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Abstract
Sparc/osteonectin, cwcv, and kazal-like domain proteoglycan 1 (SPOCK1) is a matricellular protein which regulates cell
proliferation, invasion, and survival but the function of SPOCK1 in liver fibrosis is obscure. In this study, we found that
SPOCK1 expression increased significantly in fibrotic liver tissues and activated primary rat hepatic stellate cells
(R-HSCs). SPOCK1 co-localized with α-smooth muscle actin (α-SMA) in the cytoplasm. Mechanistically, we found
platelet-derived growth factor-BB (PDGF-BB) induced SPOCK1 expression by activating the PI3K/Akt/forkhead box
M1 (FoxM1) signaling pathway. Intracellular SPOCK1 downregulation decreased the HSC activation, proliferation, and
migration induced by PDGF-BB. Furthermore, intracellular SPOCK1 overexpression or recombinant SPOCK1 treatment
promoted HSC activation, proliferation, and migration by activating the PI3K/Akt signaling pathway. Co-
immunoprecipitation, double immunofluorescence staining indicated that SPOCK1 interacted with integrin α5β1, and
neutralization of integrin α5β1 significantly reduced the role of recombinant SPOCK1 in HSCs. In vivo HSC-specific
SPOCK1 knockdown following lentivirus administration dramatically ameliorated thioacetamide (TAA)-induced
collagen deposition in rat livers. Collectively, our study indicates that SPOCK1 is crucial for hepatic fibrosis and it might
be a promising therapeutic target.

Introduction

Liver fibrosis is wound-healing response characterized by
excessive extracellular matrix (ECM) deposition [1].
Globally, liver cirrhosis nearly leads to 1.16 million deaths
each year [2], however, treatment remains limited [3].

Hepatic stellate cell (HSC) activation is a key event for liver
fibrogenesis [4], and this process is controlled by multiple
soluble mediators, especially transforming growth factor
(TGF)-β1, platelet-derived growth factor (PDGF), con-
nective tissue growth factor (CTGF), and vascular endo-
thelial growth factor (VEGF) [5]. PDGF is a family of
homodimers or heterodimers, among which PDGF-BB
exerts the strongest pro-fibrogenic effect [6].

Matricellular proteins are a family of soluble cytokines
and matrix-bound proteins that can be intracellular or
secreted [7]. Rather than exert a primary role in tissue
architecture, these nonstructural ECM proteins are typi-
cally restricted to embryonic development, inflammation,
tissue remodeling, and tumor progression [8]. Sparc/
osteonectin, cwcv, and kazal-like domain proteoglycan 1
(SPOCK1), initially identified in the human testis, is a
member of the secreted protein, acidic, and rich in cysteine
(SPARC) family [9]. The SPOCK1 protein is encoded by
SPOCK1 gene, and although its function is unknown,
some studies suggest that its function may be related to
protease inhibition [10, 11]. Several studies have demon-
strated that SPOCK1 regulates cell proliferation, invasion,

* Dean Tian
datian@tjh.tjmu.edu.cn

* Limin Xia
xialimin@tjh.tjmu.edu.cn

1 Department of Gastroenterology, Tongji Hospital of Tongji
Medical College, Huazhong University of Science and
Technology, Wuhan 430030 Hubei Province, China

2 Institute of Liver and Gastrointestinal Diseases, Tongji Hospital of
Tongji Medical College, Huazhong University of Science and
Technology, Wuhan 430030 Hubei Province, China

Supplementary information The online version of this article (https://
doi.org/10.1038/s41374-020-0425-4) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-020-0425-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-020-0425-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-020-0425-4&domain=pdf
mailto:datian@tjh.tjmu.edu.cn
mailto:xialimin@tjh.tjmu.edu.cn
https://doi.org/10.1038/s41374-020-0425-4
https://doi.org/10.1038/s41374-020-0425-4


survival, and promotes the progression of several cancers,
including hepatocellular carcinoma, esophageal squamous
cell carcinoma, colorectal cancer, and gallbladder cancer
[12–15]. In addition, SPOCK1 is a confirmed TGF-β1
target gene in breast cancer cells and lung cancer cells
[16, 17]. Interestingly, SPARC contributes to pro-
fibrogenic HSC responses and liver fibrosis [18, 19].
However, to our knowledge, the function of SPOCK1 in
liver fibrosis has never been reported, nor has the under-
lying mechanism.

In this study, we report the pro-fibrogenic effect of
SPOCK1 in hepatic fibrosis. SPOCK1 is a downstream
molecule of PDGF-BB and it promotes HSC activation,
proliferation, and migration by activating the integrin α5β1/
PI3K/Akt signaling pathway, thus promoting liver fibrosis.
In addition, HSC-specific inhibition of SPOCK1 dramati-
cally ameliorates thioacetamide (TAA)-induced rat liver
fibrosis. This study may therefore identify a potential
interventional target for liver fibrosis.

Materials and methods

Reagents

Recombinant TGF-β1, PDGF-BB, CTGF, and VEGF
were from Peprotech (Rocky Hill, CT, USA). Recombinant
SPOCK1 and neutralizing antibodies against human integ-
rin α5, integrin β1 were from R&D systems (Minnesota,
USA). Neutralizing antibodies against rat integrin α5,
integrin β1 were from BioLegend (San Diego, USA).
PI3K inhibitor LY294002 (HY-10108) and ERK
inhibitor U0126 (HY-12031) were from MedChem Express
(New Jersey, USA). Detailed information of the
reagents was listed in Supplementary Table S1. All the
reagents were used according to the manufacturers’
instructions.

Human liver samples

In total, 50 liver samples were acquired from patients who
received surgery at Tongji Hospital of Tongji Medical
College, Huazhong University of Science and Technology
(HUST), including 10 samples from liver hemangioma
patients and 40 samples from liver cancer patients (the
adjacent liver tissues were confirmed to be cirrhotic by
pathologists). The study acquired approval from the Ethics
Committee of Tongji Hospital, and the study was conducted
following the principles of the Declaration of Helsinki. A
solution of 4% paraformaldehyde was used for fixation and
paraffin was applied for embedding, the samples were used
for immunohistochemical (IHC) or immunofluorescence
(IF) staining.

Rat fibrotic models and HSC-specific gene
knockdown

Rat fibrotic models: we randomly divided male Sprague
Dawley (SD) rats (about 250 g) into a normal group and a
fibrotic group (ten rats per group). In the fibrotic group,
TAA (dissolved using saline, 150 mg/kg body weight) was
injected intraperitoneally into rats two times weekly for
8 weeks to induce chronic hepatic fibrotic models.
Accordingly, an equal volume of PBS was injected into the
rats in the normal group.

HSC-specific gene knockdown: we randomly divided 40
male SD rats (about 250 g) into four groups (n= 10). To
make a HSC-specific gene delivery for SPOCK1 knock-
down, a lentiviral construct comprising the sequences tar-
geted at SPOCK1 (targeted sites: 5′-GCAGTGCTG
GTGCGTGGATAA-3′) was cloned downstream of the rat
α-smooth muscle actin (a-SMA) gene promoter (Genechem,
Shanghai, China), designated as LV-SMA-shSPOCK1-
Flag. The structure of the lentivirus is similar to the con-
struct used by Koo et al., which can specifically target HSCs
[20]. For HSC-specific gene delivery experiments in vivo,
an aliquot of 100 µl 5.0 × 107 TU was administered via tail
vein to each rat in group IV, accordingly, equivalent amount
of the control lentivirus (designated as LV-MOCK) was
administered to rats in group III. After 7 days, the rats in
group II (TAA group), III (TAA+ LV-MOCK group), and
IV (TAA+ LV-SMA-shSPOCK1-Flag group) were injec-
ted with TAA (150 mg/kg body weight) two times weekly
for 6 weeks. As a comparison, the equal volume of PBS was
injected into rats of group I. Forty-eight hours after the last
injection, rats were killed and the tissues used for analysis.
All the animal studies were performed following the
national and international guidelines, and the study acquired
the approvement from the Ethics Committee of Animal
Experiments of Tongji Medical College and supervised by
the Department of Experimental Animals of the Tongji
Medical College, HUST.

Cell culture

SD rats were used for isolation of primary rat HSCs (R-
HSCs) as described previously [21]. The R-HSCs were then
cultivated in DMEM containing 20% FBS [22]. LX-2 (a
human HSC cell line) were acquired from the Institute of
Liver and Gastrointestinal Diseases, HUST and cultivated
in DMEM containing 10% FBS.

IHC and IF staining

The detailed protocols for IHC and IF staining were
described previously [22]. The primary antibodies used in
the IHC assay included SPOCK1, α-SMA, Flag, and
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collagen A1 (COL1A1). We employed negative controls for
staining, and in the negative control group, the primary
antibodies were replaced by PBS. The severity of hepatic
fibrosis was assessed by Masson’s trichrome staining. For
IF staining, the primary antibodies included α-SMA,
SPOCK1, integrin β1, Desmin, and Flag. Digital photos
were obtained using a confocal microscopy or a fluores-
cence microscope (Olympus). The antibodies are listed in
Supplementary Table S1.

Plasmid construction

Standard procedures were used for plasmid construction as
previously described [23]. Relevant primers are listed in
Supplementary Table S2. The (−1781/+48) SPOCK1 pro-
moter construct was produced using human genomic DNA.
The construct represented the sequence from −1781 to +48
(versus the transcriptional start site (TSS)) of the 5′-flanking
region of the human SPOCK1 gene. The construct was pro-
duced using the primers which incorporated KpnI and MluI
sites at the 5′ and 3′-ends, respectively. The PCR product was
then cloned into the KpnI and MluI sites of the pGL3-Basic
vector (Promega, USA). The 5′-flanking deletion constructs
of the SPOCK1 promoter, (−1356/+48) SPOCK1, (−741/
+48) SPOCK1, (−237/+48) SPOCK1, (−50/+48)
SPOCK1, were produced, and the (−1781/+48) SPOCK1
construct was applied as template. The QuikChange II Site-
Directed Mutagenesis Kit (Stratagene, CA, USA) was applied
for site-directed mutation in the SPOCK1 promoter. DNA
sequencing was conducted to verify the constructs.

Construction of lentivirus and stable cell lines

Lentiviral vectors containing shRNAs were purchased from
Genechem (Shanghai, China), separately designated as
human LV-shSPOCK1 (targeted sites: 5′-GCTTTCGA-
GACGATGATTATT-3′) and rat LV-shSPOCK1 (targeted
sites: 5′-GCAGTGCTGGTGCGTGGATAA-3′), “LV-sh
control” is a nontarget shRNA. Lentiviral vectors encoding
the human and rat SPOCK1 genes were purchased from
Genechem and designated as human and rat LV-SPOCK1.
The “LV-control” is an empty vector. The multiplicity of
infection for lentivirus transfection is 100, in the presence of
polybrene. Seventy-two hours after infection, puromycin
(OriGene) was applied for 2 weeks for HSC cells selection.
After confirming the transfection efficiency, the stable
knockdown and overexpressing HSC cells were used for the
further experiments.

SiRNA, plasmid transient transfection

The human FoxM1 siRNA and relevant control siRNA
were from Riobio (Guangzhou, China). Human SPOCK1

plasmid was from Genechem. The siRNA or plasmid
transfection was performed following the standard protocols
using Lipofectamine 3000 (Invitrogen). The real-time PCR
and western blotting analyses were conducted to verify the
transfection efficiency. The sequences of siRNA are pre-
sented in Supplementary Table S2.

Luciferase reporter assay

A dual luciferase assay (Promega) was conducted to detect
the luciferase activity following standard protocols descri-
bed previously [23]. The transfected cells were lysed, sub-
sequently, the lysates were centrifuged at the maximum
velocity for 1 min. Relative luciferase activity was detected
applying a ModulusTM TD20/20 Luminometer (Turner
Biosystems, USA), and the Renilla activity was used as the
control for the normalization of transfection efficiencies.

RNA extraction and quantitative real-time PCR
(qRT-PCR)

The standard procedures for RNA extraction and qRT-PCR
were described previously [22]. The primer sequences are
presented in Supplementary Table S2.

Western blotting and co-immunoprecipitations
(co-IP)

The standard protocol for western blotting assay was
described previously [22]. Protein was extracted from liver
tissue, R-HSCs, and LX-2 cells. After electrophoresis, the
membranes were treated with specific antibodies overnight
at 4 °C, and then incubated with secondary antibodies. An
ECL assay kit (Peptbio, Wuhan, China) was used to detect
the blots. For the co-IP assay, 1% NP-40 buffer (Promoter)
was applied for cell lysis, and the supernatants were incu-
bated with protein G-Sepharose beads conjugated with
mouse anti-SPOCK1 or anti-IgG antibody overnight at 4 °C.
Subsequently, western blotting assay was performed to
detect the samples. Detailed antibodies information is pre-
sented in Supplementary Table S1.

Chromatin immunoprecipitation analysis (ChIP)

The standard procedures for ChIP analysis were described
previously [24]. Briefly, the LX-2 were soaked in 1% for-
maldehyde for cross-linking and quenched using glycine
before harvest and sonication. Then, the sheared chromatin
got incubation with primary antibodies against FoxM1 and
isotype control IgG for 2 h, together with protein G-
Sepharose beads and herring sperm DNA. After retrieval
from beads, the immunoprecipitated DNA was purified.
Subsequently, qRT-PCR analysis was utilized to quantify
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the corresponding binding site on the promoter. The primer
sequences are shown in Supplementary Table S2.

Cell counting kit-8 (CCK-8) analysis

CCK-8 analysis was performed to detect HSC proliferation
capability, and the detailed procedures were described
previously [22].

Transwell analysis

Transwell analysis was conducted to assess HSC migratory
ability, following the previous protocol [22]. Briefly, 2 ×
104 cells were resuspended in 200 μl DMEM (serum-free),
and then plated in the upper chamber (8 μm, Corning,
USA), 600 μl DMEM containing 20% FBS (or PDGF-BB
(20 ng/ml) or rSPOCK1 (100 ng/ml)) was added to the
bottom chamber. After 48 h, cells which had migrated to the
lower layers got fixed with methanol and stained using
crystal violet, and then photos were taken using a micro-
scope and numbers were recorded. Five fields of each insert
were counted, the means were calculated, and this analysis
was conducted thrice.

Hydroxyproline assay

Hydroxyproline content was evaluated in liver samples
obtained at the end of the in vivo experiment and deter-
mined by a clinical test kit (Jiancheng, Nanjing, China)
according to the standard protocol.

Quantification and statistical analysis

SPSS software (version 19.0) was adopted for statistical
analysis. Data from at least three independent experiments
were presented as the mean ± SD. Student’s t test and
ANOVA were adopted to analyze the data. Pearson’s rank
correlation test was applied to determine the correlation
coefficients. When P < 0.05, the statistical significance was
confirmed.

Results

SPOCK1 expression is upregulated in liver fibrosis
and HSC activation

Human normal liver tissues and cirrhotic liver tissues were
detected. IHC analysis revealed that the cirrhotic liver tis-
sues had larger fibrotic areas, as shown by Masson’s tri-
chrome staining, higher α-SMA and higher SPOCK1
expression than those of normal liver tissues (Fig. 1a).
Furthermore, α-SMA and SPOCK1 levels were

significantly higher in cirrhotic tissues (Fig. 1b, c). In the
analysis of a human cirrhotic liver cohort database
(GSE25097), SPOCK1 mRNA level was positively corre-
lated with α-SMA in cirrhotic liver (Fig. 1d). These results
indicate that SPOCK1 is upregulated in the liver of cirrhosis
patients, suggesting that SPOCK1 might play a role in HSC
activation.

Next, we analyzed SPOCK1 expression in normal and
TAA-induced fibrotic rats liver tissues. IHC analysis also
revealed larger fibrotic areas and higher α-SMA and
SPOCK1 expression in fibrotic group (Fig. 1e). Then, we
isolated and cultured R-HSCs, which were quiescent on the
first day and activated on the tenth day. SPOCK1 expres-
sion increased significantly following R-HSC activation
(Fig. 1f).

Furthermore, double IF staining of SPOCK1 and α-SMA
was performed using the human cirrhotic liver tissues and
activated R-HSCs. The results show that SPOCK1 co-
localized with α-SMA both in liver tissue and R-HSCs,
indicating that SPOCK1 was localized in the cytoplasm of
HSCs (Fig. 1g, h). These data demonstrate that SPOCK1 is
upregulated in liver fibrosis and HSC activation and might
be involved in the pathogenesis of hepatic fibrogenesis.

PDGF-BB upregulates expression of SPOCK1 by
activating the PI3K/Akt/FoxM1 signaling pathway

To determine the potential upstream regulatory factors of
SPOCK1, LX-2 cells, and R-HSCs were treated with
equivalent concentration of recombinant TGF-β1, PDGF-
BB, CTGF, and VEGF. TGF-β1 and PDGF-BB sig-
nificantly increased SPOCK1 expression, and PDGF-BB
exerted a stronger effect, while the effect of CTGF and
VEGF was insignificant (Fig. 2a). Next, we examined
whether PDGF-BB promoted SPOCK1 expression by
transactivating its promoter. LX-2 cells were subjected to
PDGF-BB after transfecting a reporter plasmid containing
the SPOCK1 gene ((−1781/+48) SPOCK1) promoter. The
results of luciferase reporter assay demonstrated that the
SPOCK1 promoter activity increased dramatically after
PDGF-BB treatment (Fig. 2b, left).

To clarify the exact location of potential transcription
factors on the SPOCK1 promoter that respond to PDGF-BB
regulation, the truncated or mutant SPOCK1 promoter
sequences were generated into reporter plasmid constructs.
These plasmids were then transfected into LX-2 cells to
evaluate their response to PDGF-BB treatment. The data
showed deletion from nt-1356 to nt-741 dramatically
reduced PDGF-BB-enhanced SPOCK1 promoter activity,
suggesting that the sequence was critical for PDGF-BB-
induced SPOCK1 promoter activity. Notably, this region
contained three forkhead box M1 (FoxM1) putative binding
sites. Interestingly, mutation of FoxM1 putative binding site
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Fig. 1 SPOCK1 expression is upregulated in liver fibrosis and
HSC activation. a Representative images of immunohistochemical
(IHC) analysis for α-SMA and SPOCK1 and Masson’s trichrome
staining in human normal and cirrhotic liver tissues. Scale bars:
100 μm. b The mRNA levels of α-SMA and SPOCK1 in normal (n=
10) and cirrhotic human liver tissues (n= 40) was evaluated by RT-
qPCR analysis. c Analysis of α-SMA and SPOCK1 protein levels in
normal liver tissues (n= 3) and cirrhotic human liver tissues (n= 5)
by western blotting analysis. d Pearson’s correlation analysis of
α-SMA and SPOCK1 mRNA levels in a cohort of fibrosis patients

(GSE25097) (n= 46). e Representative images of IHC analysis for
α-SMA and SPOCK1 and Masson’s trichrome staining in rat normal
and TAA-induced fibrotic liver tissues. Scale bars: 100 μm. f The
α-SMA and SPOCK1 levels in quiescent (1 day) and activated
(10 day) R-HSCs were detected using RT-qPCR analysis and western
blotting analysis. g SPOCK1 and α-SMA were co-stained in human
cirrhotic liver tissues by immunofluorescence. Scale bars: 50 μm.
h SPOCK1 and α-SMA were co-stained in activated R-HSCs by
immunofluorescence. Scale bars: 20 μm. ***P < 0.001 vs. control.
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Fig. 2 PDGF-BB upregulates expression of SPOCK1 by activating
the PI3K/Akt/FoxM1 signaling pathway. a LX-2 cells and R-HSCs
were exposed to equivalent concentration (20 ng/ml) of recombinant
TGF-β1, PDGF-BB, CTGF, and VEGF for 48 h (DMSO as control),
followed by RT-qPCR and western blotting analyses to detect
SPOCK1 expression. b (Left) Relative luciferase activity was eval-
uated in LX-2 cells after transfection of the reporter plasmid con-
taining the SPOCK1 promoter and incubated with PDGF-BB (20 ng/
ml) for 48 h or not. (Right) Serially truncated and mutated SPOCK1
promoter constructs were cloned into pGL3-luciferase reporter plas-
mids. After plasmids transfection, LX-2 were subjected to PDGF-BB,

then the luciferase activity was detected. c After FoxM1 siRNA
transfection, LX-2 were subjected to PDGF-BB (20 ng/ml) or not.
Forty-eight hours after PDGF-BB treatment, the promoter activity and
level of SPOCK1 were assessed. d After LY294002 or U0126 (25 μM)
pretreatment for 2 h, LX-2 were subjected to PDGF-BB (20 ng/ml) for
48 h or not. The levels of SPOCK1, phosphorylation, and expression
of Akt and ERK were evaluated. e Direct binding between FoxM1 and
SPOCK1 promoter was assessed by ChIP analysis, which was induced
by PDGF-BB through activation of the PI3K/Akt signaling pathway.
***P < 0.001; **P < 0.01; #, not significant vs. control.
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1 significantly attenuated PDGF-BB-induced SPOCK1
promoter activity, whereas mutation of FoxM1 putative
binding site 2 or 3 had no significant effect (Fig. 2b, right).
In addition, a luciferase reporter assay demonstrated that
FoxM1 knockdown obviously suppressed PDGF-BB-
mediated SPOCK1 promoter transactivation. RT-qPCR
and western blotting analyses also showed that FoxM1
knockdown significantly decreased PDGF-BB-induced
SPOCK1 expression (Fig. 2c).

Mechanistically, PDGF-BB activates the canonical
downstream effectors Akt and ERK, and subsequently
mediates transcription of pro-fibrogenic genes [25]. To
elucidate which pathway is involved in PDGF-BB-mediated
SPOCK1 expression, LX-2 were incubated with PI3K
inhibitor (LY294002) and ERK inhibitor (U0126) before
subjected to PDGF-BB treatment. Pretreatment of cells with
LY294002 reduced PDGF-BB-induced SPOCK1 expres-
sion. However, U0126 pretreatment exerted no obvious
effect (Fig. 2d). Furthermore, the ChIP analysis results
showed that LY294002 notably decreased the binding of
FoxM1 to SPOCK1 promoter, while U0126 exerted no
obvious effect (Fig. 2e). Collectively, the results indicate
that PDGF-BB upregulates the expression of SPOCK1 in
HSCs by activating the PI3K/Akt/FoxM1 signaling
pathway.

Intracellular SPOCK1 mediates PDGF-BB-induced
HSC activation, proliferation, and migration

PDGF-BB is a strong promotor of HSC activation, pro-
liferation, and migration [6, 26, 27]. To determine whether
intracellular SPOCK1 mediates PDGF-BB-induced pro-
fibrogenic responses, we stably downregulated SPOCK1
expression in LX-2 cells and R-HSCs by lentiviral trans-
fection, the corresponding cells were designated as “sh
control” and “shSPOCK1” cells; then, the indicated cells
were subjected to PDGF-BB. The results showed that
PDGF-BB significantly enhanced α-SMA and COL1A1
levels, on the contrary, SPOCK1 downregulation attenuated
PDGF-BB-induced HSC activation (Fig. 3a). In addition,
CCK-8 and Transwell analyses separately showed that
PDGF-BB significantly enhanced HSC proliferation and
migration, which were decreased due to SPOCK1 knock-
down (Fig. 3b, c).

Furthermore, knockdown of SPOCK1 significantly
decreased PDGF-BB-enhanced expression of CyclinB1,
CyclinD1, matrix metalloproteinase (MMP) 2 and MMP9
in LX-2 cells (Fig. 3d), and R-HSCs (Supplementary
Fig. S1a) without affecting the expression of CyclinE1.
These results suggest that intracellular SPOCK1 mediates
PDGF-BB-induced HSC activation, proliferation, and
migration.

Intracellular SPOCK1 regulates HSC activation,
proliferation, and migration by activating the PI3K/
Akt signaling pathway

Next, we investigated whether intracellular SPOCK1 itself
regulated the pro-fibrogenic response of HSCs. We stably
upregulated SPOCK1 expression in LX-2 cells and R-HSCs
by lentiviral infection, and the corresponding cells were
designated as “control” and “SPOCK1” cells. To determine
which signaling pathway is regulated by altering SPOCK1
expression, the phosphorylated level and total expression of
Akt, ERK, JNK, and p38 were assessed, which were
reported to regulate HSCs biological function [22]. The
results showed that SPOCK1 knockdown decreased Akt
phosphorylation, while SPOCK1 overexpression increased
Akt phosphorylation, without affecting the expression of
total Akt. However, altering SPOCK1 expression did not
affect the levels of phosphorylated and total ERK, JNK, and
p38 (Fig. 4a). These data suggest that intracellular SPOCK1
activates the PI3K/Akt signaling pathway.

Next, further studies were conducted to investigate
whether SPOCK1 can regulate pro-fibrogenic HSCs
responses by activating the PI3K/Akt signaling pathway.
The LX-2 and R-HSCs with stable overexpression of
SPOCK1 and the control cells were administered with
LY294002, and HSC activation, proliferation, and migra-
tion were analyzed. SPOCK1 overexpression dramatically
upregulated α-SMA and COL1A1 expression, and
enhanced proliferation and migration capability of HSCs,
however, treatment with LY294002 significantly decreased
the effect of SPOCK1 overexpression (Fig. 4b–d).

Moreover, inhibition of the PI3K/Akt signaling pathway
significantly decreased intracellular SPOCK1-induced
CyclinB1, cyclinD1, MMP2, and MMP9 expression in
HSCs (Fig. 4e and Supplementary Fig. S1b). These data
suggest that intracellular SPOCK1 regulates HSC activa-
tion, proliferation, and migration by activating PI3K/Akt
signaling.

Recombinant SPOCK1 (rSPOCK1) regulates HSC
activation, proliferation, and migration by
activating PI3K/Akt signaling

As a matricellular protein, SPOCK1 can remain intracellu-
larly or be secreted into the ECM. Thus, we utilized
rSPOCK1 to further evaluate the role of SPOCK1 in HSCs.
LX-2 cells were subjected to rSPOCK1, and the phos-
phorylation and expression of Akt, ERK, JNK, and p38
were analyzed using western blotting. These results show
that rSPOCK1 treatment promoted Akt phosphorylation
without affecting the expression of total Akt. However,
rSPOCK1 did not affect the levels of phosphorylated and
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Fig. 3 Intracellular SPOCK1 mediates PDGF-BB-induced HSC
activation, proliferation, and migration. a LX-2 cells and R-HSCs
were separately transfected with SPOCK1-knockdown lentivirus
(shSPOCK1) or the control lentivirus (sh control). Then, the stably
transfected cells were subjected to PDGF-BB (20 ng/ml) or not for
48 h. HSC activation markers (α-SMA and COL1A1) were measured

by RT-qPCR and western blotting analyses. b Proliferation was
assessed by CCK-8 analysis. c Migration was measured by Transwell
analysis. Scale bars: 100 μm. d RT-qPCR and western blotting ana-
lyses were conducted to detect CyclinB1, CyclinD1, CyclinE1,
MMP2, and MMP9 levels in LX-2 cells. ***P < 0.001; **P < 0.01;
*P < 0.05; #, not significant vs. control.
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Fig. 4 Intracellular SPOCK1 regulates HSC activation, prolifera-
tion, and migration by activating the PI3K/Akt signaling pathway.
SPOCK1-knockdown lentivirus (shSPOCK1) or the control lentivirus
(sh control), and SPOCK1-overexpressing lentivirus (SPOCK1) or the
control lentivirus (control) were separately transfected into LX-2 cells.
Puromycin used to select the stable transfected cells for 2 weeks. Then,
the indicated cells were plated in the six-well plates. After 48 h, the
protein was extracted. The SPOCK1 expression and phosphorylation
and expression of Akt, ERK, JNK, and p38 were determined. a The
indicated lentivirus stable transfected HSC cells were plated in six-well

plate on the first day. On the second day, the cells were subjected to
LY294002 (25 μM) for 2 h. After culturing for another 48 h, the
mRNA and protein levels of α-SMA and COL1A1 were detected. b
Proliferation was assessed by CCK-8 analysis. c, d Migration was
measured by Transwell analysis. e The indicated lentivirus stable
transfected LX-2 were plated on the first day. On the second day, the
cells were subjected to LY294002 (25 μM) for 2 h. After culturing for
another 48 h, the expression of CyclinB1, CyclinD1, MMP2, and
MMP9 in indicated LX-2 cells was assessed by RT-qPCR and western
blotting analyses. ***P < 0.001, **P < 0.01, *P < 0.05 vs. control.
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total MAPKs (Supplementary Fig. S2a). These data suggest
that extracellular SPOCK1 treatment also activates the
PI3K/Akt signaling pathway.

To investigate whether rSPOCK1 exerted its effect by
activating the PI3K/Akt signaling pathway, HSCs were
pretreated with LY294002 and then treated with rSPOCK1,
subsequently, HSC activation, proliferation, and migration

were analyzed. Similarly, LY294002 treatment dramatically
abolished rSPOCK1-enhanced expression of α-SMA and
COL1A1, proliferation, and migration of HSCs (Supple-
mentary Fig. S2b–d).

Moreover, LY294002 treatment significantly decreased
rSPOCK1-induced cyclinB1, cyclinD1, MMP2 and MMP9
expression in LX-2 cells (Supplementary Fig. S2e), and R-
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HSCs (Supplementary Fig. S1c). These data suggest that
rSPOCK1 regulates HSC activation, proliferation, and
migration by activating the PI3K/Akt signaling pathway.

SPOCK1 interacts with integrin α5β1 and
upregulates HSC activation, proliferation, and
migration by activating the PI3K/Akt signaling
pathway

Several matricellular proteins, such as osteopontin and
periostin, have been reported to promote HSCs collagen
synthesis, proliferation, and migration by interacting with
various integrin subtypes [28, 29]. However, it has never
been reported whether SPOCK1 interacts with integrins. To
date, the integrins that are expressed in HSCs include
integrin α1β1, α2β1, α5β1, α6β4, α8β1, αvβ1, αvβ3, αvβ5,
αvβ6, αVβ8, α8β1, and α11β1 [30, 31]. To determine
whether SPOCK1 interacts with integrins, co-IP was per-
formed to analyze the immunoprecipitates from Flag-tagged
SPOCK1-transfected LX-2 cells. The data reveal that
SPOCK1 interacted with integrin α5β1 (Fig. 5a). In addi-
tion, the interaction between SPOCK1 and integrin β1 was
confirmed by double IF staining in LX-2 cells (Fig. 5b).
Next, specific neutralizing antibodies against integrin α5
(anti-α5) or integrin β1 (anti-β1) were used to determine
whether blocking integrin α5 or integrin β1 attenuated
rSPOCK1-induced HSCs fibrogenic responses. The data
demonstrate that anti-α5 and anti-β1 dramatically abolished
rSPOCK1-induced α-SMA and COL1A1 expression, pro-
liferation, and migration of HSCs, and a combination of
anti-α5 and anti-β1 exerted a synergistic inhibitory effect
(Fig. 5c–e and Supplementary Fig. S3a–c).

Moreover, blocking integrin α5 or integrin
β1 significantly decreased rSPOCK1-induced CyclinB1,

CyclinD1, MMP2 and MMP9 expression, and the phos-
phorylation of Akt (Fig. 5f and Supplementary Fig. S3d).
These data suggest that SPOCK1 interacts with integrin
α5β1, activates the intracellular PI3K/Akt signaling path-
way, and subsequently promotes HSC activation, pro-
liferation, and migration.

HSC-specific SPOCK1 knockdown alleviates TAA-
induced rat liver fibrosis

To investigate the effect of HSC SPOCK1 in liver fibrosis,
we made a lentiviral SMA-shSPOCK1-Flag (LV-SMA-
shSPOCK1-Flag) delivery system (a construct composed of
the sequences targeting SPOCK1 downstream of the α-
SMA promoter) and injected the packaged lentivirus into
rats via the tail vein to accomplish HSC-specific SPOCK1
knockdown (Fig. 6a). The rats were sacrificed for analysis
6 weeks after TAA or PBS injection. The successful
delivery of LV-SMA-shSPOCK1-Flag to HSCs was eval-
uated by selective Flag expression in the perisinusoidal area
and by Flag co-staining with desmin-positive cells (Fig. 6a,
left and middle). Furthermore, HSC-specific delivery was
verified by using isolated R-HSCs, and western blotting
analysis showed that Flag was only expressed in R-HSCs
from rats that had been injected with LV-SMA-shSPOCK1-
Flag rather than with LV-MOCK (Fig. 6a, right). Subse-
quently, IHC staining showed that TAA administration
dramatically increased collagen deposition (represented by
Masson’s trichrome staining), α-SMA and COL1A1
expression, which were significantly ameliorated as a con-
sequence of HSC-specific SPOCK1 inhibition (Fig. 6b). In
addition, LV-SMA-shSPOCK1-Flag administration sig-
nificantly reduced the hydroxyproline content in the liver,
which increased significantly after TAA administration
(Fig. 6c). Moreover, HSC-specific SPOCK1 knockdown
significantly decreased the serum ALT and AST level in
rats which were enhanced by TAA treatment (Supplemen-
tary Fig. S4). Furthermore, α-SMA, COL1A1, CyclinB1,
CyclinD1, MMP2, and MMP9 expression decreased dra-
matically in LV-SMA-shSPOCK1-Flag-administered rats
compared with those in the LV-MOCK-administered rats,
both in the liver tissues and in freshly isolated R-HSCs
(Fig. 6d, e). Taken together, these results indicate that HSC-
specific SPOCK1 inhibition ameliorates TAA-induced liver
fibrosis.

Discussion

Liver fibrosis is generally orchestrated by five essential
components: macrophages, myofibroblasts, matrix,
mechanics, and miscommunication [32], suggesting that
interaction between the matrix and HSCs might play a

Fig. 5 SPOCK1 interacts with integrin α5β1 and upregulates HSC
activation, proliferation, and migration by activating the PI3K/
Akt signaling pathway. After Flag-tagged SPOCK1 plasmid trans-
fection, LX-2 lysates were immunoprecipitated using SPOCK1 anti-
body and isotype normal IgG antibody. Western blotting analysis was
performed to detect integrin −α1, −α2, −α5, −α6, −α8, −α11, −αv,
−β1, −β3, −β4, −β5, −β6, and −β8 and SPOCK1 in this immuno-
precipitation. a Double immunofluorescence staining of SPOCK1 and
integrin β1 in LX-2 cells. Scale bars: 20 μm. b LX-2 cells were sub-
jected to rSPOCK1 (100 ng/ml) for 48 h with specific neutralizing
antibodies against integrin α5 (5 μg/ml), integrin β1 (5 μg/ml), or both,
subsequently, α-SMA and COL1A1 levels were analyzed. d CCK-8
analysis of LX-2 cells after treatment with rSPOCK1 (100 ng/ml) with
or without neutralizing antibodies against integrin α5 (5 μg/ml),
integrin β1 (5 μg/ml), or both. e Transwell analysis of LX-2 cells
towards rSPOCK1 (100 ng/ml) with or without neutralizing antibodies
against integrin α5 (5 μg/ml), integrin β1 (5 μg/ml), or both. f LX-2
cells were subjected to rSPOCK1 (100 ng/ml) with or without neu-
tralizing antibodies against integrin α5 (5 μg/ml), integrin β1 (5 μg/ml),
or both. Forty-eight hours later, the expression of CyclinB1, CyclinD1,
MMP2, MMP9, p-Akt, and Akt in LX-2 cells were analyzed. ***P <
0.001, **P < 0.01, *P < 0.05 vs. control.
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crucial role in hepatic fibrogenesis. As a component of
ECM, matricellular protein SPOCK1 acts as an oncogene in
various cancers, including hepatocellular carcinoma,

esophageal squamous cell carcinoma, colorectal cancer,
gallbladder cancer, breast cancer, lung cancer, prostate
cancer [12–17, 33], etc. The oncogenic role of SPOCK1 is
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primarily achieved by inducing proliferation, invasion, and
inhibiting apoptosis. In this study, we demonstrated that
SPOCK1 exerted a profound pro-fibrotic role in liver
fibrosis.

Several cytokines are involved in pro-fibrogenic HSC
responses, such as TGF-β1, PDGF, CTGF, and VEGF [5].
Our data demonstrate that TGF-β1 and PDGF-BB both
upregulated SPOCK1 expression in HSCs, and this result is
consistent with studies that SPOCK1 is a target gene of
TGF-β1 [16, 17]. However, we found that PDGF-BB
exerted a stronger effect on SPOCK1 expression in HSCs,
which attracted our attention and impelled us to investigate
the underlying mechanism; subsequently, we confirmed that
PDGF-BB upregulated SPOCK1 level by activating the
PI3K/Akt/FoxM1 signaling pathway. Interestingly, a pre-
vious study reported that transgenic expression of FoxM1b
induces liver fibrosis in mice [34]. Our results are consistent
with the reported role of FoxM1 in liver fibrosis. Several
studies have shown that PDGF-BB promotes HSC activa-
tion, proliferation, and migration [6, 26, 27]. By gain- and
loss-of-function assays, we found that SPOCK1 not only
mediated the function of PDGF-BB on HSCs but also
promoted pro-fibrogenic HSC responses on its own, sug-
gesting a crucial role for SPOCK1 in liver fibrosis. Con-
gruently, in vivo, when HSC-expressed SPOCK1 was
selectively knockdown, the collagen deposition, markers of
HSC activation, proliferation, and migration all decreased
tremendously.

Next, we made further exploration to elucidate the
underlying mechanism how SPOCK1 activated the intra-
cellular signaling pathways. As secreted proteins,

matricellular proteins exert their roles mainly by interacting
with integrins and subsequently activating the downstream
pathways [7]. Previous studies have shown that osteopontin
binds to integrin αvβ3 and that periostin interacts with
integrin αv on HSCs [28, 29]. By performing co-IP, double
IF staining, we found that SPOCK1 interacted with integrin
α5β1 on HSCs and activated the intracellular PI3K/Akt
signaling pathway. As previously reported, integrin α5β1 is
a fibronectin receptor and is positively associated with HSC
activation [35]. Interestingly, several studies have demon-
strated that SPARC binds to integrin α5 or integrin β1 on
skeletal muscle progenitor cell, hepatocytes, murine lens
epithelial cells, and adipose stromal cells [36–39], thus, the
structural similarity between SPOCK1 and SPARC might
account for these results.

According to previous studies, SPOCK1 regulates the
PI3K/Akt, Wnt/β-catenin and mTOR-S6K signaling path-
ways, and SPOCK1 promotes epithelial–mesenchymal
transition [13–15, 40, 41]. In this study, we primarily
focused on the PI3K/Akt signaling pathway, as it is not only
a vital pathway responsible for liver fibrosis but also a
common downstream pathway of SPOCK1, PDGF-BB, and
integrins. We confirmed that the PI3K/Akt signaling path-
way is critical for both PDGF-BB-induced SPOCK1
expression and SPOCK1-induced HSC activation, pro-
liferation, and migration. There might be a positive feed-
back loop between the PI3K/Akt signaling pathway and
SPOCK1. However, whether SPOCK1 regulates other sig-
naling pathways in HSCs may require further exploration.

In summary, we have established that SPOCK1, which is
upregulated by PDGF-BB by activating the PI3K/Akt/
FoxM1 signaling pathway, promotes pro-fibrogenic HSC
responses, thus promoting liver fibrosis. Moreover,
SPOCK1 exerts its role by activating the integrin α5β1/
PI3K/Akt signaling pathway. HSC-specific SPOCK1
knockdown tremendously attenuates liver fibrosis, poten-
tially by inhibiting HSC activation, proliferation, and
migration (Fig. 6f). Furthermore, this study reports a new
role of SPOCK1 in liver fibrosis, which may be a potential
interventional target for liver fibrosis.
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Fig. 6 HSC-specific SPOCK1 knockdown alleviates TAA-induced
rat liver fibrosis. a Lentiviral SMA-shSPOCK1-Flag delivery to
HSCs in rats. (Left panel) Liver sections were immunostained for Flag.
Arrows indicate Flag-positive cells. Scale bars: 50 and 20 μm. (Middle
panel) Double immunofluorescence staining of Flag and desmin.
Arrows indicate desmin-positive cells. Scale bars: 20 μm. (Right panel)
R-HSCs were isolated at the end of the in vivo experiment, and the
expression of Flag was analyzed by western blotting. b Representative
images of IHC analysis of Masson’s trichrome, α-SMA, COL1A1
(Scale bars: 100 μm) in the four groups (n= 6). c Liver hydroxyproline
content in the four groups (n= 6) was assessed. d Expression of α-
SMA, COL1A1, CyclinB1, CyclinD1, MMP2, MMP9, and SPOCK1
in the liver of LV-MOCK and LV-SMA-shSPOCK1-Flag -adminis-
tered rats were measured by RT-qPCR (n= 6) and western blotting
(n= 4) analyses. e Expression of α-SMA, COL1A1, CyclinB1,
CyclinD1, MMP2, MMP9, and SPOCK1 in freshly isolated R-HSCs
from LV-MOCK and LV-SMA-shSPOCK1-Flag-administered rats
were measured by RT-qPCR and western blotting analyses. f Sche-
matic representation of a working model by which SPOCK1 promotes
liver fibrosis. The expression of SPOCK1 is upregulated by PDGF-BB
by activating the PI3K/Akt/FoxM1 signaling pathway. SPOCK1
interacts with integrin α5β1 to activate the PI3K/Akt signaling path-
way to promote HSC activation, proliferation, and migration. HSC-
specific SPOCK1 knockdown ameliorates TAA-induced liver fibrosis.
***P < 0.001, **P < 0.01, *P < 0.05 vs. control.
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