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Abstract
Background: The extracellular matrix (ECM) component serglycin promotes the epithelial-to-
mesenchymal transition (EMT) and metastasis in an autocrine manner. However, the detailed mechanism
underlying the roles of serglycin in Hepatocellular carcinoma (HCC) metastasis progression remains to be
clari�ed.

Methods: Analyzing 123 patients’ serum by ELISA to investigate the association between serglycin
expression and HCC metastasis and prognosis. Serglycin, CRISPLD2, and YAP were overexpressed or
knocked down with vector or RNAi. The RNA - sequence was used to screen serglycin downstream
effectors, followed by bioinformatics, ChIP-PCR, luciferase, and promoter site mutation to identify novel
target genes. The metastatic abilities of serglycin were demonstrated by a series of in vitro and in vivo
experiments. Immuno�uorescence, �ow cytometry, and western blotting were carried out to demonstrate
the potential mechanisms of serglycin.

Results: We observed that serglycin was overexpressed in HCC tissues and serum, and its level was
associated with metastasis and poor prognosis. By gain- and loss-of-function approaches, we found
serglycin affects migratory motility and metastatic capacity in vitro and in vivo, and it's signi�cantly
associated with the stemness-like properties. Interestingly, serglycin activated the effector YAP of Hippo
pathway, and further study veri�ed the crucial role of serglycin/YAP in tumorigenesis by the DEN-induced
HCC mouse model. Furthermore, the CRISPLD2 was selectively upregulated by serglycin, the axis of
serglycin / YAP / CRISPLD2 regulated metastatic capacity in HCC cells, it revealed CRISPLD2 was the
direct target gene of serglycin-mediated YAP/TEAD1 complex. Besides, serglycin-mediated YAP pathway
enhanced cell sorafenib resistance, sorafenib combined with vertepor�n reversed serglycin-mediated
cellular insensitivity to sorafenib therapy.

Conclusions: Autocrine ECM serglycin plays a crucial role in the process of stemness maintenance,
tumorigenesis, and metastasis via selective reactivation of the novel YAP/CRISPLD2 developmental axis
promotes metastasis and sorafenib resistance in Hepatocellular carcinoma, YAP-TEAD1 inhibitor
vertepor�n reversed serglycin-mediated cellular sorafenib resistance.

Introduction
Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer and third most frequent cause of
cancer-related death [1]. Additionally, HCC is the predominant pathological type of liver cancer,
accounting for more than 80% of liver cancer cases [2]. Each year, hepatocellular carcinoma is diagnosed
in more than half a million people worldwide. Much research has focused on diagnostic strategies to
identify early HCC, and the diagnostic tools commonly used include the serum tumor marker alpha-
fetoprotein (AFP), carcinoembryonic antigen (CEA), radiographic imaging, and liver biopsy. Serum AFP
used alone can be helpful if the levels are markedly elevated, a condition that occurs in fewer than half of
cases at the time of diagnosis, but its sensitivity and speci�city are limited. Therefore, it is necessary to
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investigate speci�c biomarkers involved in the metastatic process at the gene expression and serum
level.

Furthermore, most HCC-associated deaths are caused by metastatic disease rather than primary tumors
[3, 4]. It has important functions in the formation of several types of storage granules and comprises a
17.6-kDa core protein to which eight negatively charged glycosaminoglycan (GAG) chains of either
chondroitin sulfate or heparin are attached [5]. The core protein containing 158 amino acid residues can
be divided into 3 domains: a signal peptide domain, an N-terminal domain with unknown function, and a
C-terminal domain [6]. Although SRGN does not contain a transmembrane domain, it can be
constitutively secreted by hematopoietic cells, endothelial cells, pancreatic acinar cells, and myeloma
cells [7–10]. Moreover, SRGN has been documented to be a secretory product and can easily incorporate
into the ECM or associate with the surfaces of target cells [11–13]. In our previous study, we �rst reported
that SRGN promotes nasopharyngeal carcinoma (NPC) epithelial-to-mesenchymal transition (EMT) and
metastasis in an autocrine manner [11, 14], but the underlying mechanism of SRGN in HCC remains
unknown.

In past decades, the Hippo/YAP pathway has been delineated and shown to play an important role in
animal organ size control, which it exerts by regulating tissue proliferation and apoptosis rates as a
response to developmental cues, cell contact, and density[15]. Yes-associated protein (YAP) is the major
downstream effector of the Hippo pathway, and, not surprisingly, it functions as an oncogene. The YAP
gene is ampli�ed in several human cancers[16], and increased YAP expression and nuclear localization
have been observed in liver cancers, colon cancers, ovarian cancers, lung cancers, and prostate cancers
[17, 18]. YAP expression and nuclear localization strongly correlate with poor patient outcomes and
several tumor progression [19]. YAP1 activation can reversibly increase liver size more than 4-fold, and it
is highly expressed in stem cells [20]. In the intestine, YAP1 can stimulate Notch signaling, and the
administration of g-secretase inhibitors can suppress the intestinal dysplasia caused by YAP1 [21].
However, little is known about the detailed mechanism underlying the relationship between SRGN and
HCC progression.

Sorafenib, an oral multikinase inhibitor with anti-proliferative and anti-angiogenic activity, has been
considered the standard of care for patients with advanced unresectable hepatocellular carcinoma [22].
Unfortunately, HCC resistance to sorafenib is very common. Cancer stem cells (CSCs) have the properties
of self-renewal, differentiation, and resistance to sorafenib therapy or radiotherapy [23]. Although CSCs
represent a small proportion of the tumor cell population, they are key players in tumor initiation,
recurrence, and metastasis [24]. In HCC cells that highly express SRGN, CSCs activated by YAP can lead
to sorafenib resistance, so there is an urgent need to �nd a new targeted therapy.

Materials And Methods

Cell Lines and Cell Culture
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The human HCC cell lines SK-Hep-1, MHCC-97H, MHCC-LM3, Hep3B, HepG2, and LO-2 were routinely
cultured in Dulbecco’s Modi�ed Eagle Medium (DMEM; Gibco; c11995500bt) supplemented with 10%
fetal bovine serum (Invitrogen; 10099141) as well as penicillin (Bioss; bs-10687PA-1). All the cells were
grown at 37 °C in a humidi�ed incubator containing 5% CO2. Further details are available supplementary
methods.

Cell Proliferation Assay
The colorimetric MTS assay (Cell Titer 96 Aqueous One Solution Cell Proliferation Assay) was performed
to determine cancer cell growth and viability as previously reported[25]. Cells (1000 cells/200 µl of
medium) were seeded in a 96-well plate (Corning; 3599) and cultured under standard conditions. At
various time points after seeding, the cells in each well were stained with 20 µl of MTS (Promega; G3580)
for 3 h, and the absorbance value 490 (OD490) was determined using a microplate reader. All the
experiments were independently repeated at least three times.

Transwell Assay
For the Transwell migration assay, 3 × 104 cells in 200 µl of serum-free DMEM was added to the cell
culture inserts with an 8-µm microporous �lter without extracellular matrix coating (Corning; 3428). Next,
800 µl of DMEM medium containing 10% FBS was added to the bottom chamber. After 20 h of
incubation, the cells in the lower surface of the �lter were �xed, stained with 1% crystal violet (TargetMol,
T1343L), and examined. Both experiments were repeated independently three times.

Cytoplasmic and Nuclear Protein Extraction
Adherent cells were grown to 90–100% con�uence, and the cells were washed twice with cold PBS,
followed by aspiration of the buffer. Next, appropriate amounts of cytoplasmic extraction buffer added,
followed by swirling to distribute the lysis buffer over the entire surface of tissue cultures and placing the
cells on ice for 5 min. The lysed cells were scraped with a pipette tip or a transfer pipette, and the cell
lysate was transferred to a pre-chilled 1.5-ml micro-centrifuge tube. The tube was vortexed vigorously for
15 seconds, followed by centrifugation for 5 min at top speed in a microcentrifuge at 4 °C. The
supernatant (cytosol fraction) was transferred to a fresh pre-chilled 1.5-ml tube. Appropriate amounts of
nuclear extraction buffer were added to the pellet, and the mixture was vortexed vigorously for 15
seconds and then incubated on ice for one min. Vortexing was repeated 4 times, 15 seconds each,
followed by incubation for one min. The nuclear extract was immediately transferred to a pre-chilled �lter
cartridge with a collection tube and centrifuged at top speed (14,000–16,000 × g) in a microcentrifuge for
30 seconds. The �lter cartridge was then discarded, and the nuclear extract was stored at -80 °C until use.

Luciferase Assay
After the cultured cells reached 80–95% con�uence, the growth medium was removed and a su�cient
volume of phosphate-buffered saline (PBS) was gently applied to wash the surface of the culture vessel.
The vessel was swirled brie�y to remove detached cells and residual growth medium, and then the rinse
solution was completely removed before applying the lysis buffer. Next, the minimum volume of 1 × Luc-
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Lysis II Buffer required to completely cover the cell monolayer was dispensed into each culture well. The
culture plates were then placed on a rocking platform or orbital shaker with gentle rocking/shaking to
ensure complete and even coverage of the cell monolayer with 1 × Luc-Lysis II Buffer. The culture plates
were rocked at room temperature for 10–15 min. The �nal data = Fire�y luciferase / Renilla luciferase.
The Transfection and Luciferase assay was performed in duplicate and repeated independently at least
three times. The CRISPLD2 promoter sequence is listed in Supplementary 1.

Animal Experiments
All the animal experiments were performed following the protocols approved by the Research Animal
Resource Center of Sun Yat-Sen University (Approval number L102012017005S). All the animal studies
were conducted according to the principles and procedures outlined in the guidelines of the Institutional
Animal Care and Use Committee at Sun Yat-Sen University Cancer Center. Male athymic mice between 4
and 5 weeks of age were obtained from the Beijing Vital River Laboratory Animal Center (Beijing, China)
and maintained under a speci�c pathogen-free environment.

For the tumor metastasis experiments, all the nude mice were randomly divided into 3 groups of 12 mice
each: control, KD#1 and KD#2. Tumor cells (1.5 × 106 cells) were suspended in 50 µl of phosphate-
buffered saline (PBS) and intravenously injected into the tail vein of each mouse. The mice were
monitored twice per week. The mice were euthanized 8 weeks after the injection of the cancer cells, and
distant metastases in the lungs were assessed and counted. The lungs were excised and embedded in
para�n for further study.

For the tumor xenograft experiments, all the cell lines were cultured in a humidi�ed incubator with 7.5%
CO2 at 37 °C. The cells were detached using 0.05% trypsin (Invitrogen) and re-suspended for implantation
in serum-free media. Next, 5 × 106 cells were implanted subcutaneously in a total volume of
0.1 ml/mouse for SK-Hep-1. Tumor growth was monitored twice weekly using bilateral caliper
measurements, the tumor volume was calculated, and the mice were randomized into vehicle or
treatment groups with an approximate mean start size of 0.2–0.4 cm3. For pharmacodynamic studies,
the mice were randomized at a mean tumor volume of approximately 0.5–0.8 cm3 using the same
randomization criteria as that in the tumor growth inhibition studies. The mice were then treated orally
with a single bolus dose of sorafenib at 10 mg/kg or a vehicle control (DMSO in PBS) every day for 21
days. Vertepor�n was dissolved and freshly diluted in 5% PEG400 and 5% Tween 80 before treatment and
was administered by intraperitoneal injection at 50 mg/kg every 3 days. The tumors were excised at
speci�c timepoints after dosing and �xed in 10% buffered formalin.

For the DEN/CCL4 induced-HCC mouse model, 15 speci�c pathogen-free (SPF) C57BL/6 mice (male;
weight, 23 ± 2 g) were purchased from the Animal Experimental Center of the Guangdong province. The
mice were injected with 25 mg/kg of DEN intraperitoneally for 14 days, and another DEN injection was
performed for 30 days to induce HCC development; it will take 10 months to develop HCC.

ChIP Assay
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Cells were cross-linked with 1% formaldehyde at room temperature for 10 min, and then 10 × glycine was
added to cross-linked the cells at room temperature for 5 min. Next, 4 × 106 cells were added to 200 µl of
ChIP buffer per assay plus 5 µl of micrococcal nuclease, and then the mixture was incubated at 37℃ for
20 min. The cross-linked chromatin was sonicated to generate DNA fragments ranging from 150 to
900 bp. The DNA fragments were immunoprecipitated with 1–2 ug of YAP1 and Histone H3 (CST, D2B12)
antibody or normal IgG, and then the puri�ed DNA fragments from chromatin immunoprecipitation were
subjected to the ChIP–qPCR to identify CRISPLD2 fragments. The primers are listed in supplementary 2.

Statistical Analysis
All statistical analyses were performed using the SPSS (version 24) package. Student’s t-test was used to
compare two independent groups of data, and the data were represented as means ± S.D. Spearman’s
correlation (2-tailed) was used to calculate the correlation coe�cient (r) and the p-value between SRGN
and CRISPLD2 expression. The signi�cance of several variables for survival was analyzed using the Cox
regression model in multivariate analysis. A p-value < 0.05 was considered statistically signi�cant in all
cases.

Results

SRGN is an Independent Prognostic Factor and Potential
Serum Biomarker in HCC Patients
To investigate the role of SRGN in HCC progression, SRGN mRNA expression in primary tissues was
analyzed in the GSE364 cohort. SRGN was upregulated in metastatic primary tissues compared with that
in non-metastatic primary tissues (Fig. 1A). Additionally, we found that SRGN expression was
signi�cantly higher in tissues with metastasis than in those without metastasis in TCGA database
(Fig. 1B), a �nding that was similar to that in the GSE364 cohort. Moreover, SRGN expression was
signi�cantly higher in lymph node metastasis tissues than in non-lymph node metastasis tissues
(Fig. 1C). Serum tumor markers were commonly used as a diagnostic method for HCC, and we
speculated that SRGN could be another signi�cant biomarker for HCC diagnosis. To determine the
signi�cant role of SRGN in HCC progression, we collected 123 serum samples to evaluate the clinical
implications of SRGN expression.

To con�rm this hypothesis, we performed ELISA and examined SRGN protein expression, which was
signi�cantly higher in the serum of patients with HBV than in the serum of patients without HBV (Fig. 1E).
The level of SRGN protein in liver cancer patients without metastasis was higher than that in healthy
volunteers, and even higher in patients with metastasis (Fig. 1F). SRGN in the serum of HCC patients was
positively correlated with diameter of neoplasms (Fig. 1G), AFP (Fig. 1H), clinical stage (Fig. 1I) and T
stage (Supplementary Fig. 1A). Therefore, we elucidated that SRGN is a potential serum biomarker and
plays a critical role in HCC progression.
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To evaluate the prognostic value of SRGN expression in primary HCC tissues, we searched the TCGA
database of SRGN expression in HCC samples. High expression of SRGN showed a signi�cant overall
survival outcome when the survival time was more than 700 days (Fig. 1D). In our collected serum
samples, we found that high expression of SRGN was showed a signi�cant overall survival (OS) outcome
(Fig. 1J). Multivariate analyses further indicated that elevated SRGN expression is an independent,
unfavorable prognostic indicator in HCC patients (Fig. 1K). Taken together, these analyses revealed that
high SRGN levels in HCC are signi�cantly correlated with poor patient outcomes.

The proteoglycan SRGN Promotes HCC Cell Migration and
Metastasis in an ECM Autocrine Manner
To con�rm the �ndings described above, quantitative real-time PCR and immunoblotting were performed
to quantify the mRNA levels of SRGN among the HCC cell lines, SRGN mRNA and protein expression were
differentially expressed among the different HCC cell lines (Fig. 2A). To explore the role of SRGN in HCC
cell growth, we transfected SK-Hep-1 cells with shRNA or negative control. Notably, we con�rmed that
secreted SRGN protein of approximately 300 kDa in molecular weight was signi�cantly decreased in the
conditioned medium (CM) (Fig. 2B and 2C). We observed the SRGN suppression was not signi�cant in
HCC proliferation ability (Supplementary Fig. 1B). Additionally, we generated cell lines overexpressing
SRGN in Hep 3B cells, and SRGN protein expression was validated by qPCR and immunoblotting (Fig. 2B
and 2C). Overexpression of SRGN in Hep 3B showed a similar result, with no signi�cant difference in the
HCC proliferation ability (Supplementary Fig. 1C).

To explore the relationship between SRGN and the metastatic process, we performed wound healing
assays to evaluate the migratory ability of SRGN. SRGN knockdown dramatically reduced the migratory
ability, and SRGN overexpression increased the migratory ability (Fig. 2D and 2E). To con�rm this result,
we performed the transwell assay, which showed that SRGN knockdown largely reduced the migratory
ability, and SRGN overexpression promoted migration (Fig. 2F, G). These results indicate that SRGN
speci�cally functions by promoting migration in HCC cell lines. However, we found that the knockdown of
SRGN expression resulted in the downregulation of the levels of EMT-promoting factors, such as N-
cadherin, vimentin, and MMP2, and the upregulation of epithelial markers, such as E-cadherin, in SK-Hep-
1 cells (Fig. 2H). Conversely, SRGN overexpression resulted in the upregulation of N-cadherin, vimentin
and MMP2 and downregulation of E-cadherin in Hep 3B cells.

To validate the metastatic function of SRGN in HCC cell lines in vivo, SRGN KD #2 and control cells were
injected into the tail veins of nude mice. After 8 weeks, the mice were euthanized and their lungs were
excised and examined. Using hematoxylin and eosin (H&E) staining, the metastatic nodules in the lung
tissue of SRGN KD#2 mice were observed to be fewer and smaller than those in the control mice (Fig. 2I
and 2K). The bodyweight of the KD #2 group was higher than that of the control group (Fig. 2J). These
results strongly suggest that SRGN is closely associated with metastasis in HCC cells.

SRGN is Signi�cantly Associated with Stemness-Like
Properties in HCC Cells
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Recent studies have shown that CSCs are highly metastatic and may be quite plastic and associated with
EMT. To explore whether SRGN can impact cancer stem cell ability, we used MHCC-97H cells, a suitable
cell line model to perform the self-renewal assay, and the knockdown e�ciency is shown in Fig. 3A and
3B. To examine the effect of SRGN on maintaining cancer stem cell characteristics, we performed a
sphere culture assay, and SRGN knockdown reduced the number of spheres generated by MHCC-97H
cells (Fig. 3C and 3D), indicating the critical role of SRGN in the self-renewal capacity of the cells. CSCs
have the capacity for self-renewal and differentiation potential, and previous studies [26] have
demonstrated that the side population (SP) cells, identi�ed by their ability to pump out a �uorescent dye
(Hoechst 33342), have certain characteristics of CSCs, the SP phenotype can be a CSC marker for HCC.
Herein, we found that the side population in MHCC-97H cells with SRGN knockdown was reduced
compared with control cells (Fig. 3E and 3F). Overexpression of Hep 3B cells with SRGN showed that
ABCG2, Bmi-1, and Nanog were largely increased. Additionally, we suppressed SRGN in MHCC-97H cells
and tested the three different CSC markers. ABCG2, Bmi-1, and Nanog were reduced at the protein level,
indicating a promoted HCC self-renewal capacity (Fig. 3G). More importantly, the SP sorting assay
revealed that SRGN was upregulated in the side population, indicating more CSC-like ability in HCC
(Fig. 3H). These observations suggest that SRGN is closely associated with the CSC-like properties of
HCC cells.

SRGN with its Receptor CD44 Regulates the Nuclear
Localization of the Hippo Pathway Effector YAP
Our previous study[14] showed that SRGN induces CD44 expression to potentiate its self-renewal
capacity by activating the MAPK pathway in NPC, and CD44 was a receptor of the ECM ligand SRGN.
Therefore, we examined the expression of CD44 and SRGN in HCC. The relative expression level of CD44
was increased and decreased after SRGN suppression and overexpression, respectively (Fig. 4A). Notably,
the TCGA database showed a positive correlation between CD44 and SRGN in primary HCC tissues
(Fig. 4B). These results indicate that SRGN expression is positively correlated with CD44 expression in
both HCC cell lines and tissues.

The Hippo/YAP pathway has been delineated and shown to play an important role in regulating tissue
proliferation and apoptosis rates. It is highly expressed in stem cells and associated with the CSC
capacity. Based on the result that SRGN can signi�cantly promote self-renewal ability, we hypothesized
that promotion of CSC ability by SRGN might be associated with the Hippo/YAP pathway.

To further explore whether SRGN plays a crucial role in the YAP pathway, we found that SRGN was
positively correlated with YAP expression in HCC cell lines (Fig. 4C). In mammals, MST1 is a core kinase
cascade in the YAP pathway that can phosphorylate the kinase LATS1, and then the LATS1 complex
phosphorylates and represses the transcriptional coactivator YAP. We also found that the
phosphorylation of YAP was decreased and the phosphorylation of MST1 and LATS1 was increased, as
detected by immunoblotting (Fig. 4D). Thus, SRGN suppresses the YAP pathway via inhibiting YAP
phosphorylation. When SRGN is overexpressed, YAP expression was increased, particularly in the nucleus
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(Fig. 4E). To con�rm this result, we performed the confocal immuno�uorescence assay to examine the
nuclear and cytosolic/membrane fractions and found that SK-Hep-1 knockdown cells with less YAP
translocated to the nucleus (Fig. 4F), whereas more YAP translocated to the nucleus in SRGN-
overexpressed Hep 3B cells (Fig. 4G). The analysis of SRGN knockdown and overexpression cells
revealed that SRGN affects YAP expression in the nucleus signi�cantly. To elucidate the function of
SRGN in HCC progression, we generated the DEN/CCL4 induced-HCC mouse model to evaluate the
correlation of SRGN and YAP in the process of HCC mouse model formation. Confocal
immuno�uorescence assay showed that HCC tumors formed in the mouse model, increased YAP and
SRGN expression was observed in liver tumor tissues, and YAP was highly expressed in the nucleus
(Fig. 4H). Thus, SRGN regulates YAP expressionand and the nuclear localization of YAP in HCC cells and
mouse models.

CRISPLD2 is a SRGN-Mediated HIPPO/YAP Pathway
Downstream Effector Gene and Potentiates HCC Cell
Motility Ability
To explore the downstream targets of SRGN that promotes HCC metastasis, we performed whole-genome
expression pro�ling in SK-Hep-1 cells and Hep 3B cells. Given that SRGN promotes cancer metastasis, we
focused on the SRGN-regulated genes implicated in these processes from microarray analysis (Fig. 5A).
Notably, CRISPLD2, also named LGL1, overlapped in the knockdown and overexpression groups, and the
increased expression of CRISPLD2 by SRGN overexpression was validated by qPCR and immunoblotting
at the mRNA and protein levels, respectively (Fig. 5C,D; Supplementary Fig. 1D, E), and SRGN was highly
correlated with CRISPLD2 in HCC cell lines and TCGA database (Fig. 5B, C). Using siRNAs to suppress
CRISPLD2, we found that vimentin expression was also decreased (Fig. 5G), a �nding that was similar to
the result after the knockdown of SRGN expression. Cell growth assays showed that the knockdown of
CRISPLD2 can signi�cantly inhibit cell proliferation (Supplementary Fig. 1F). The Transwell assay
showed that CRISPLD2 knockdown can inhibit cell migration ability (Fig. 5E). Overexpression of SRGN in
Hep 3B cells was validated by qPCR and immunoblotting (Fig. 5F), and the migration assay showed that
SRGN promotes metastasis in vitro (Fig. 5E).

The YAP-TEAD1 protein-protein interaction (PPI) mediates the oncogenic function of YAP, and inhibitors
of this PPI have potential use in the treatment of YAP-involved cancers [27]. Peptide 17 is a promising
inhibitor that can e�ciently disrupt the interaction between YAP and TEAD1. Peptide 17 induction can
inhibit the SRGN overexpression effects in increasing CRISPLD2 expression, while with no effects
observed in the vector group (Fig. 5H). Immunoblotting showed that the CRISPLD2 protein level
decreased after peptide 17 induction in the SRGN overexpression group compared with that in the vector
group (Fig. 5I). Thus, peptide 17 can suppress CRISPLD2 expression by inhibiting SRGN expression.

To further con�rm that ECM proteoglycan ligand SRGN induces the expression of its target gene
CRISPLD2, CRISPLD2 promoter luciferase reporter assay revealed increased activity with SRGN
overexpression. However, after peptide 17 induction, the regulation of CRISPLD2 activity by SRGN was



Page 11/28

suppressed (Fig. 5J, K). The transwell assay showed that suppressed SRGN could decrease the migration
ability. Additionally, CRISPLD2 overexpression after SRGN suppression increased the migration ability to
some extent (Fig. 5L, M, N; Supplementary Fig. 1G).

Next, we determined whether SRGN promotes the migration ability in the YAP pathway. We treated the
cells with vertepor�n (VP), which disrupts the formation of the YAP-TEAD1 complex, signi�cantly
reducing preneoplastic foci and oval cell proliferation. Treatment with different doses of VP decreased
the migration ability of SRGN-overexpressing cells. CRISPLD2 suppression reversed the SRGN-promoting
migration ability (Fig. 5O). Collectively, these results strongly suggest that the promotion of HCC
metastasis by upregulating SRGN depends on the up-regulation of CRISPLD2. CRISPLD2 is a SRGN-
mediated HIPPO/YAP pathway downstream effector gene and potentiates HCC cell motility ability.

CRISPLD2 Is a Novel YAP-TEAD1 Target Gene Dependent
on SRGN
To further con�rm that SRGN mediates the downstream target gene CRISPLD2 and YAP pathway, we
transiently transfected MHCC-97H cells with YAP. As expected, the CRISPLD2 promoter luciferase reporter
assay revealed increased activity of the CRISPLD2 promoter with YAP overexpression (Fig. 6A). When
treated with vertepor�n, the CRISPLD2 promoter was suppressed (Fig. 6B), suggesting that the activity of
the CRISPLD2 promoter was directly regulated by the YAP-activating speci�c signaling pathway.

We used the Jasper database (http://jaspar.binf.ku.dk/) to predict that the co-transcription factor YAP-
TEAD1 has two potential binding sites in the promoter region of CRISPLD2. The luciferase assay proved
that the deletion of site 1 reduced the activity of luciferase, but the deletion of site 2 showed no
signi�cant change in the activity of luciferase (Fig. 6C). Thus, the co-transcription factor YAP-TEAD1
accelerates CRISPLD2 transcription through binding site 1 (TGGATTCCTGGG).

To con�rm the mechanism study, we used chromatin immunoprecipitation (ChIP). Based on the
CRISPLD2 promoter region, we designed 5 pairs of PCR primers (Fig. 6D). The CRISPLD2 promoter
sequence was detected by qPCR and normalized to the input level (Fig. 6E and 6F).The data revealed that
YAP-TEAD1 directly binds to the CRISPLD2 promoter and activates CRISPLD2 transcription, and two
binding sites in CRISPLD2 promoter are regulated by YAP-TEAD1. However, YAP/TEAD1 target genes
(BIRC5, AREG, CCND1, CTGF and MYC) were not activated by SRGN-mediated HIPPO/YAP signals in HCC
cells (Supplementary Fig. 1H), indicating that CRISPLD2 is a novel selective YAP-TEAD1 target gene in the
SRGN-mediated HIPPO/YAP signaling pathway.

Cotreatment with the YAP-TEAD1 inhibitor and sorafenib inhibits tumor growth in vivo and in vitro

We further investigated whether SRGN directly promotes the sorafenib resistance by performing �ow
cytometry and measuring the percentage of apoptosis 2 days after sorafenib induction. In the KD#1 and
KD#2 groups, as the drug concentration increased, the apoptosis rate was increased less than that in the
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control group (Fig. 7A, C). Additionally, sorafenib largely induced apoptosis in SRGN overexpression cells
than vector cells in a dose-dependent manner (Fig. 7B, D).

To further explore the signaling pathways induced by SRGN under sorafenib treatment, we �rst checked
the total phosphorylated ERK, P-ERK, YAP and P-YAP in SK-Hep-1 and Hep 3B cell lines. Hep-3B cells
treated with sorafenib after overexpressing SRGN, the hallmarks of apoptosis such as the induction of
caspase-3 cleavage occurred in a dose-dependent manner (Fig. 7E, F), and the effect of sorafenib on the
YAP signaling pathway in HCC cells indicated that targeting SRGN can inhibit cell apoptosis in the YAP
pathway. Sorafenib could abrogate the stimulatory effects of SRGN on YAP, P-YAP, ERK, and P-ERK.
Moreover, we found that overexpressing cells had higher cleaved caspase-3 levels than vector cells, but
they had lower caspase-3 levels than the vector cells in a sorafenib dose-dependent manner.

The cell viability assay showed that VP could reverse the suppression of sorafenib-induced cell apoptosis
by SRGN-overexpressing cells (Fig. 7G and 7H). Additionally, colony formation showed that VP and
sorafenib combination treatment could largely decrease the cell colony formation ability (Fig. 7I and 7J).
The confocal immuno�uorescence assay showed that YAP was highly expressed in nuclei of the side
population, revealing that YAP likely translocates the nucleus compared with the main population
(Fig. 7K).

The SP test showed that vertepor�n could signi�cantly reduce the side population from 14.67–0.29%,
while sorafenib can reduce the cells of the main population from 10 × 106 to 6.87 × 106 but not those in
the vertepor�n group (Fig. 7L, M). Sorafenib combined with vertepor�n greatly reduced the main and side
populations of MHCC 97H cells.

Next, an SK-Hep-1 xenograft model was established in nude mice to investigate the in vivo effects of the
above �ndings. The results showed that the tumor volume was much smaller in the combination therapy
groups than in the single-drug (sorafenib or vertepor�n) groups (Fig. 7O, P). Additionally, the results were
further evaluated by IHC staining of c-caspase3 and YAP in ex vivo tumor samples (Fig. 7Q). Taken
together, sorafenib combined with Vertepor�n can reverse the SRGN-induced sorafenib resistance through
targeting YAP-activated CSCs.

Discussion
Metastasis is the major cause of treatment failure in patients with HCC. Thus, the prevention, prediction,
and inhibition of metastasis are crucial to improving treatment outcomes. Currently, serum tumor markers
are commonly used as a diagnostic method for HCC [28]. SRGN is an extracellular matrix (ECM)
component, and its level in liver cancer patients without metastasis is higher than that in healthy
volunteers and patients without metastasis. Furthermore, the expression of SRGN in serum is positively
correlated with AFP, which is another signi�cant biomarker for HCC diagnosis in patient serum.
Accumulating studies have shown that the ECM contributes to the maintenance of CSC self-renewal in an
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autocrine manner in many cancers [29]. Moreover, CSCs were suggested to drive tumor initiation and
progression and are closely associated with sorafenib resistance, recurrence, and metastasis [26].

In the present study, we reported the high expression of SRGN in primary tissues and serum with
metastasis in contrast to low expression of SRGN in primary tissues and serum without metastasis.
Moreover, elevated SRGN expression in primary HCC was found to be an independent, unfavorable
prognostic factor for patients. These studies strongly indicate that SRGN plays a critical role in HCC
progression and is an independent marker of metastases in HCC.

SRGN is a proteoglycan that is the earliest reported factor to be secreted by hematopoietic cells [30]. As a
typical ECM component, SRGN participates in packaging secretory granules and regulates the storage or
release of enzymes, serotonin and histamine in hematopoietic cells [31]. SRGN is upregulated in
nasopharyngeal carcinoma and breast cancer [14], and it promotes tumor growth, migration, invasion,
and angiogenesis. However, to date, no study has been conducted to elucidate the underlying mechanism
of SRGN-mediated activation of the signaling pathway in HCC. In this study, we used the TCGA database
to analyze whether SRGN is upregulated in primary tumor with metastasis (Fig. 1B). Functionally, we
found that the knockdown of SRGN could induce HCC cell migration in vitro, as well as metastasis in
vivo, while the overexpression of SRGN promoted migration (Fig. 2F and 2J). Additionally, SRGN
downregulation enhances the sensitivity of SK-Hep-1 cells to sorafenib therapy (Fig. 7A and 7B),
suggesting that targeting multiple factors is a promising strategy for the complete suppression of HCC
metastasis.

The cellular surface adherent CD44 molecule is a common CSC marker in several tumors and a β-catenin-
mediated transcriptional target [32]. Previous studies and other researchers have demonstrated that CD44
serves as an SRGN receptor is a potential CSC marker [33]. Consistently, in our study, a positive
correlation was observed between the expression of SRGN and CRISPLD2 using clinical HCC samples.
TCGA database revealed that CD44 expression is strongly correlated with SRGN expression (Fig. 4B).
Importantly, we found that SRGN induces ABCG2, Bmi1, and Nanog expression to potentiate the cells’
self-renewal capacity and SP percentage (Fig. 3G). The ECM component SRGN, as a CD44 ligand, plays a
crucial role in maintaining HCC cell stemness and contributes to HCC cell sorafenib resistance.

To explore the downstream targets of SRGN that promotes HCC metastasis, we performed whole-genome
expression pro�ling using stable SRGN shRNAs in SK-Hep-1 cell lines and SRGN overexpression in Hep
3B cells. Given that SRGN promotes cancer metastasis, we focused on SRGN-regulated genes implicated
in these processes from this microarray analysis.

Cysteine-rich secretory protein LCCL domain-containing 2 is a cysteine-rich secretory protein that, in
humans, is encoded by the CRISPLD2 gene [34]. Diseases associated with CRISPLD2 include orofacial
cleft 15 and cleft lip. Among its related pathways is the innate immune system. CRISPLD2 is signi�cantly
associated with craniofacial morphogenesis [35] as well as alveolar development and branching
morphogenesis [36].Notably, CRISPLD2 expression overlapped in both the knockdown and
overexpression groups. CRISPLD2, also called late gestation lung 1 (Lgl1), has been implicated in the
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development of the rat lung, mouse kidney, and human fetal lung �broblast cells [37]. CRISPLD2 was also
shown to be associated with the occurrence of non-syndromic left cleft lip or without cleft disease [38].
Consistently, in this study, a positive correlation was observed between the expression of SRGN and
CRISPLD2 using clinical HCC samples. For the �rst time, we found that SRGN expression is closely
associated with CRISPLD2 expression by activating the YAP pathway. The YAP pathway is crucial in
animal organ size control by regulating tissue proliferation and apoptosis rates as a response to
developmental cues, cell contact, and density. YAP expression and nuclear localization strongly correlate
with poor patient outcomes and the progression of several tumor types. Both CRISPLD2 and YAP
pathways are de�ned as genes related to embryonic development, and the YAP/CRISPLD2 developmental
axis was reactivated selectively in SRGN-mediated HCC cells, instead of other target genes, such as
BIRC5, AREG, CCND1, CTGF and MYC.

Vertepor�n is a promising inhibitor that can e�ciently disrupt the interaction between YAP and
TEAD1[39]. Vertepor�n induction could reverse CRISPLD2 expression via overexpressing SRGN.
CRISPLD2 overexpression could also reverse the migration phenotype after SRGN knockdown. We
presume that SRGN overexpression is a candidate factor responsible for the activation of YAP signaling
in HCC.

As a targeted drug, sorafenib is the �rst systemic drug approved for patients with advanced HCC to
prevent HCC recurrence. Therefore, it is currently used as the standard treatment for patients with
advanced HCC [40]. The high expression of SRGN in liver cancer may endow it with resistance to
sorafenib, making it a major candidate drug for combined use with other safe cancer treatment drugs.
Additionally, the SRGN-mediated Hippo/YAP signaling pathway is activated, and the co-occurrence of
changes suggests the opportunity for combination therapy. Interestingly, the combination therapy of
sorafenib and vertepor�n showed signi�cant anti-tumor effects both in vivo and in vitro, particularly in
SRGN high expression cells. Sorafenib plus vertepor�n greatly reduces the bulk tumor and tumor stem
cells. These �ndings may provide promising new guidance for personalized precision therapy in SRGN
positive HCC treatment and are expected to have potential applications in other cancers.

In summary, our �ndings are the �rst to elucidate the crucial roles of SRGN in promoting HCC metastasis
and predicting an unfavorable patient prognosis. In particular, SRGN is positively correlated with
CRISPLD2 and activated YAP signaling. Sorafenib plus vertepor�n can reverse SRGN-induced sorafenib
resistance through targeting YAP-activated CSCs. Considering the �ndings observed in the present study,
a proposed model illustrating the oncogenic effect of SRGN in the pathogenesis of HCC is provided in
Fig. 7R.

Conclusions
Autocrine ECM serglycin plays a crucial role in the process of stemness maintenance, tumorigenesis, and
metastasis via selective reactivation of the novel YAP/CRISPLD2 developmental axis promotes
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metastasis and sorafenib resistance in Hepatocellular carcinoma, Vertepor�n (YAP inhibitor) combined
with sorafenib reversed serglycin-mediated cellular insensitivity to sorafenib treatment;
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Figure 1

SRGN is an Independent Prognostic Factor and Potential Serum Biomarker in HCC Patients In the GSE364
cohort (A) and TCGA database (B), the expression of SRGN in metastatic tissues was signi�cantly higher
than that in non-metastatic tissues. In the TCGA database, the SRGN mRNA levels were positively
correlated with lymph node metastasis (C) and overall survival outcome (D). The expression of SRGN in
the patient’s serum was positively correlated with HBV infection (E), tumor metastasis (F), tumor size (G),
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AFP (H), clinical stage (I), and overall survival (J). (K) SRGN expression is an independent, poor
prognostic indicator for liver cancer patients. * p < 0.05, ** p < 0.01.

Figure 2

Proteoglycan SRGN Promotes HCC Cell Migration and Metastasis in an ECM Autocrine Manner (A)
Differential expression of SRGN mRNA and protein in HCC cells by qPCR and immunoblotting. (B) The
knockdown and overexpression of SRGN in HCC cells were monitored by qPCR and immunoblotting. The
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gain and loss of SRGN expression greatly affected the migration ability of cells in the wound healing
assay (D, E) and Transwell assay (F, G) in HCC cells. (H) Transient suppression and overexpression of
SRGN in HCC cells and whole cell lysates, followed by immunoblotting for E-cadherin, N-cadherin,
Vimentin, and MMP2 at 72 h after transfection. Inhibition of SRGN reduced the transfer e�ciency of SK-
Hep-1 cells (I) in vivo and increased the bodyweight of nude mice (J). (K) Histological image of lung
metastasis in nude mice after tail vein injection of SK-Hep-1 cells. *p < 0.05, **p < 0.01.

Figure 3
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SRGN is Signi�cantly Associated with Stemness-Like Properties in HCC Cells (A) The knockdown and
overexpression of SRGN in MHCC-97H cells were monitored by qPCR and immunoblotting. Number of
suspended spheres following the knockdown of SRGN in MHCC-97H cells (C) and quanti�cation of the
tumorsphere size and number (D). (E, F) Side population (SP) cell assay. MHCC-97H cells with
knockdown SRGN were treated with verapamil and Hoechst33342 dye and subjected to �ow cytometry
analysis. (G) Knockdown and overexpression of SRGN in HCC cells, and whole cell lysates were
immunoblotted for ABCG2, Bmi-1, and Nanog at 72 h after transfection. (H) The relative mRNA level of
SRGN in the main population and side population of MHCC-97H cells was determined by q-PCR
(normalized to GAPDH). *p < 0.05, **p < 0.01.



Page 24/28

Figure 4

The CD44 Ligand SRGN Regulates the Nuclear Localization of the Hippo Pathway Effector YAP The
expression levels of SRGN and CD44 were correlated in the HCC cell lines (A) and TCGA database (B). (C)
The protein level was determined by Western blotting, which showed that SRGN and YAP levels were
related to the expression in HCC cells. (D) Following the knockdown and overexpression of SRGN in HCC
cells, the whole cell lysates were immunoblotted for MST1, P-LATS1, LATS1, P-YAP, and YAP at 72 h after
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transfection. Following the knockdown and overexpression of SRGN, the localization of YAP in SK-Hep-1
and Hep 3B was determined by immunoblotting (E) and confocal immuno�uorescence (F, G). (H)
Localization of SRGN and Yap in the DEN/CCL4 induced mouse HCC Model by confocal
immuno�uorescence analysis.

Figure 5

CRISPLD2 is an SRGN-Mediated HIPPO/YAP Pathway Downstream Effector Gene and Potentiates HCC
Cell Motility Ability (A) Overlap of the differentially expressed genes from the overexpression and
knockdown groups. SRGN expression was positively corrected with CRISPLD2 in the TCGA database (B)
and HCC cells (C, D). The gain and loss of CRISPLD2 expression greatly affected the migration ability of
cells in the Transwell assay (E), and CRISPLD2 expression in HCC cells was determined by qPCR (F) and
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immunoblotting (G). Overexpression of SRGN and treatment with peptide 17 and the mRNA expression
(H) and protein levels (I) of CRISPLD2 in Hep 3B cells. (J, K) Hep 3B cells were treated with peptide 17
after SRGN overexpression. The relative luciferase activity was performed using the CRISPLD2 luciferase
reporter. (L, M, N) Knockdown of SRGN and then overexpression of CRISPLD2 could reverse the cell
migration ability of SK-Hep-1 cells compared with that of negative control cells. (I, P) Treatment with
different doses of VP decreased the migration ability of SRGN in the HCC cells. Suppression CRISPLD2
can reverse the SRGN-promoting migration ability. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 6

CRISPLD2 is a Novel YAP-TEAD1 Target Gene Dependent on SRGN. Luciferase activity of the CRISPLD2
promoter in YAP-overexpressing cells (A) and with vertepor�n treatment (B). GLuc activities in buffers
with a stabilizer. (C) Co-transcription factor YAP-TEAD1 binding site 1 motif in the CRISPLD2 promoter.
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(D) Schematic illustration of the binding sites of the CRISPLD2 promoter in the TEAD1 binding motif. (E,
F, G) Analysis of the indicated knockout cells by ChIP and quanti�cation of CRISPLD2 DNA using DNA
agarose gel electrophoresis and qPCR. (H) The conserved sequence of the CRISPLD2 motif in different
species. **p < 0.01, ***p < 0.001.

Figure 7
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Sorafenib Combined with Vertepor�n Reverse the SRGN-Induced sorafenib resistance through Targeting
YAP-Activated CSCs (A-D) SK-Hep-1 and Hep 3B cells were treated with sorafenib and analyzed by �ow
cytometry to evaluate apoptosis. (E, F) SK-Hep-1 and Hep 3B cells with SRGN knockdown and
overexpression were treated with 0 nM, 2.5 nM, 5 nM, and 7.5 nM sorafenib, and the P-ERK, ERK, P-YAP,
YAP, caspase-3, cleaved-caspase-3 expression levels were analyzed by immunoblotting. GAPDH was used
as the loading control. (G) Cell viability of Hep3B SRGN/low cells after treatment with VP and sorafenib.
(H) Cell viability of MHCC-97HSRGN/High cells after treatment with VP and sorafenib. (I, J) MHCC-
97HSRGN/High cells were treated with VP and sorafenib for 48 h and then were subjected to colony
formation. (K) SP detection in the sorted main population and side population. (L, M) Localization of YAP
in MHCC-97HSRGN/High MP and SP cells by confocal immuno�uorescence analysis. SP detection in
MHCC-97HSRGN/High cells that were treated with VP and sorafenib, followed by staining with Hoechst
33342 plus or minus verapamil. (O, P) Tumor volumes of SK-Hep-1SRGN/High xenografts treated with
different combination schemes by intraperitoneal injection. (Q) Representative images of YAP and
caspase-3 IHC staining of xenograft tumors. (R) Proposed model illustrating the tumorigenesis effect of
SRGN in the pathogenesis of HCC. Superscript “SRGN/low” and “SRGN/High” represent low expression
and high SRGN expression, respectively.
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