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Abstract Hepatic stellate cells (HSCs) activation is
a key step that promotes hepatic fibrosis. Emerging
evidence suggests that aerobic glycolysis is one of its
important metabolic characteristics. Our previous
study has reported that CD147, a glycosylated trans-
membrane protein, contributes significantly to the
activation of HSCs. However, whether and how it is
involved in the aerobic glycolysis of HSCs activation
is unknown. The objective of the present study was to
validate the effect of CD147 in HSCs activation and
the underlying molecular mechanism. Our results
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showed that the silencing of CD147 decreased the
expression of o-smooth muscle-actin (a-SMA) and
collagen I at both mRNA and protein levels. Further-
more, CD147 silencing decreased the glucose uptake,
lactate production in HSCs, and repressed the lactate
dehydrogenase (LDH) activity, the expression of
hexokinase 2 (HK2), glucose transporter 1 (Glutl).
The effect of galloflavin, a well-defined glycolysis
inhibitor, was similar to CD147 siRNA. Mechanisti-
cally, CD147 silencing suppressed glycolysis-associ-
ated HSCs activation through inhibiting the hedgehog
signaling. Moreover, the hedgehog signaling agonist
SAG could rescue the above effect of CD147 silenc-
ing. In conclusion, CD147 silencing blockade of
aerobic glycolysis via suppression of hedgehog sig-
naling inhibited HSCs activation, suggesting CD147
as a novel therapeutic target for hepatic fibrosis.

Keywords CD147 - Hepatic stellate cells(HSCs) -
Aerobic glycolysis - Hepatic fibrosis

Introduction

Hepatic fibrosis is a complex wound-repair process in
response to diverse chronic liver injuries (Bataller and
Brenner 2005). If untreated, hepatic fibrosis can lead
to cirrhosis and even hepatocellular carcinoma (HCC).
Cirrhosis is the final stage of hepatic fibrosis, which
causes over 1 million deaths each year (Ebrahimi et al.
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2016). Cirrhosis is irreversible, whereas hepatic
fibrosis is reversible (Weiskirchen and Tacke 2016).
Therefore, clarifying the molecular mechanisms of
hepatic fibrosis and preventing the progression to
cirrhosis is crucial.

In the mechanisms of hepatic fibrosis, HSCs
activation after liver injury remains a dominant
theme,and o-smooth muscle actin (a-SMA) overex-
pression is a key feature in HSCs activation (Tsuchida
and Friedman 2017). Recent studies evidence that
HSCs activation is closely related to aerobic glycol-
ysis which is very similar to the “Warburg effect” that
appeared in tumor cells (Ban et al. 2019; Gao et al.
2019; Lian et al. 2016). Glycolysis is a complex multi-
step process involving a variety of complicated
proteins and enzymes, such as glucose transporters
(Glut), hexokinase (HK), and lactate dehydrogenase
(LDH) (Li et al. 2015a, b). Aerobic glycolysis is a
prominent hallmark during HSCs activation. Never-
theless, little is known about the detailed mechanism
underlying this aerobic glycolysis in HSCs activation.

Hedgehog (Hh) signaling, an evolutionarily con-
served pathway, has been documented in liver phys-
iology and pathophysiology (Choi et al. 2011).
Hedgehog signaling is propagated by the interaction
of the Hh ligand, namely sonic Hh (SHH), to its
membrane receptors patched, activating smoothened
(SMO), a central transducer of Hedgehog signaling.
The activated SMO promotes the Hedgehog target
gene transcription by regulating the Glioblastoma
(Gli) family nuclear translocation (Kim et al. 2017).
However, hedgehog-interacting protein (Hhip) can
block the binding of SHH to patched (Choi et al.
2011). Several studies have shown that Hedgehog
signaling activation is essential for HSCs activation
and hepatic fibrogenesis (Philips et al. 2011; Sicklick
et al. 2005; Swiderska-Syn et al. 2013). Accumulating
evidence suggests that Hedgehog signaling is closely
associated with aerobic glycolysis in various physio-
logical and pathological processes (Chen et al. 2012;
Ge et al. 2015; Lian et al. 2015; Zheng et al. 2017).
Nevertheless, the potential molecular mechanisms of
aerobic glycolysis mediated by Hedgehog signaling
have not been fully elucidated in the HSCs activation.

CD147, a glycosylated transmembrane protein,
contributes significantly to the development of HCC
and other epithelial tumors (Wu et al. 2011). It plays a
crucial role in tumor growth, migration, metastasis,
and angiogenesis. Interestingly, Huang et al. reported

@ Springer

that CD147 can promote glucose uptake and lactate
production in HCC cells (Huang et al. 2014). Our
previous works found that CD147 is increased in the
activation of HSCs in vitro and in vivo (Li et al.
2015a, b). However, whether and how CDI147 is
involved in the aerobic glycolysis of HSCs activation
is unknown.

This study set out to gain further understanding of
the CD147 effect in HSCs activation, and the under-
lying molecular events. We verified that there is a
positive correlation between CD147 expression and
HSCs activation. We demonstrate that the CDI147
silencing significantly suppresses the activation of
HSCs by inhibiting aerobic glycolysis. This is regu-
lated by the Hedgehog signaling, which is important
for glucose metabolism in a variety of cells and
tissues. This study indicates that CD147 is required to
regulate aerobic glycolysis in HSCs activation, and
targeting CD147 mediated Hedgehog signaling may
be a useful strategy to inhibit hepatic fibrosis.

Materials and methods
Cell culture

LX-2 cells (a human HSCs cell line) and HSC-T6 cells
(arat HSC cell line) were routinely cultured in DMEM.
CD147-siRNA and control siRNA were synthesized by
Shanghai GenePharma Co, Ltd. si-CD147-1 (5'-
GTACAAGATCACTGACTCT-3") and si-CD147-2
(5-GTTCTTCGTGAGTTCCTC-3') were transfected
using the lipofectamine 2000 transfection reagents
(Invitrogen, Carlsbad CA USA).

Real-time polymerase chain reaction (RT-PCR)

Real-time PCR was performed as described previously
(Li et al. 2015a, b). All primers were carried out by
Shanghai Sangon Biological Engineering Technology &
Services Co., Ltd: CD147: (forward) 5'-ACTCCTCACC
TGCTCCTTGA-3, (reverse) 5'-GCCTCCATGTTCAG
GTTCTC-3'; a-SMA: (forward) 5'- GGCTCTGGGCTC
TGTAAGG-3' (reverse) 5'-CTCTTGCTCTGGGCTTC
ATC3'; collagen I : (forward) 5'- AACATGACCAAAA
ACCAAAA-3, (reverse) 5-CATTGTTTCCTGTGTCT
TCTGGGTG-3'; HK2: (forward) 5'- F AGGTCCT-
GATGCGGTTGG-3, (reverse) 5'-TCGCCTTTGTTCT
CCTTGAT-3'; Glutl(forward) 5'-GCTCATCAACCGC
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AACGA-3', (reverse) 5-GACCTTCTTCTCCCGCAT
C-3'; GAPDH: (forward) 5'-GCACCGTCAAGGCTGA
GAAC-3 (reverse) 5'-TGGTGAAGACGCCAGTGG
A-3'. Gene expression was analyzed by 272 method,
using GAPDH as endogenous reference.

Western blot analysis

Western blot analysis was conducted as previously
mentioned (Li et al. 2015a, b). The primary antibodies:
CD147, a-SMA, Collagen I, HK2 and Glutl (Abcam,
Cambridge, UK); patched, Glil, and Hhip (Cell
Signaling Technology, Danvers, MA, USA); Smo,
(Sigma, St Louis, MO, USA); a-tubulin (Santa Cruz
Technology, Santa Cruz, CA, USA).

Glucose uptake assay

LX-2 cells were cultured in 96-well plates for 24 h and
subjected to various treatments. Glucose uptake was
tested by the Glucose Uptake Assay Kit (Abnova,
Taiwan, China) according to the specification.

Measurement of intracellular lactate

LX-2 cells were seeded in 6-well plates overnight and
were treated with different reagents at indicated
concentrations for 24 h. Intracellular lactate levels in
lysates were determined using the Lactate Assay Kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) following the manufacturer’s protocol.

Enzyme activity assay

The LX-2 cells LDH intracellular activity was
detected using kits (Shanghai Meilian Biology Tech-
nology Co. Ltd., Shanghai, China) according to the
manufacturer’s protocol.

Immunofluorescence staining

Immunofluorescence staining was carried out follow-
ing as previously (Li et al. 2015a, b). The nucleus was
stained with DAPI (Molecular probes, Eugene, USA).
Primary antibody: Glil (Cell Signaling Technology,
Danvers, MA, USA). The Glil expression was
observed under a fluorescence microscope (Nikon
Eclipse Ti, Nikon, Japan).

Statistical analysis

All the results from at least triplicate experiments were
presented as the mean £ SD. GraphPad Prism 5 was
used to analyze data. Means were analyzed by One-
Way ANOVA. Statistical significance was stated for p
< 0.05.

Results

CD147 is overexpressed in activated HSCs,
and silencing of CD147 inhibits the HSCs
activation

TGF-al is recognized as the most potent cytokine that
drives hepatic fibrosis (Weng et al. 2009). HSCs
activation models were established in human and rat
HSCs line LX-2 and HSC-T6 cells with TGF-al
stimulation. To explore the role of CD147 in HSCs
activation, we evaluated CD147 and hepatic fibrosis
markers at different concentrations of TGF-o1 in LX-2
and HSC-T6 cells. As shown in Fig. 1la—d, TGF-al
significantly increased the CD147, a-SMA, and col-
lagen I mRNA and protein levels in a dose-dependent
manner in LX-2 cells. Western blots analyses of
CD147, o-SMA, and collagen I showed the same
results as above in HSC-T6 cells (Supplemental
Fig. 1a). To confirm whether CD147 is crucial for
HSCs activation, two different CD147 siRNAs (si-
CD147) targeting CD147 was used to down-regulate
CD147 expression in TGF-al pre-stimulated LX-2
and HSC-T6 cells. In both cell lines, we found that
both siRNAs drastically reduced CD147 protein levels
compared with the control groups (Supplemental
Fig. 1b, c¢). As shown in Fig. le-h, CD147, a-SMA,
and collagen I both mRNA and protein levels were
markedly reduced in si-CD147-treated LX-2 and
HSC-T6 cells (Supplemental Fig. 1d), as detected by
real-time PCR and Western blots. Altogether, these
data indicate that CD147-mediated HSCs activation is
essential to the development of hepatic fibrosis.

Silencing of CD147 inhibits the HSCs activation
through suppressing aerobic glycolysis

Previous researches have shown that aerobic glycol-

ysis is significantly associated with hepatic fibrosis,
we therefore further examined whether suppressing

@ Springer



236

Cytotechnology (2021) 73:233-242

>
=~

CDI47
relative expression
MA
relative expression

a

0 1 2 4
TGF-p 1 (ng/ml)

=]

CDI147

relative expression
- 8w s oo
a-SMA
relative expression

0
sneRNA - — - + -
SCDI4T - — - -

TGEp I¢ng/ml)  — +

sneRNA = - + -
SCDIT = - -

+ +
+ TGEp 1ngiml)  — + + +

Fig. 1 CD147 is overexpressed in activated HSCs, and CD147
silencing inhibits the HSCs activation. Measurement of CD147,
o-SMA, collagen I mRNA (a—c) and protein (d) levels in LX-2
cells stimulated with various doses of TGF-a.1 by real-time PCR

aerobic glycolysis could inhibit HSCs activation. We
applied the lactate dehydrogenase inhibitor galloflavin
to block aerobic glycolysis in TGF-al pre-stimulated
LX-2 cells.

o-SMA and collagen I mRNA expression was
suppressed with the treatment of galloflavin at 20 uM,
detected by real-time PCR (Fig. 2a-b). Meanwhile,
the protein expression of the two molecules was also
suppressed by galloflavin (LX-2 Fig. 2c, HSC-T6
Supplemental Fig. 2a). To further confirm whether
CD147 promotes HSCs activation through aerobic
glycolysis, we examined the si-CD147 effect on
HSCs’ aerobic glycolysis. We found that si-CD147
down-regulated glucose uptake, lactate production,
and LDH activity (Fig. 2d—f). Moreover, si-CD147
markedly reduced the mRNA (LX-2 Fig. 2g-h) and
protein (LX-2 Fig. 2 iHSC-T6 Supplemental Fig. 2b)
levels of the glycolytic key proteins HK2 and Glutl.
Taken together, these data showed that CDI147
silencing-induced repression of aerobic glycolysis
led to the inhibition of HSCs activation.

Silencing of CD147 inhibits hedgehog signaling
in activated HSCs

Since some studies reported HSCs glycolysis was
activated by the Hedgehog signaling, the effect of
CD147 in the mediation of Hedgehog signaling was
investigated in the current study in LX-2 cells. The
ELISA analysis indicated that si-CD147 significantly
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and western blots. Measurement of CD147, a-SMA, collagen I
mRNA (e, f, h) and protein (i) levels in si-CD147 treated LX-2
cells exposed to 4 ng/ml TGF-al. **p < 0.01 vs. control; ***p <
0.001 vs. control; ###p < 0.001 vs. TGF-a14-snc-RNA

decreased Shh secretion compared with the control in
LX-2 supernatant (Fig. 3a). Western blots showed that
si-CD147 decreased Patched and Smo but increased
Hhip at the protein level (LX-2 Fig. 3b, HSC-T6
Supplemental Fig. 3). Since Glil nuclear translocation
is necessary for Hedgehog signaling, we evaluated
Glil expression in both cytosolic and nuclear frac-
tions. Expectedly, the detection of Glil distribution by
western blots demonstrated that si-CD147 up-regu-
lated Glil abundance in the cytoplasm and down-
regulated its abundance in the nucleus (Fig. 3c).
Simultaneously, immunofluorescence assay indicated
that si-CD147 inhibits the nuclear translocation of
Glil and more Glil was mainly concentrated in the
cytoplasm. Furthermore, SAG, a well-established
Hedgehog signaling activator, was able to rescue the
Hedgehog signaling key protein expression (Shh,
Patched, Smo, Hhip) or distribution (Glil) by
CD147 silencing in the context of TGF-al activated
LX-2 cells (Fig. 3a—d). Collectively, these results
consistently revealed that CD147 silencing inhibited
Hedgehog signaling in activated HSCs.

CD147 regulated glycolysis-mediated HSCs
activation through hedgehog signaling

In the above experiments, we demonstrated that
CD147 silencing inhibited HSCs activation through
down-regulation of glycolysis. We finally examined
the role of Hedgehog signaling in the CD147 effect on
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Fig. 2 CD147 silencing inhibits the HSCs activation through
suppressing aerobic glycolysis. TGF-al, si-CD147, and/or
galloflavin (a lactate dehydrogenase inhibitor) were applied to
LX-2 cells at indicated concentrations for 24 h. Measurement of
a-SMA, collagen I mRNA (a, b) and protein (c) levels by real-
time PCR and western blots. Measurement of glycolysis

HSCs glycolysis and activation. SAG was used to
research whether the effect of CD147 was related to
the regulation of Hedgehog signaling. As shown in
Fig. 4a—c, si-CD147 inhibition of glucose uptake,
lactate production, and LDH activity was rescued by
SAG. Meanwhile, si-CD147 reduction of mRNA and
protein expressions of HK2, Glutl were also weak-
ened by SAG (Fig. 4d—f). Even further, real-time PCR
analyses illustrated that a-SMA and collagenImRNA
levels were suppressed by si-CD147, but enhanced by
SAG (Fig. 4g-h). Consistently, western blots demon-
strated that si-CD147 down-regulation of a-SMA and
collagenlprotein levels were abolished by SAG
(Fig. 41). Collectively, these data revealed that
CD147 regulated glycolysis-mediated HSCs activa-
tion through Hedgehog signaling.

2000
dokk F E’ Fodok dokk
=
@
& 1500
E »l:é: o
o = & 1000
RS
=2
3 500
<9
g
= 0.
T = T T
+ - sne-RNA - - + —
— + 5i-CD147 — — - +
+ + TGF-B 1(4ng/ml) - + + +
Hokok I
Gl | -— - —
i
HK2 "-
o-tubulin .-“
T
+ - snc-RNA - - + -
- + §i-CD147 - - - +
+ +
TGF-1 (4 ng/ml) - + + +
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lactate (e), and activities of LDH (f). Measurement of HK2,
Glutl mRNA (g, h) and protein (i) levels by real-time PCR and
western blots. Statistical significance: ***p < 0.001 vs. control;
##p < 0.01 vs. TGF-al+snc-RNA; ###p < 0.001 vs. TGF-
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Discussion

Numerous studies have established that HSCs activa-
tion is a hallmark of hepatic fibrogenesis (Tsuchida
and Friedman 2017). Accordingly, suppression of
HSCs activation is an important intervention strategy
for hepatic fibrosis or cirrhosis. However, the molec-
ular mechanism of HSCs activation are not fully
elucidated, which resulted in the involved molecular
targets were still ambiguous. TGF-al, the primary
member of the TGF-o superfamily, is considered as
the main mediator in the development of hepatic
fibrosis. It is the strongest factor involved in HSC
activation via the canonical ALK/SMAD and Rho
GTPase pathways, and the TGF-al-activated hepatic
stellate cells model is a well-recognized culture model
(Huang et al. 2011; Liu et al. 2016; Lv et al. 2020;
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Fig. 3 Silencing of CD147 inhibits Hedgehog signaling in
activated HSCs. TGF-al, si-CD147, and/or SAG (a Hedgehog
signaling activator) were applied to LX-2 cells at indicated
concentrations for 24 h. a ELISA analyseis of Shh levels in cell
supernatant. b Western blots analyses of protein levels of

Ohyama et al. 2012; Shimada et al. 2011). Besides,
TGF-al was identified to regulate a series of gly-
colytic genes to promote glycolysis in many diseases
such as renal fibrosis, osteoarthritis, and glioblastoma
(Ding et al. 2017; Rodriguez-Garcia et al. 2017; Wang
et al. 2018). However, it remains unclear whether
TGF-al promotes hepatic stellate cells activation by
regulating glycolysis. Furthermore, TGF-al is also
regarded as an important inducer that triggers Hedge-
hog signaling activation (Thayer et al. 2003). TGF-a1
upregulates major Hedgehog signaling molecules shh
and Gli expression in many diseases such as interstitial
renal fibrosis, ovarian and oral squamous cell carci-
nomas. The role of TGF-ol in the regulation of
Hedgehog signaling in the development of hepatic
fibrosis is yet to be explored. Our previous study
revealed that TGF-a1 elevated CD147 expression in
HSCs. In this study, we verified again that CD147
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Patched, Smo, and Hhip. ¢ Western blots analyses of protein
levels of Gli in the cytosol, and nuclear extracts, respectively.
d Immunofluorescence analyses of Gli distribution, scale bar: 50
pm. ***¥p<0.001vs.control; ##p<0.01vs.TGF-o1+4snc-RNA;
&p<0.05vs. TGF-al+si-CD147

expression was significantly increased in TGF-al
activated HSCs. Further investigation found that the
silencing of CD147 markedly inhibited levels of a-
SMA, collagen I in activated HSCs. Consistent with
our previous reports that CD147 over-expression
promoted HSCs transdifferentiation (Li et al.
2015a, b). These findings lead us to aim at CD147
how to mediate HSCs activation. Interestingly, our
experimental data proved the regulation of aerobic
glycolysis was a vital molecular event and an essential
step in CD147’ profibrotic process.

Aerobic glycolysis is observed in rapidly prolifer-
ating tumor cells, and this phenomenon is called the
“Warburg effect”. Similar to the tumor cells Warburg
effect, several recent studies suggest that induction of
aerobic glycolysis is a driving force of the quiescent
HSCs differentiate into myofibroblast (Gao et al.
2019; Lian et al. 2016; Wang et al. 2019). CD147, a
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Fig. 4 CD147 regulated glycolysis-mediated HSCs activation
through Hedgehog signaling. TGF-al,si-CD147, and/or SAG
were applied to LX-2 cells at indicated concentrations for 24 h.
Measurement of glycolysis parameters including glucose uptake
(a), intracellular levels of lactate (b), and activities of LDH (c).
Measurement of HK2, Glut] mRNA (d, e) and protein (f) levels

tumor-associated antigen, contributes to regulating
glucose metabolism in HCC, lung adenocarcinoma
(LUAD), and thyroid cancer (TC) (Huang et al.
2014, 2018; Zhang et al. 2020). Huang et al. (2014)
reported CD147 promotes glucose metabolism repro-
gramming and cell proliferation by inhibiting p53-
dependent signaling, which indicates the CD147 effect
in maintaining the aerobic glycolysis process related
to HCC. Zhang et al. (2020) found that CD147
promoted aerobic glycolysis depending on MCT1 and
MCT4 in LUAD. However, there is no exact evidence,
which supports aerobic glycolysis of HSCs have a
positive relationship with CD147 in hepatic fibrosis. In
our study, we hypothesized that HSCs activation could
be regulated by aerobic glycolysis, and silencing
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by real-time PCR and western blots. Measurement of a-SMA,
collagen I mRNA (g, h) and protein (i) levels by real-time PCR
and western blots.***p < 0.001 vs. control; ###p < 0.001 vs.
TGF-al4snc-RNA; &p < 0.05, &&p < 0.01, &&&p < 0.001
vs. TGF-a1+4-si-CD147

CD147 could inhibit HSC activation through decreas-
ing aerobic glycolysis. We uncovered that o-SMA and
collagen I expression were downregulated after the
use of glycolysis inhibitors in HSCs. Our observations
verified again that HSCs activation is potently sup-
pressed by inhibition of aerobic glycolysis. Further-
more, si-CD147 effectively blocked the aerobic
glycolysis, evidenced by reduced glucose uptake,
decreased lactate production, and downregulation of
two key rate-limiting enzymes. Taken together, The
HSC:s activation was disrupted by blockade of aerobic
glycolysis, which was mediated by CD147.
Hedgehog signaling is involved in regulating
embryogenesis and tissue regeneration and contributes
to fibrogenesis in various tissues (Hu et al. 2015). It
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has been reported that a positive correlation between
hepatic fibrosis degree and activation of the Hedgehog
signaling (Guy et al. 2012; Swiderska-Syn et al. 2013).
Moreover, Yan et al. have shown that Hedgehog
signaling can activate HSCs to promote hepatic
fibrosis while inhibiting the Hedgehog signaling can
prevent the trans-differentiation from HSCs to myofi-
broblasts (Yan et al. 2020). Furthermore, multiple
latest studies show that blockage of the Hedgehog
signaling can inhibit HSCs activation and decreased
hepatic fibrosis (Feng et al. 2019; Gao et al. 2019; Hu
et al. 2019; Shen et al. 2020). Interestingly, several
researchers have found that the Hedgehog signaling
during HSCs activation contributed to mediating the
reprogramming of glucose metabolic (Chen et al.
2012; Gao et al. 2019; Lian et al. 2016). In our study,
we have identified that si-CD147 inhibited HSCs
activation, which is induced by aerobic glycolysis.
Therefore, we supposed whether CD147 regulated
HSCs activation and HSCs aerobic glycolysis via the
Hedgehog signaling. Our data have revealed that
CD147 silencing significantly reduced Shh, Patched,
and Smo but increased Hhip expression in HSCs.
Meanwhile, CD147 silencing suppressed Glil translo-
cation from cytoplasm to nuclear in activated HSCs.
Moreover, the Hedgehog pathway agonist SAG
markedly rescued the Hedgehog signaling key protein,
HSC fibrosis marker molecule, and glycolysis-related
factor expression in si-CD147-treated activated HSCs.
These results indicate that CD147 regulated glycoly-
sis-mediated HSCs activation through Hedgehog
signaling. However, the exact molecular mechanism
of CDI147 on regulating the Hedgehog signaling
promoted aerobic glycolysis in HSCs remains unclear
and requires further investigations.

Certainly, our study has several limitations. First,
further in vivo and clinical researches are required to
verify our experimental results in vitro. Second, the
specific molecular mechanism between CD147 and
Hedgehog signaling in HSCs aerobic glycolysis needs
to be investigated. These limitations will be further
improved in our next work.

In summary, our work illustrates that CD147 is
overexpressed in activated HSCs, and silencing of
CD147 significantly suppresses the activation of
HSCs, which is related to the inhibition of HSCs
aerobic glycolysis. Moreover, these effects are closely
related to the regulation of Hedgehog signaling
mediated by CD147. In conclusion, Our experimental

@ Springer

results show that the regulation of HSCs aerobic
glycolysis by CD147 may represent novel molecular
basis and therapeutic target for hepatic fibrosis.
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