATGTGTGTGTGTCTACTAGGGCATCATTTGTACTGGTCG
TTTGGTTAAGTCTTGTAAGATGTTCAGCTGTGGATGTATTACATTCCTTCCCT
TAAGTTTTTTGTTGTTTTTTCCTCCCTAAAAAAAAAAGGTTTCTTGATCAGGT
ATCAGACACAGAGAAAACCTGGCAGGACTACAGAAAAGTGGCCAGAG
TTGGAGTGTTTGTGTACTTAAAGAAGGAATCTTGCACATTTTCAACTTTTAGT
TGTAGACATTTTCTTATAAGAGCAAGTAGGAGTCAGTGCCAGCCCTCAAAG
CGGAAATCAAAGCTCCCAGGGAAACATGCCGGAGGAATGTGACTCAGAG
CCAAGACCCATACGCAATGCATACACGGAGCTGTCAGACTTATAGGAGG
AAGTCTGGCCGTATATGGGCATCTGGACAGTGAGCGATTTGTCCTT
ATGGTGGGTCAGGGGGAGGTTTCTGATGTTTCTAGCGTGCCTCAAATTCAA
TCATGTAAATTAATTCTACAAAAAAAAATGGTATCCCAGAAGCCTTTTGTAAA
ATAGTAATAAATATTATTCTGAAATCTTCAGGGACCCTGGTTTGGCTGACAT
GACCTCCTGTTTGCTTAAGATGAAGGTTAAGGAGAGGGCGTACTTGCTGG
GAGTTCATGGCGGGGAAGATAAACGCGGATGTTTACTATCTAAATTA
CATTCATTACCTTCATGCCTTTTCCTCCTTATAATTAGTTCTCTGACTTT
CTTAGGATATTTTCTAATGCAAAGGTATTTGTCAGAAGGCAGTCAAGG
CCGTTGCATGTGGTTTGTGTTTTATGTTTGCCTGTTCCTCGCTTGTCCA
TAGAGTTGGAGGCCAGAGGGGTGAGAAAGGAAGTTTTGTTTTGTAAGATG
ATATCCCTTCAACTTACTGTTTGTTTCACTTATTTTGTTAATTTGACTCTT
TTTTTTTTTAAAGTAGTTTACTTAGAATCCTGTGTTGCCTCTAGTCAGCTTT
TGTTCATCTAAGATAGTGTCAGATGAGGATGCTGCTAGGTAGGAATGAGC
CTGGTGGTCTCTTACACTGTCCTCGACAGGTTAGAATCTCAAATTCATCAC
CGTTTAGCAACCAGGAGTATTTACAGCCCCTTGCTTCATCAGGGCTAAAT
GTGAAGCATCCCCTTGGTGATACTTAAGGTGATATTTAAGTGAGTGGGAAT
GAAAAACAGAGGAAATAAGCATTTCTTAAGATGTGTGATTTGGGGACACC
CAATCAATAGGTTTAGGAGGAAGAGAGAATTGGGACTAGCTATCTTATCT
CAAATAATAGAAGTAAGTGAAAGGATAAATATTTTGAAAGGACTAGTGTGA
AATATACATGAATGTATTCCTAGGGATTCTGCTGCGGGGTGGGAAAGGG
GTGCAGATTAAGCCAGACCCCATCATTCATCCCTGGAAATGTGCTCCCAC
CTCTAGCCAAGAGGCCTGAGGTCCCTTCTCACAACTTCAAACTCCCTGG
AATACCATTAGGTGGAGCCTAGGGGACTGGCTAGGAGGTGAAGGTGTGA
GCTCCATACCTGCCATTTGCTTGCCAGTGACCTCAGGGAAGACACCTAC
TCTCTCTGAGCCTGAAATTTCCCACCTGTTCACAGTTAATGTGCAGCTC
AAGGAGACAATATTTATGAAAGCACTTTCATAAAGGTATTAGAGTTTTAA
AATTGCCCTTCTCTTCCATTCTTCAGTGGCTCTCAAAACTAAGCCCAAC
TCAGATTGACTGTAAAAGCCTGTCACAGTTTGATTTTATAACAGTGTCCA
GCTCTGCATGGGTTTTAGAGTGTTAAAACTAGGTGAGAGCTCAGAGAA
AATCAAATCCTACCTCTTATTTATTTATTTATTTTATTAGATTAGATATTCAG
GATTGATAGAGACATTTAACAAATGAAAACTTTTTTTCTTTTTGAAATAGGG
TCTGGCTCTGTCTCCCAGGGTGGAATGTAG-3’

Note: The STAT3-binding sequence is underlined and pre-

sented in bold.
STATS, Signal transducer and activator of transcription 3.

immunohistochemistry revealed several stromal cells in
DEN-induced liver tumors, including HSCs, macrophages,
endothelial cells, and T cells, expressing «a-SMA, F4/80,
PECAM-1, and CD3, respectively (Figure 3, D). The number
of PCNA-positive hepatoma cells was the smallest in the
STAT3”" group (Figure 3, E). According to the Western blot
results, the expression of p-STAT3 and CTGF was elevated in
the liver tumors compared with nontumor tissues of
STAT3"™/* mice (Figure 3, F). CTGF expression was upre-
gulated in tumor tissues compared with adjacent nontumor
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liver tissues (Figure 3, G). In comparison to that in STAT3"/
¥ mice, p-STAT3 and CTGF expression was downregulated
in the tumor tissues of STAT3”" mice (Figure 3, F). qRT-PCR
demonstrated that the expression of STAT3-target genes
(bcl-2, bcl-xl, cendl, ccnd2, and myc), IL-6 family cytokines
(lif, osm, and clcfl), and ctgf was upregulated in tumor
tissues compared with nontumor tissues in STAT3™/" mice
(Figure 3, H), and the gene expression patterns were similar
to those of Kras®'?® tumors. In liver tumors of STAT3”"
mice, the expression of several STAT3-target genes (bcl-2,
cend2, and myc), IL-6 family cytokines (osm and clcfl), and
ctgf was downregulated compared with that in STAT3™/*
mice (Figure 3, H). Hepatocyte-specific STAT3 knockout
gave rise to similar phenotypes and molecular profiles be-
tween DEN- and Kras-induced liver carcinogenesis models.

Expression of p-STAT3 and CTGF Expression
and the Cell Proliferation Rate in Hepatoma Cells
Were Increased by Stromal Cells Via gp130/
STAT3 Signaling

In vitro, we first analyzed the significance of STAT3 on the
proliferation of hepatoma cells. Short interfering RNA (siRNA)-
mediated knockdown of STAT3 did not affect the proliferation
of HepG2 or Alex cells (Figure 4, A). STAT3 knockdown did not
decrease but slightly increased CTGF expression in HepG2
cells in monoculture but did not affect CTGF expression in
Alex cells (Figure 4, B). We next focused on stromal cells to
analyze the mechanisms and significance of STAT3 activation
in tumor cells. We cocultured hepatoma cells and stromal cells
and then performed Transwell assays to examine the prolif-
eration and expression of p-STAT3 and CTGF in hepatoma
cells. Coculture with LX-2, THP-1, MTA, or TMNK-1 cells,
which are HSCs, macrophages, T cells, or liver sinusoidal
endothelial cells, respectively, increased p-STAT3 and CTGF
expression in HepG2 cells, which showed a higher prolifera-
tion rate (Figure 4, C-D). Similar expression changes were
observed in Alex cells (Figure 4, C). Proliferation of Alex cells
was increased by the coculture with THP-1 cells (Figure 4, D).
In contrast to the slight increase in CTGF expression under
monoculture, STAT3 knockdown down-regulated CTGF and p-
STAT3, in HepG2 cells under coculture with stromal cells
(Figure 4, E). STAT3 knockdown also decreased CTGF and p-
STAT3 expression in Alex cells under coculture (Figure 4, E).
Additionally, siRNA-mediated knockdown of gp130 attenuated
p-STAT3 and CTGF expression in HepG2 cells under both
monoculture and coculture conditions (Figure 4, F). Alex cells
showed similar results (Figure 4, F). The viability of HepG2
and Alex cells was decreased by knockdown of either STAT3
or gp130 under coculture with stromal cells, but it was not
affected under monoculture (Figure 4, G).

IL-6 Family Cytokines Upregulated p-STAT3 and
CTGF Expression and Increased the Hepatoma
Cell Proliferation Rate Via gp130/STAT3
Signaling

As ligands of gp130, we focused on IL-6 family cytokines
as factors to increase proliferation and up-regulate CTGF in
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HepG2 cells co-cultured with stromal cells. IL-6, LIF, and
OSM, representative 3 IL-6 family molecules, were specif-
ically secreted by stromal cell lines in monoculture
(Figure 5, A). Exposure to IL-6, LIF, or OSM increased p-
STAT3 expression in HepG2 and Alex cells in monoculture
(Figure 5, B). Treatment with IL-6, LIF, or OSM also upre-
gulated CTGF expression in HepG2 and Alex cells (Figure 5,
(). IL-6, LIF, and OSM facilitated the proliferation of HepG2
and Alex cells (Figure 5, D). When gp130 was knocked down
by siRNA, up-regulation of CTGF after the treatment with IL-
6, LIF, or OSM was attenuated both in HepG2 and Alex cells
(Figure 5, E). Similarly, siRNA-mediated knockdown of
STAT3 decreased CTGF expression upon exposure to IL-6,
LIF, or OSM (Figure 5, E). The increase in hepatoma cell
proliferation induced by treatment with IL-6, LIF, or OSM
was abrogated by siRNA-mediated knockdown of either
gp130 or STAT3 in both HepG2 and Alex cells (Figure 5, F).
In summary, IL-6, LIF, and OSM increased CTGF expression
and the proliferation of hepatoma cells in a gp130/STAT3
signaling-dependent manner.

Exposure to HSCs Increased the Growth of
Xenograft Tumors Via gp130/STAT3 Signaling

To analyze the influence of stromal cells on cell prolif-
eration and CTGF expression in xenograft models, HepG2
cells were transfected with gp130 short hairpin RNA
(shRNA) (HepG2-gh130sh cells), STAT3 shRNA (HepG2-
STAT3sh cells) or control shRNA (HepG2-control sh cells)
to generate stable knockdown cell lines (Figure 6, A).
Neither gp130 shRNA nor STAT3 shRNA affected the pro-
liferation of HepG2 cells in vitro (Figure 6, A). Among the 5
stromal cell lines assessed, LX-2 cells have often been uti-
lized for coinoculation experiments with hepatoma cells to
study tumor-stroma interactions in HCC.'®*° Therefore, we
generated subcutaneous tumors composed of HepG2 cells
alone or HepG2 cells mixed with LX-2 cells. Similar to re-
ports of previous studies,"®*° when HepG2-control sh cells
were coinoculated with LX-2 cells, the growth of xenograft
tumors was enhanced compared with the effect of HepG2-
control sh cells alone (Figure 6, B). However, the growth
of xenograft tumors was not increased by the coinoculation
of HepG2-gp130sh cells and LX-2 cells (Figure 6, B). Both
gp130 and CTGF mRNA expression in the xenograft tumors
was decreased by shRNA-mediated gp130 knockdown in
HepG2 cells in the presence of LX-2 cells (Figure 6, B).
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Immunohistochemistry showed a decrease in p-STAT3
positive tumor cells in xenograft tumors composed of
HepG2 cells transfected with gp130 shRNA (Figure 6, B).
Similar to the effect of gp130 shRNA, the growth of
xenograft tumors composed of HepG2-STAT3sh cells was
not enhanced by coinoculation with LX-2 cells (Figure 6,
(). Both STAT3 and CTGF mRNA expression was lower in
xenograft tumors composed of HepG2-STAT3sh cells and
LX-2 cells than in those composed of HepG2-control sh
cells and LX-2 cells (Figure 6, C). In immunohistochem-
istry of xenograft tumors, p-STAT3 positive tumor
cells were decreased by STAT3 shRNA in HepG2 cells

(Figure 6, C).

CTGF Produced by Hepatoma Cells Upregulated
IL-6 Family Cytokines in Stromal Cells, Enhanced
p-STAT3 Expression in Hepatoma Cells and

Increased the Hepatoma Cell Proliferation Rate

We next analyzed the significance of hepatoma cell CTGF
on STATS3 activation and the proliferation of hepatoma cells
cocultured with stromal cells. Recombinant CTGF treatment
did not change p-STAT3 expression in hepatoma cells
(Figure 7, A). In coculture with LX-2, THP-1, MTA, or TMNK-
1 cells, HepG2 cells with CTGF knocked down showed
downregulation of both CTGF and p-STAT3 expression
(Figure 7, B). In addition, knocking down CTGF in HepG2
cells abrogated the increase in the HepG2 proliferation rate
induced by coculturing with stromal cells, whereas CTGF
knockdown did not affect HepG2 proliferation under
monoculture conditions (Figure 7, ). We next analyzed
the influence of CTGF knockdown in HepG2 cells on IL-6
family production in stromal cells. HepG2 cells were
transfected with CTGF siRNA or control siRNA and sub-
sequently cocultured with stromal cell lines. Coculture
with HepG2 cells transfected with control siRNA up-
regulated multiple IL-6 family cytokines in stromal cell
lines, whereas only LIF, Clcfl, and IL-11 were down-
regulated in THP-1 cells (Figure 7, D). Under coculture
conditions, CTGF knockdown in the HepG2 cells led to
decreased expression of most IL-6 family cytokines in the
stromal cell lines (Figure 7, D). In culture supernatant,
HepG2 cells hardly secreted IL-6 under monoculture
(Figure 7, E). CTGF knockdown in HepG2 cells decreased
the IL-6 concentration in supernatant under coculture
with MTA and TMNK-1 cells (Figure 7, E).

Figure 1. (See previous page). Hepatocyte-specific Kras-mutant mice developed liver tumors with STAT3 activation
and upregulation of CTGF and IL-6 family cytokine expression in hepatoma cells and stromal cells, respectively.
Kras®'2P mice and their littermate Alb-Cre transgenic control mice were sacrificed at 7 to 12 months of age and their phe-
notypes were compared (A-G). A, Representative images of the livers at 9 months of age. B, HE staining of a liver tumor
(left; x40, right; x100). C, Immunohistochemistry results showing «-SMA, CD3, F4/80, and PECAM-1 in liver tumors in
Kras®'2P mice é400><)' D, Western blot showing liver tissue proteins. E, Immunohistochemistry results showing CTGF in the
liver of Kras®'2P mice (200 ). F, mRNA expression of STAT3 target genes, IL-6 family cytokines, ctgf, and tgf-b1 in liver tissues
(n=7-12). G, Correlation of mMRNA expression between CTGF and STAT3-target molecules and IL-6 family cytokines (n = 20).
Liver tumors were collected from a 12-month-old mouse harboring the Kras®'?* allele and subjected to single-cell RNA
sequencing (scRNA-seq) (H-/). In total, 1303 cells from 2 tumors were analyzed. H, UMAP plots of IL-6 family cytokines. /, Heat
map of IL-6 family cytokines, STAT3-target genes, tgf-b1, and ctgf according to the cell types. For immunohistochemistry, a
representative image of each molecule from 6 samples was presented. NT, Nontumor tissues; T, tumor tissues. *P < .05.
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CTGF Upregulated IL-6 Family Cytokine
Expression Via Integrin-mediated Nuclear Factor
Kappa B (NF-xB) Activation in Stromal Cells

We subsequently examined the influence of CTGF
treatment on IL-6 family cytokine production in stromal
cells. After treatment with recombinant CTGF protein, the
expression of several IL-6 family cytokines, except
Cardiotrophin-1 (CTF-1), was upregulated, and simulta-
neously, NF-kB was activated in LX-2, THP-1, MTA, and
TMNK-1 cells (Figure 8, A). We next blocked integrins, cell-
surface receptors of CTGF, with the RGDS peptide, an in-
hibitor of integrin receptor function. When LX-2, THP-1,
MTA, and TMNK-1 cells were pretreated with the RGDS
peptide, activation of NF-«B was not observed even after
recombinant CTGF treatment (Figure 8, B). Furthermore,
CTGF-mediated upregulation was abrogated by RGDS pre-
treatment of most IL-6 family cytokine-expressing stromal
cells (Figure 8, B). To analyze the significance of NF-xB
activation on IL-6 family cytokine production, cells were
pretreated with SN-50, an inhibitor of nuclear translocation
of activated NF-kB. When LX-2, THP-1, MTA, and TMNK-1
cells were pretreated with SN-50 before recombinant
CTGF treatment, the upregulation of most IL-6 family cyto-
kines was attenuated (Figure 8, C).

Hepatocyte-specific Deletion of CTGF Led to
Downregulated IL-6 Family Cytokine Expression
in Liver Tumors, Suppressed STAT3 Activation
and Inhibited Tumor Progression in Kras®'?P
Mice

The roles of hepatocyte CTGF were subsequently
analyzed in Kras®'?® mice. Our previous report demon-
strated that hepatocyte-specific CTGF knockout down-
regulated p-STAT3 expression and suppressed the
progression of liver tumors in Kras®'*® mice.’® In the
present study, we analyzed the influence of hepatocyte-
specific CTGF knockout on the expression of STAT3
target genes and IL-6 family cytokines in liver tumors.
Hepatocyte-specific CTGF-deleted Kras®'?®? mice were
generated, and the phenotypes of the following 3 groups
were compared at 8 months of age: (1) Kras®*?? CTGF*/*
mice (CTGF'/" KrasS-612D/*Alb-Cre); (2) Kras®'?P
CTGF™" mice (CTGF"* Kras"S'"¢12P/* Alb-Cre); and (3)
Kras®'?P CTGF /" mice (CTGFYM Kras"S'-612P/* Alb-Cre).
As we previously reported,'® CTGF deletion in hepato-
cytes suppressed tumor progression (Figure 9, A) and
downregulated p-STAT3 expression (Figure 9, B). qRT-
PCR demonstrated that CTGF expression in liver tumors
was significantly decreased by hepatocyte-specific CTGF
deletion in Kras®'?® mice (Figure 9, €). In addition to that
of CTGF, the expression of multiple STAT3-target genes
and IL-6 family cytokines was downregulated in liver tu-
mors in Kras®*?® CTGF /" mice (Figure 9, C). These find-
ings suggested that CTGF produced by tumor -cells
enhanced IL-6 family cytokine production and STAT3
activation in liver tumors, leading to tumor progression in
Kras®'2" mice.
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The Expression of CTGF Was Positively
Correlated With That of STAT3 Target Genes and

IL-6 Family Cytokines in Human HCC

The relationship of CTGF with STAT3 activation and IL-6
family cytokine production was examined in human HCC
samples. According to the immunohistochemistry assay,
CTGF was positively expressed in tumor cells (Figure 10, A).
The immunohistochemistry results also demonstrated the
presence of «-SMA-positive HSCs, CD3-positive T cells,
CD68-positive macrophages, and PECAM-1-positive endo-
thelial cells (Figure 10, A). scRNA-seq of surgically resected
HCC tissues demonstrated the presence of CTGF-positive
cells in clusters of tumor cells, HSCs, and endothelial cells
(Figure 10, B). The expression of IL-6 family cytokines was
found in clusters of stromal cells, such as HSCs, macro-
phages, endothelial cells, and T cells (Figure 10, B). We next
analyzed the relationship of CTGF with IL-6 family cytokines
and STAT3 target genes using The Cancer Genome Atlas
database. CTGF gene expression was positively correlated
with 6 (IL-6, LIF, OSM, CLCF-1, IL-11, and CTF-1) of 9 IL-6
family cytokines (Figure 10, €). CTGF mRNA expression
was also positively correlated with that of 27 STAT3 target
genes (Figure 10, 0).

Discussion

In the present study, we demonstrated that activated
STAT3 accelerated the progression of liver cancer, as evi-
denced by the results of hepatocyte-specific STAT3-
knockout mice (Figures 2 and 3). Additionally, this tumor-
promoting effect was shown to be due to tumor-stromal
cross talk mediated by CTGF and IL-6 family cytokines. In
hepatoma cells grown in monoculture, knockdown of STAT3
in vitro did not decrease the proliferation rate of the hep-
atoma cells or the expression of CTGF (Figure 4). These
results suggested that STAT3 in hepatoma cells might not be
as significantly influential as to show tumor-promoting
functions in the absence of external stimuli. Meanwhile, in
the presence of stromal cells, hepatoma cell STAT3 was
activated and promoted hepatoma cell proliferation and
CTGF expression both in vitro and in xenografts (Figures 4
and 6). These findings indicated that STAT3 drives function
especially in the settings of tumor microenvironment. Pre-
vious reports regarding STAT3 in HCC have focused solely
on hepatoma cells, and reports on its significance in the
tumor microenvironment have been rare. By investigating
the roles of STAT3 in tumor-stromal interactions, our find-
ings show a novel role for STAT3 in HCC.

With regard to the influence of STAT3 knockout on liver
carcinogenesis, the discrepancies between previous studies
(Table 1) might be partly explained by the influence of
background liver inflammation. Due to the hepatoprotective
roles of hepatocyte STAT3,°"** hepatocyte-specific STAT3
knockout may augment liver injury and fibrosis, which can
accelerate tumorigenesis. Therefore, even if knocking out
hepatoma STAT3 suppresses tumor growth, tumor inci-
dence may be accelerated by STAT3 deletion in hepatocytes
in HCC models with severe liver injury, such as CCl4
models.”® Because background liver injury or fibrosis is
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Figure 2. Hepatocyte-specific STAT3 knockout suppressed tumor progression and CTGF expression in liver tumors of
Kras®'?® mice. Kras®?® mice and STAT3-floxed mice were mated to generate hepatocyte-specific STAT3-knockout
Kras®'2P mice. After mating STAT3"* Kras™* Alb-Cre mice and STAT3"* Kras"S-"¢122+ mice, the offspring: (1) Kras"'
STAT3™* (STAT3"* Kras™*Alb-Cre); (2) Kras"'® STAT3”" (STAT3"" Kras*/*Alb-Cre); (3) Kras®'2P STAT3** (STAT3*/*
Kras-S--G12D/+ Alb-Cre); (4) Kras®'2P STAT3™ (STAT3"* Kras'S-"G122+ Alb-Cre); and (5) Kras®'?® STAT3” (STAT3™
Kras"S-612D/+ Alb-Cre) littermates were sacrificed at 8 months of age. A, Representative images of the livers. B, Macroscopic
liver tumorigenesis rate, liver/body weight ratio, tumor number, and maximum tumor diameter (n = 8-12 per group). C,
Representative images of HE staining of liver tumors. D, Representative images of immunohistochemical staining for PCNA
(400x) and the number of PCNA-positive cells in liver tumors per each high-power field (HPF) (n = 10 per group). E, Western
blot showing liver tumor proteins. F, Gene expression of STAT3-target genes, IL-6 family cytokines, and CTGF in liver tumors
(n =5-9). *P < .05.
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absent in our Kras-mutant model,'® the inflammation-

fibrosis-carcinogenesis sequence in human HCC was not
recapitulated in our model mice. In DEN models, persistent
liver inflammation is usually not found, although transient
liver injury is observed shortly after DEN administration.' ™

IL-6 family cytokines

'3 Taking advantage of this outcome, we can specifically
focus on the tumor microenvironment in these models,
excluding the influence of background liver inflammation or
fibrosis. In tumor tissues of both models, several stromal
cells were found to be in close proximity to tumor cells
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(Figure 1, C and Figure 3, D), similar to their localization in
the human HCC microenvironment (Figure 10, A). Using
these models, we clearly demonstrated that hepatocyte-
specific STAT3 knockout attenuated the proliferation of
tumor cells and inhibited CTGF expression, leading to the
suppression of tumor progression. Our findings provide
substantial evidence that activated STAT3 in hepatoma cells
accelerates tumor progression in vivo.

As activators of STAT3, several IL-6 family cytokines
were upregulated in HCC in our study. Additionally, our
scRNA-seq analysis revealed the expression profile of IL-6
family cytokines in the tumor microenvironment. IL-6
family cytokines consist of 9 molecules, IL-6, IL-11, IL-27,
IL-31, OSM, LIF, CLCF1, ciliary neurotrophic factor, and
CTF-1.%>%* Activation of the STAT3 signaling pathway is the
hallmark of IL-6 family function. Distortion of these cytokine
activities can promote cancer initiation and progression.zg'24
Among these cytokines, IL-6 has been the most extensively
studied and has been implicated in hepatocarcinogenesis®’;
however, little is known about the functions of other mol-
ecules in HCC.?® Expression of IL-6 cytokine family mole-
cules was noted in stromal cells such as HSCs, macrophages,
T cells, and endothelial cells (Figure 1 and Figure 10).
Although HSCs and macrophages are known to produce
multiple humoral factors that modulate tumor biology,
endothelial cells and T cells have not attracted attention as
cytokine producers in the HCC microenvironment.”*® Our
Transwell coculture experiments demonstrated that all of
the stromal cell types examined increased p-STAT3 and
CTGF expression and the proliferation of hepatoma cells
without direct contact, probably via some humoral factors.
IL-6, LIF, and OSM were shown to upregulate p-STAT3 and
CTGF expression and facilitate the proliferation of hepatoma
cells via gp130/STATS3 signaling (Figure 5). These findings
suggested that IL-6 family cytokines were powerful candi-
dates that mediated the increase in p-STAT3 and CTGF
expression and the proliferation of hepatoma cells cocul-
tured with stromal cells. In addition to the effect on tumor
cells, the conspicuous expression of STAT3-target genes in
stromal cells suggests the possibility that IL-6 family cyto-
kines also act on stromal cells, via either or both an auto-
crine manner or stroma-stroma interaction. The influence of
IL-6 family cytokines on stromal cells in HCC should also be
of interest. In the next step, the significance of each molecule
should be validated in vivo as a novel mediator of the tumor
microenvironment in HCC.
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CTGF, also known as CCN2, is a secreted matricellular
protein associated with the fibrosis of several organs,
including the liver.?” Recently, CTGF has attracted attention
as a therapeutic target in several cancer types.*”*" Clinical
trials of anti-CTGF therapy have been initiated.”” Mean-
while, because CTGF has numerous and diverse mechanisms
of action, affecting both cellular and matrix components of
tumors, how CTGF exerts its function in each cancer type,
including HCC, has not been determined.®° In our previous
study, we reported that CTGF was overexpressed in hepa-
toma cells and promoted HCC progression, possibly by
increasing IL-6 production in HSCs, which activates STAT3
in hepatoma cells.'® However, it remains unclear whether
the target of CTGF is only IL-6 in HSCs. In addition, the
mechanism of CTGF-induced IL-6 upregulation in HSCs has
not been clarified. In the present study, we revealed that
CTGF induced the production of several IL-6 family cyto-
kines in multiple stromal cells via integrin/NF-«B signaling
and that this effect was not limited to IL-6 in HSCs. Because
IL-6 family cytokines mediate CTGF upregulation in hepa-
toma cells, hepatoma STAT3 and CTGF form a positive
feedback loop to upregulate each other via IL-6 family cy-
tokines produced by stromal cells. The discovery of this
feedback mechanism leads to the question, what triggers
this positive feedback loop? In addition to revealing the
upregulation of p-STAT3, we showed the activation of TGF-
G6/Smad signaling and Ras signaling in liver tumors in our
Kras-mutant model (Figures 1, D and F). Both the TGF-3/
Smad and Ras/Mek/Erk signaling pathways are frequently
activated in HCC and are inducers of CTGF expl'ession,g'33'34
suggesting the possibility that upregulation of CTGF might
be the trigger of the aforementioned positive feedback loop.
With regard to the source of CTGF in HCC microenviron-
ment, sSCRNA-seq in the present study clearly demonstrated
that CTGF was expressed in tumor cells, HSCs and endo-
thelial cells (Figures 1, H; 1, I; and 10, B). Although the
significance of CTGF produced by HSCs or endothelial cells
has not been addressed, our experiments with hepatocyte-
specific CTGF knockout mice indicated that tumor cells
were important sources of CTGF for up-regulation of IL-6
family cytokines and tumor progression of liver cancer
(Figure 9). Our findings thus suggest a novel action of CTGF
produced by tumor cells, as well as the mechanisms of CTGF
and p-STAT3 upregulation in HCC.

One limitation of the present study is that we used cell
lines, instead of primary stromal cells, for culture

Figure 4. (See previous page). Stromal cells increased p-STAT3 and CTGF expression and cell growth in hepatoma
cells. HepG2 or Alex cells were transfected with STAT3 siRNA or control siRNA (A-B). WST-8 assay (A) and CTGF mRNA
expression (B) of HepG2 or Alex cells after siRNA transfection. Total RNA was collected 48 hours after siRNA transfection.
HepG2 or Alex cells were incubated in monoculture or cocultured with LX-2, THP-1, MTA, and TMNK-1 cells, using Transwell
insert system (C-G). THP-1 cells were pretreated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) for 48 hours to induce
macrophage differentiation before coculturing. Total proteins and RNA were collected after 24 hours of incubation (C, E, F). C,
Western blot showing protein expression of HepG2 or Alex cells. D, WST-8 assay of HepG2 or Alex cells in coculture at the
indicated time points. HepG2 or Alex cells were transfected with STAT3 siRNA, gp130 siRNA, or control siRNA 48 hours before
coculturing (E-G). E, Western blot showing protein expression and gPCR showing CTGF mRNA expression in HepG2 or Alex
cells transfected with STAT3 siRNA or control siRNA. F, Western blot and CTGF mRNA expression in HepG2 or Alex cells
transfected with gp130 siRNA or control siRNA. G, WST-8 assay of HepG2 or Alex cells transfected with STAT3 siRNA, gp130
siRNA, or control siRNA 48 hours after incubation (n = 3-4). * T * 8P < 05 vs control.
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Figure 5. IL-6 family cytokines increased p-STAT3 and CTGF expression in hepatoma cells and enhanced cell prolif-
eration. Concentrations of IL-6, LIF, and OSM in the culture supernatant (A). Culture supernatant was collected 24 hours after
the initiation of HepG2, Alex, LX-2, THP-1, MTA, and TMNK-1 cell monoculture. IL-6, LIF, or OSM concentration was
measured by enzyme-linked immunosorbent assay. THP-1 cells were pretreated with 100 ng/mL phorbol 12-myristate 13-
acetate (PMA) for 48 hours to induce macrophage differentiation, and the culture medium was replaced with PMA-free me-
dium 24 hours before supernatant collection. HepG2 cells and Alex cells were treated with recombinant proteins of IL-6 (20 ng/
mL), LIF (1:1000), or OSM (20 ng/mL) (B-D). Cells were serum-starved for 16 hours before the addition of recombinant proteins.
B, Protein expression 1 hour after recombinant protein treatment. C, mRNA expression of CTGF 3 hours after recombinant
protein treatment. D, WST-8 assay at the indicated time points after treatment with recombinant proteins. HepG2 cells and
Alex cells were transfected with gp130 siRNA, STAT3 siRNA, or control siRNA 48 hours before the addition of recombinant
proteins (E-F). Recombinant proteins were added 16 hours after serum starvation. E, mRNA expression of CTGF 3 hours after
treatment with recombinant proteins. F, WST-8 assay at the indicated time points after recombinant protein treatment (n = 3-4).
*P < .05.
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experiments. Although cell lines can be easily cultured, their
physiological and biochemical characteristics might be
altered and may not adequately represent in vivo charac-
teristics, because the cells are genetically modified. Primary
cells directly isolated from body tissues are more favorable
to mimic the in vivo state. Recent advancements in organoid
culture technology have allowed 3D-coculture of tumor cells
and stromal cells, which more precisely replicates tumor
microenvironment of HCC.>® In a future study, these novel
techniques may hopefully provide a better understanding of
CTGF-mediated tumor-stroma cross talk in HCC.

In conclusion, STAT3 and CTGF in hepatoma cells
mutually activate each other via IL-6 family cytokine-
mediated tumor-stroma cross talk to promote HCC pro-
gression. CTGF was shown to be a master regulator of IL-6
family production and STAT3 activation in HCC. Our find-
ings demonstrate a novel cellular and molecular mechanism
of STAT3 activation and CTGF overexpression in HCC, and
they support the rationale that STAT3 and CTGF, particu-
larly their mutual upregulation mechanism, are therapeutic
targets in HCC.

Materials and Methods

Human Samples

Liver samples for immunohistochemistry were collected
from patients with HCC who underwent surgical hepatec-
tomy at Osaka University Hospital. This analysis was
approved by the Institutional Review Board Committees at
Osaka University Hospital (IRB Nos. 13556 and 15267). For
scRNA-seq of HCC, we excluded patients who underwent
chemotherapy or radiation before hepatectomy and 12 pa-
tients undergoing surgical resection for HCC at the National
Center for Global Health and Medicine were included."’
Approval for the use of the resected samples was obtained
from the Ethics Committee of the National Center for Global
Health and Medicine. Written informed consent was ob-
tained from all the patients included in this study. The
experimental protocol conformed to the ethical principles of
the Declaration of Helsinki.

Mice

C57BL/6/129 background mice carrying a lox P-stop-lox
P (LSL) termination sequence followed by the Kras®'?P
point mutation allele (Kras*$*¢2"/*) have been previously
described.'®*° To generate hepatocyte-specific Kras-mutant
mice (Kras“$“¢12P/*Alb-Cre;Kras®!? mice), Kras-Sl-612P/+
mice were crossed with heterozygous Alb-Cre transgenic
mice that expressed the Cre recombinase gene under the

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1

promoter of the albumin gene.'® C57BL/6 background Mice
carrying a STAT3 gene with 2 loxP sequences flanking exon
22 (STAT3"™) have been previously described.”’** C57BL/
6 background mice that carried 2 floxed CTGF alleles
(CTGF"™ have been previously described.'® We generated
hepatocyte-specific STAT3-deficient Kras-mutant mice by
mating Kras®?? mice with STAT3-floxed mice. Similarly,
Kras®?" mice and CTGF-floxed mice were mated to
generate hepatocyte-specific CTGF-deficient Kras-mutant
mice. The littermates were used to compare the pheno-
types between experimental groups. NOD/Shi-scid/IL-2Ry
(null) (NOG) mice have been previously described.’” Only
male mice were used in all the experiments. Mice were
maintained under specific pathogen-free conditions and
treated with humane care under approval from the Animal
Care and Use Committee of Osaka University Medical School.

Cell Culture

The HepG2 and Alex human hepatoma cell lines were
obtained from the Japanese Collection of Research Bio-
resources/Health Science Research Resources Bank (JCRB/
HSRRB) cell bank (Osaka, Japan) (JCRB Cat# NIHS0326,
RRID:CVCL 0027 and JCRB Cat# JCRBO0406,
RRID:CVCL_0485, respectively). The LX-2 human HSC line
was purchased from Merck Millipore (Darmstadt, Germany)
(Millipore Cat# SCC064, RRID:CVCL 5792). THP-1 human
monocytes were obtained from American Type Culture
Collection (American Type Culture Collection, Manassas, VA)
(ATCC Cat# TIB-202, RRID:CVCL 0006). The MTA human T
cell line and TMNK-1 liver sinusoidal endothelial cell line
were purchased from the JCRB/HSRRB Cell Bank (JCRB Cat#
[FO50513, RRID:CVCL 3032 and JCRB Cat# JCRB1564,
RRID:CVCL_4W?79, respectively). Cells with the passage
number of less than 30 were used for all experiments. The
HepG2, Alex, LX-2, and TMNK-1 cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St.
Louis, MO) at 37 °C with 5% CO,, and THP-1 and MTA cells
were cultured in RPMI-1640. The media was supplemented
with 10% fetal calf serum and antibiotics unless otherwise
indicated. A Transwell insert system (Corning, Corning, NY)
was used for coculture experiments. To induce differentia-
tion into macrophages, THP-1 cells were treated with 100
ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich) for
48 hours. A WST-8 assay (Nacalai Tesque, Kyoto, Japan) was
performed to analyze cell proliferation. Recombinant human
IL-6, LIF, and OSM proteins were purchased from Thermo
Fisher Scientific (Waltham, MA), FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan), R&D Systems (Min-
neapolis, MN), and R&D Systems, respectively. Recombinant

Figure 6. (See previous page). Inhibition of gp130/STAT3 signaling abolished the accelerated growth of HepG2 cells
injected with LX-2 cells and downregulated CTGF expression in xenograft tumors. Protein and mRNA expression and
proliferation in HepG2 cells stably expressing STAT3, gp130, or control shRNA in vitro (A). RNA and proteins were extracted 24
hours after plating. WST-8 assay was performed to evaluate cell proliferation at indicated time points. Xenograft models of
HepG2 cells stably expressing STAT3, gp130, or control shRNA with or without LX-2 cells (B-C). HepG2 cells stably
expressing gp130 shRNA (B), STAT3 shRNA (C), or control shRNA were subcutaneously injected alone or with the same
number of LX-2 cells into the left and right flank portions of NOG mice, respectively. Representative images of xenograft
tumors, tumor volume measured sequentially, mRNA expression, and immunohistochemistry for p-STAT3 (scale bar: 50 um) in

xenograft tumors are presented (n = 4-5). *P < .05 vs control.
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Figure 7. Knockdown of CTGF in HepG2 cells decreased IL-6 family cytokine expression in stromal cells, down-
regulated p-STAT3 expression in HepG2 cells and reduced the proliferation of HepG2 cells. Western blotting of HepG2 or
Alex cells treated with recombinant CTGF protein under monoculture (A). Protein lysate was collected from cells 0, 0.5, 1, and
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Figure 8. Recombinant CTGF treatment upregulated IL-6 family cytokine expression in stromal cell lines via integrin/
NF-kB signaling. LX-2, THP-1, MTA, and TMNK-1 cells were serum-starved for 16 hours and then treated with 5 nM re-
combinant CTGF protein. THP-1 cells had been pretreated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) to induce
macrophage differentiation for 48 hours before starvation. Total protein was collected at the indicated time points after the
addition of recombinant CTGF protein. Total RNA was extracted 6 hours after incubation with recombinant CTGF protein.
Protein and gene expression after recombinant CTGF treatment (A-C). Cells were treated with recombinant CTGF alone (A) or
pretreated with 1 mM RGDS peptide (B) or 50 ng/mL SN-50 (C) for 2 hours before the addition of recombinant CTGF protein.

n=4(@A B)orn=3(C). *P < .05.

CTGF protein was kindly provided by FibroGen (San Fran-
cisco, CA). SN-50 (FUJIFILM Wako Pure Chemical Corpora-
tion) was used as an NF-kB inhibitor. The pan-integrin
inhibitor RGDS peptide was purchased from R&D Systems.
siRNA against STAT3, gp130, and CTGF and control siRNA
were purchased from Thermo Fisher Scientific and

transfected into the cells using Lipofectamine RNAIMAX
(Thermo Fisher Scientific) according to the Lipofectamine
reverse transfection protocol. A STAT3 shRNA plasmid
(Santa Cruz Biotechnology, Dallas, TX), gp130 shRNA
plasmid (Santa Cruz Biotechnology) or control shRNA
plasmid (Santa Cruz Biotechnology) was transfected
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Figure 9. Hepatocyte-specific knockout of CTGF downregulated IL-6 family cytokine expression in liver tumors of
Kras®2® mice and suppressed STAT3 activation and tumor progression. By mating Kras®'2P mice with CTGF-floxed
mice, we generated hepatocyte-specific CTGF-knockout Kras®'2° mice. After crossing CTGF"* Kras™* Alb-Cre mice and
CTGF"* Kras"S--G12D/+ mjce, the following littermates were obtained: (1) Kras®'2P CTGF** (CTGF** Kras-S-G12D/+ Alp-
Cre); (2) Kras®'2P CTGF™ (CTGF"* KrastS--"812P/+ Alb-Cre); and (3) Kras®'?P CTGF” (CTGF™ Kras-S--¢120/+ Alb-Cre).
The phenotypes were evaluated at 8 months of age. A, Representative images of 8-month-old livers. B, Western blot
showing liver tumor proteins. C, mRNA expression of CTGF, STAT3 target genes, and IL-6 family cytokines in liver tumors (n =

7-13). *P < .05.

according to the manufacturer’s protocol. Stably transfected
cells were selected through puromycin (Thermo Fisher
Scientific) treatment. Several single colonies were isolated
through selection.

Experimental Protocol for Xenograft Tumor
Models

Detailed procedure was described previously.'® Briefly,
hepatoma cells with or without the same number of LX-2
cells suspended in Matrigel (Corning) were subcutane-
ously inoculated into NOG mice. The length and width of the
subcutaneous tumors were measured twice per week. Tu-
mor volume was calculated as previously reported.'®

DEN-induced Liver Carcinogenesis Model

DEN (Sigma-Aldrich) (20 mg/kg) was intraperitoneally
injected into 2-week-old male mice to chemically induce
liver carcinogenesis.

Enzyme-linked Immunosorbent Assay

To measure the concentration in the cell culture super-
natant, commercial enzyme-linked immunosorbent assay
kits for IL-6 (PeproTech, Rocky Hill, NJ), LIF (R&D Systems),
and OSM (R&D Systems) were used according to the man-
ufacturer’s recommended protocols.

Histological Analyses
Liver sections were routinely formalin-fixed and paraffin-
embedded and stained with HE. Immunohistochemistry was

performed using paraffin-embedded liver sections subjected
to antibodies listed in Table 3. The number of PCNA-positive
cells was counted in high-power fields at 400-fold
magnification.

RNA Isolation and qRT-PCR

Total cell or tissue RNA was extracted with a RNeasy
Mini Kit (QIAGEN, Hilden, Germany) according to the man-
ufacturer’s recommended protocols. cDNA was subse-
quently produced by reverse transcription.'® Gene
expression was measured by real-time RT-PCR using Taqg-
Man Gene Expression Assays (Thermo Fisher Scientific) as
follows: mouse-ctgf (Mm01192933_gl), mouse-bcl-2
(Mm00477631_m1), mouse-bcl-xI (Mm00437783_m1),
mouse-cyclin d1 (Mm00432359_m1), mouse-cyclin d2
(Mm00438070_m1), mouse-myc (Mm00487804_m1),
mouse-il-6 (Mm00446190_m1), mouse-lif (Mm00434762_g1),
mouse-osm (Mm01193966_m1), mouse-il-11 (Mm00434162 m1),
mouse-il-22 (Mm01226722_g1), mouse-il-27 (Mm00461163_g1),
mouse-il-31 (Mm01194496_m1), mouse-ctfl (Mm00432772_m1),
mouse-cntf (Mm00446373_m1), mouse-clcfl (Mm01236492_m1),
mouse-B-actin (Mm02619580_g1), human-ctgf (Hs00170014_m1),
human-il-6 (Hs00174131_m1), human-if (Hs01055668_m1),
human-osm (Hs00171165_m1), human-il-11 (Hs01055413_g1),
human-il-22 (Hs01574154 m1), human-il-27 (Hs00377366_m1),
human-il-31 (Hs01098710_m1), human-ctfl (Hs00173498 m1),
human-cntf (Hs00173456_m1), human-clcfl (Hs00757942_m1),
human-stat3 (Hs00374280_m1), human-gp130 (Hs00174360_m1),
and human-g-actin (Hs01060665_g1). The expression level of
each gene was normalized to that of $-actin.
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Table 3.Antibodies Used for This Study

Target

Source

Identifier

CTGF

a-SMA

F4/80

CD68

CD3

PECAM1

PCNA

p-STATS3 (for Western blotting)
p-STATS (for immunohistochemistry)
STAT3

p-Smad3

p-Smad2

p-Erk

p-Akt

p-NF-«B

NF-«B

B-actin

Santa Cruz Biotechnology
Abcam

Bio-Rad

Abcam

Abcam

Abcam

Cell Signaling Technology
Cell Signaling Technology
Abcepta, Inc.

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Sigma-Aldrich

Cat# sc-14939, RRID:AB 638805
Cat# ab5694, RRID:AB 2223021
Cat# MCA497RT, RRID:AB 1102558
Cat# ab955, RRID:AB 307338
Cat# ab11089, RRID:AB 2889189
Cat# ab28364, RRID:AB 726362
Cat# 2586, RRID:AB 2160343
Cat# 9145, RRID:AB 2491009
Cat# AP3261A-EV

Cat# 4904, RRID:AB 331269
Cat# 9520, RRID:AB 2193207
Cat# 18338, RRID:AB 2798798
Cat#9101, RRID:AB 331646

Cat# 9271, RRID:AB 329825
Cat# 3033, RRID:AB 331284
Cat# 8242, RRID:AB 10859369
Cat# A5316, RRID:AB 476743

a-SMA, Alpha smooth muscle actin; CTGF, connective tissue growth factor; NF-«B, nuclear factor kappa B; PECAM-1,

platelet endothelial cell adhesion molecule-1; STAT3, signal transducer and activator of transcription 3.

Western Blot Analysis

To extract proteins from liver tissues, samples were
lysed in lysis buffer (1% Nonidet P-40, 0.5% sodium deox-
ycholate, 0.1% sodium dodecyl sulfate, protease inhibitor
cocktail [Nacalai Tesque], phosphatase inhibitor cocktail
[Nacalai Tesque], and phosphate buffered saline, pH 7.4).
Electrophoresis was performed to separate proteins in so-
dium dodecyl sulfate polyacrylamide gels. The samples were
subsequently transferred onto a polyvinylidene fluoride
membrane. Antibodies listed in Table 3 were used for
immunodetection.

ScRNA-seq and Data Analysis

Protocols for scRNA-seq and data analysis of human HCC
were described previously.'? Briefly, surgically resected
HCC samples were cut into pieces and enzymatically
digested into single-cell suspensions. scRNA-seq libraries
were prepared using a Chromium Single Cell 3’ Library
Construction Kit (10X Genomics, Pleasanton, CA). The li-
braries were sequenced on an Illumina HiSeq 2500 system
and a Nova-seq sequencer (Illumina, San Diego, CA). Data
analyses were performed according to the Cell Ranger
protocol (10X Genomics) to determine the number of gene
transcripts per cell. The results were visualized using Loupe
Cell Browser, version 3.1 (10X Genomics) (Loupe Browser,
RRID:SCR_018555). Murine liver tumor tissues were

enucleated from the liver and enzymatically dissociated into
a single-cell suspension using a tumor dissociation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). The single-
cell suspension was then loaded into a BD Rhapsody car-
tridge (BD Biosciences, San Jose, CA) to isolate the single-
cell transcriptome. scRNA-seq libraries were generated us-
ing a BD Rhapsody WTA amplification kit (BD Biosciences).
The libraries were sequenced by a DNBSEQ-G400RS (MGI
Tech, China) platform in 2 x 100 bp paired-end mode. BD
Rhapsody WTA Analysis Pipeline on Seven Bridges Geno-
mics (https://www.sevenbridges.com/) was used for
alignment, filtering, and unique molecular identifier count-
ing to determine the number of mRNA molecules per cell.
GRCm38 was used as a reference for genome assembly and
annotation. SeqGeq software (BD Biosciences) was used for
concatenation of the outputs from multiple independent
samples, and then, normalization, quality control, batch
correction, dimensionality reduction, and clustering were
performed to visualize the results. Processed data, as well as
raw data, was deposited in Gene Expression Omnibus (GEO)
database (GSE192697).

Analysis of Public Clinical Datasets

We obtained RNA-seq data of 373 HCC samples obtained
from The Cancer Genome Atlas (https://portal.gdc.cancer.
gov/projects/TCGA-LIHC). Data analysis was performed

Figure 10. (See previous page). CTGF expression was positively correlated with that of STAT3 target genes and IL-6
family cytokines which were mainly expressed in stromal cells in human HCC. Immunohistochemical staining for
CTGF, aSMA, CD3, CD68, and PECAM-1 in human HCC (200x) A,. A representative image of each molecule from 6 samples is
presented. Samples taken from surgically resected HCC tissues were subjected to scRNA-seq (n = 12) (B-C). B, UMAP
showing CTGF and IL-6 family cytokines. Correlation of mRNA expression between CTGF and STAT3-target genes or IL-6
family cytokines in 373 HCC samples obtained from the The Cancer Genome Atlas database (C). Correlation coefficients
presented in red were statistically significant. *P < .05.
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with the cBioPortal for Cancer Genomics website (http://
cbioportal.org).

The DNA sequence of the enhancer in the human ctgf
gene is available at the VISTA Enhancer Browser (http://
enhancer.lbl.gov/cgi-bin/imagedb3.pl?form=presentation&
show=1&experiment_id=2544&organism_id=1) (VISTA
Enhancer Browser, RRID:SCR_007973). The STAT3-binding
site in this enhancer sequence of the human ctgf gene was
found with the UCSC Genome Browser (http://genome.ucsc.
edu/cgi-bin/hgTracks?db=hg19&lastVirtModeType=default&
lastVirtModeExtraState=&virtModeType=default&virtMode=
0&nonVirtPosition=&position=chr6%3A132274880%2D13
2277674&hgsid=1156684129_AbHGda4GRGJWTYAhET6sdt
TEZa6b) (UCSC Genome Browser, RRID:SCR_005780).

Statistical Analysis

Differences between unpaired groups with normal dis-
tributions were compared using the Student ¢ test. Corre-
lations were assessed using the Spearman rank correlation
coefficient. The x? test was performed to analyze categorical
data. Parametric multiple comparisons were performed by
1-way analysis of variance followed by Tukey-Kramer post
hoc test. P-values of less than .05 were considered to indi-
cate statistical significance.
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