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RARREST inhibits hepatocellular carcinoma 2
progression and increases its sensitivity
to lenvatinib through interaction with SPINK2
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Abstract

Background Lenvatinib is an oral small molecule inhibitor approved for treating patients with unresectable
hepatocellular carcinoma (HCC) worldwide. Increasing cell sensitivity to lenvatinib would be an effective method of
improving therapeutic efficacy.

Methods High throughput methods was used to scan the differentially expressed genes (DEGs) related to lenvatinib
sensitivity in HCC cells. Gain- and loss-function experiments were used to explore the functions of these DEGs in HCC
and lenvatinib sensitivity. CO-IP assay and rescue experiments were utilized to investigate the mechanism.

Results We identified that RAR responder protein 1 (RARRES1), a podocyte-specific growth arrest gene, was
among significantly upregulated DEGs in HCC cells following lenvatinib treatment. Functional analysis showed

that ectopic RARREST expression decreased HCC progression in vitro and in vivo, as well as improving tumor
sensitivity to lenvatinib, while RARRES1 silencing increased HCC cell proliferation and migration. Mechanistically,
co-immunoprecipitation assays demonstrated that RARRES1 interacted with serine protease inhibitor Kazal-type

2 (SPINK2) in HCC cells. Further, SPINK2 overexpression suppressed HCC cell proliferation and migration, as well as
increasing sensitivity to lenvatinib whereas SPINK2 knockdown promoted cell progression and decreased lenvatinib
sensitivity. The mRNA and protein levels of RARREST and SPINK2 were low in HCC tissue samples, relative to those in
normal liver tissue.

Conclusions Our findings highlighted that RARRES1 can inhibit HCC progression and regulate HCC sensitivity to
lenvatinib by interacting SPINK2, representing a new tumor suppressor RARRES1/SPINK2 axis in HCC that modulates
sensitivity to lenvatinib.
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Background

Liver cancer is the sixth most common cancer world-
wide, with 905,677 new cases in 2020, and the third high-
est cause of cancer-associated death globally [1]. Hence,
liver cancer represents a worldwide health challenge,
with an estimated incidence of >1 million cases by 2025
[2]. As the most common form of liver cancer, hepato-
cellular carcinoma (HCC) accounts for approximately
90% of cases [2]. Diabetes, chronic alcohol consump-
tion, obesity-associated nonalcoholic steatohepatitis, and
infection by HBV or HCV are major risk factors for HCC
[2]. Locoregional approaches, defined as imaging-guided
liver tumor-directed procedures, play a leading part on
the treatment of 50-60% of HCCs [3]. Radiofrequency is
a standard method for local tumor ablation in early phase
disease, while transarterial chemoembolization (TACE)
is the typical treatment for intermediate-phase HCC [3,
4]. Overall survival rates are very poor in patients with
advanced HCC and have not improved over the last
decade, although some tyrosine kinase inhibitors (TKI)
have been approved as first and second-line treatments
[5].

Sorafenib has been the mainstay of HCC treatment
for ten years, and newer modalities are not effective or
do not confer any increase in therapeutic effect, until the
emerging of lenvatinib [6]. As an oral small molecule TKi
that inhibits various receptor tyrosine kinases, lenvatinib
(Lenvima®) can be used to treat patients with unresect-
able HCC in the USA, EU, Japan, and China [7]. In inter-
mediate-phase HCC patients with tumors exceeding the
up-to-seven criteria, and for whom TACE is ineffective,
lenvatinib can considerably increase overall survival (37.9
vs. 21.3 months) and progression-free survival (16.0 vs.
3.0 months) [8]. Further, lenvatinib plus pembrolizumab
has potential antitumor activity in unresectable HCC [9].

Mechanistically, Jin et al. reported that the response of
liver cancer to lenvatinib is limited by epithelial growth
factor receptor (EGFR) activation, and that integrative
therapy with the EGFR inhibitor, gefitinib, alongside len-
vatinib may be of potential value for the approximately
50% of patients with advanced HCC who have high lev-
els of EGFR [10]. Yi et al. revealed that lenvatinib reduced
tumor programmed death ligand 1 levels and regula-
tory T cell differentiation, to enhance anti-PD-1 efficacy
in patients with HCC by blocking FGFR4 [11]. Zheng et
al. found that stomatin-like protein 2 (STOML2) could
increase mitophagy by interacting with and stabilizing
PINK1, which drives HCC metastasis and regulates the
response of HCC to lenvatinib [12].

In this study, we scanned for genes related to lenva-
tinib sensitivity using high throughput methods to ana-
lyze Huh7 HCC cells treated with or without lenvatinib.
We also conducted functional research to confirm the
effects of identified genes in HCC. Our data reveal a new
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RARRES1 /SPINK2 axis with a tumor suppressor role in
HCC, which decreased cell proliferation and migration
and improve HCC cell sensitivity to lenvatinib.

Results

RNA seq-based identification of DEGs in lenvatinib-treated
HCC cells

To determine the cytotoxicity of lenvatinib against HCC,
we exposed Huh7 cells to various concentrations of lenva-
tinib for 48 h, and found that the IC50 value of lenvatinib
was 8.121 uM (Fig. 1A). To identify targets of lenvatinib
in HCC, the transcriptome of Huh7 cells exposed to Len-
vatinib was examined by RNA-seq analysis. A total of 634
differentially expressed mRNAs were detected, includ-
ing 343 upregulated and 291 downregulated genes. Sig-
nificant DEGs were visualized as a volcano map (Fig. 1B).
To further examine the effects of lenvatinib on HCC, we
conducted KEGG enrichment analyses to identify possi-
ble lenvatinib-related pathways and biological functions.
The most enriched KEGG terms were: cell cycle, DNA
replication, chemical carcinogenesis, drug metabolism,
and retinol metabolism (Fig. 1C). Furthermore, five genes
(CAPN3, CRISPLD2, RARRES1, PLAAT4, and HMGCS?2)
were confirmed to be upregulated in lenvatinib-treated
HCC cells by RT-qPCR and western blot assays (Fig. 1D-
E). These genes may significantly influence HCC cell sen-
sitivity to lenvatinib.

RARRES1 is downregulated in HCC tissues and suppression
of RARRES1 decreases cell sensitivity to lenvatinib

To further evaluate the function of the five genes
confirmed to be upregulated in response to lenva-
tinib (CAPN3, PLAAT4, RARRESI, HMGCS2, and
CRISPLD?2), we knocked down the expression of each
in Huh7 and SKHEP1 using siRNAs. The results of RT-
qPCR showed that siRNAs targeting PLAAT4, RARRESI,
and HMGCS2 were effective (Fig. 2A-B). Western blot
analysis also confirmed the knockdown efficiency of these
three genes (Fig. 2C-D). To assess the possible effects
of knockdown of these genes on HCC cell sensitivity to
lenvatinib, Huh7 and SKHEP1 cells transfected with siR-
NAs were treated with a series of lenvatinib concentra-
tions. The results showed that siRARRES] could decrease
Huh7 cell sensitivity to lenvatinib at concentrations of
15.6, 31.25, and 62.5 uM (Fig. 2E); similar results were
obtained using SKHEP1 cells (Fig. 2F). Therefore, we
chose to conduct further analysis of the RARRESI gene.
CCK-8 assays were adopted to determine the viabilities
of Huh7 and SKHEP1 cells treated with siRARRES1 and/
or lenvatinib (31.25 uM) for 24, 48, 72, and 96 h. Lenva-
tinib treatment markedly reduced cell viability of the two
HCC cell lines compared to vehicle-treated control cells,
while RARRES] knockdown greatly increased cell viabil-
ity. Further, combination treatment with siRARRES1 and
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Fig. 1 Upregulated genes in lenvatinib-treated HCC cells identified by RNA-seq analysis. (A) IC50 value of lenvatinib for HuH7 cells determined by CCK-8
assay. Each point on the dose-response curves represent three technical replicates. (B) Volcano map showing mRNAs upregulated (red) and downregu-
lated (green) in the lenvatinib-treated group relative to the control group. (C) Top 20 enriched KEGG pathways in lenvatinib treated HCC cells. (D) Five
new upregulated genes were verified by RT-qPCR analysis. (E) Five new upregulated genes were verified by western blot. *P < 0.05, **P < 0.01, ***P < 0.001

lenvatinib led to a higher HCC cell proliferation rate than
treatment with lenvatinib alone, indicating that inhibi-
tion of RARRES1 decreased HCC cell sensitivity to len-
vatinib (Fig. 2G). Similarly, more colonies were formed
in the siRARRES1+lenvatinib group relative to the len-
vatinib group in cell colony forming assays, verifying that
RARRES1 knockdown decreased HCC cell sensitivity
to lenvatinib (Fig. 2H). Levels of Huh7 and SKHEP1 cell
apoptosis on treatment with siRARRES1 and/or lenva-
tinib were examined by flow cytometry. The results dem-
onstrated that lenvatinib alone significantly triggered
apoptosis of Huh7 and SKHEP1 cells, whereas RARRES1
knockdown reduced rates of apoptosis (Fig. 2I). Finally,
RT-qPCR and western blot analyses were conducted to
evaluate RARRES] expression in 12 pairs of HCC sam-
ples. HCC tissue samples exhibited much lower expres-
sion of RARRES] than normal liver tissues at both the
mRNA and protein levels (Fig. 2J-K). These data show
that suppression of RARRES]1 decreases HCC cell sensi-
tivity to lenvatinib, and that RARRES] is expressed at low
levels in HCC tissue.

Ectopic expression of RARRES1 increases HCC cell
sensitivity to lenvatinib

Our data showed that RARRES1 was expressed at
low levels in HCC tissues, therefore we evaluated the
function of RARRES] in HCC cells and its role in cell
sensitivity to lenvatinib. Plasmids for RARRES1 overex-
pression were transfected into Huh7 and SKHEP1 cells
and the efficiency of RARRES]1 overexpression confirmed

by RT-qPCR and western blot (Fig. 3A-B). Ectopic
RARRES] expression in Huh7 and SKHEP1 cells resulted
in a significant decrease of cell viability (Fig. 3C) and col-
ony formation (Fig. 3D), as well as increasing the sensitiv-
ity of HCC cells to lenvatinib. Further, the percentage of
apoptotic cells was clearly increased following RARRES1
overexpression relative to the control group, while len-
vatinib treatment further increased the apoptosis rate
(Fig. 3E). These data show that RARRES] overexpres-
sion restrained cell proliferation, induced apoptosis, and
enhanced sensitivity to lenvatinib.

The roles of RARRES1 in HCC cell migration and epithelial-
mesenchymal transition (EMT)

Next, we evaluated the roles of RARRESI in HCC cell
migration and EMT under lenvatinib treatment. Silenc-
ing RARRES] significantly increased migrated cell num-
bers and decreased Huh7 and SKHEP1 cell sensitivity
to lenvatinib (Fig. 4A). Conversely, ectopic RARRES1
expression inhibited Huh7 and SKHEP1 cell migration
by 30% and 50%, respectively, compared with control
cells (Fig. 4B). Further, there were fewer migrated cells
in the RARRESI +lenvatinib group than in cells treated
with lenvatinib alone, indicating that RARRES1 over-
expression promoted HCC cell sensitivity to lenvatinib
(Fig. 4B). Regarding EMT markers, E-Cadherin levels
were markedly reduced in Huh7 and SKHEP1 cells after
RARRES1 knockdown, while those of Vimentin were
clearly increased (Fig. 4C). E-Cadherin expression was
upregulated compared with controls in response to both
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Fig. 2 RARRES1 was downregulated in HCC tissues and suppressing RARREST decreased HCC cell sensitivity to lenvatinib. (A-D) RT-gPCR and western
blot assays were used to detect the knockdown efficiency of three genes in Huh7 and SKHEP1 cells. (E-F) Sensitivity to lenvatinib in siPLAAT4/siRARRES1/
SIHMGCS2-treated Huh7 and SKHEP1 cells, determined by CCK-8 assay. (G) HuH7 and SKHEP1 cells were treated with siCtrl+vehicle, siRARRES1 + vehicle,
siCtrl+lenvatinib, and siRARRES1 + lenvatinib for 24, 48, 72 and 96 h and cell viability determined by CCK-8 assay. (H) Results of cell colony formation
assay. (I) HuH7 and SKHEP1 cells apoptosis after treatment with siRARRES1 and/or lenvatinib, determined by flow cytometry. (J-K) RT-gPCR and western
blot assays were used to examine RARREST mRNA and protein levels in 12 matched HCC and adjacent normal liver tissue samples. *P<0.05, **P<0.01,
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RARRES] overexpression and lenvatinib treatment, and
levels were highest in the RARRES1+lenvatinib group,
confirming the positive effect of RARRES1 on lenvatinib
sensitivity (Fig. 4C). In conclusion, these data show that
RARRES] exerts a tumor suppressor effect on HCC cell
migration and EMT, and high RARRES1 expression acts
synergistically with lenvatinib in HCC.

RARRES1 interacts with SPINK2

It has been reported that RARRES1 could interacts with
SPINK2 to inhibit cellular invasion of testicular carci-
noma cells [13]. To determine the biological function of
RARRES1 in HCC depend on binding proteins, CO-IP
assays were conducted to determine whether RARRES1
and SPINK2 physically interact in Huh7 and SKHEP1
cells. Vectors for expression of recombinant Flag-tagged
RARRES] protein were constructed, to further evaluate
the relationship between RARRES1 and SPINK2. CO-IP
assays were conducted to determine whether RARRES1
and SPINK2 physically interact in Huh7 and SKHEP1

cells. Interaction of endogenous RARRES1 with SPINK2
in Huh7 and SKHEP1 cells was also confirmed by recip-
rocal CO-IP assay (Fig. 5A). We next analyzed the
expression of SPINK2 in 12 pairs of clinical HCC tissues
samples. RT-qPCR and western blot both demonstrated
that SPINK2 mRNA and protein levels were markedly
lower in HCC tumor samples than those in normal liver
tissue (Fig. 5B-C). These results indicate that SPINK2
may be involved in HCC progression.

The role of SPINK2 in HCC cell proliferation and migration

To examine the effect of SPINK2 on HCC, we knocked
down or overexpressed SPINK2 in Huh7 and SKHEP1
cells. The knockdown efficiency of SPINK2-specific
siRNA and overexpression efficiency of SPINK2 plasmid
were confirmed by western blot (Fig. 6A). Then, the roles
of SPINK2 in HCC cell proliferation and migration were
examined using CCK-8 and transwell assays, respectively.
We found that SPINK2 silencing increased cell viabil-
ity and migration of Huh7 and SKHEP1 cells, whereas
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Fig. 3 Ectopic expression of RARREST increased cell sensitivity to lenvatinib. (A-B) RT-gPCR and western blot were used to examine RARRES T overexpres-
sion in Huh7 and SKHEP1 cells. (C-E) The effects of RARREST on in vitro cell proliferation and apoptosis of Huh7 and SKHEP1 cells determined by (C) CCK-8
assay, (D) colony formation assay, and (E) apoptosis assay. *P < 0.05, **P < 0.01, ***P<0.001

ectopic expression of SPINK2 decreased cell prolifera-
tion and migration (Fig. 6B-E). Furthermore, Huh7 and
SKHEP1 cells with SPINK2 knocked down became more
resistant to lenvatinib, while SPINK2 overexpression sen-
sitized Huh7 and SKHEP1 cells to lenvatinib (Fig. 6B-
E). In conclusion, these findings show that HCC cells
expressing high levels of SPINK2 were more sensitive to
lenvatinib.

RARRES1 suppresses tumor growth and increases
sensitivity to lenvatinib in vivo

The anti-tumor activity of RARRES1 and lenvatinib
against HCC was next examined in vivo. As shown in
Fig. 7A, RARRES1 overexpression or lenvatinib treat-
ment alone both exhibited anti-tumor effects in Huh7
xenografts. Importantly, RARRES1 overexpression com-
bined with lenvatinib could significantly reduce tumor
size than RARRES] overexpression or Lenvatinib alone.
Analysis of tumor growth curves and tumor weight also

demonstrated that both RARRES1 upregulation and
treatment with lenvatinib resulted in smaller tumors rela-
tive to the control group, while mice with tumors with
RARRES]1 upregulation that were also treated with len-
vatinib had the smallest tumors among the four groups
(Fig. 7B-C). These results indicate that RARRES1 overex-
pression improves tumor cell sensitivity to lenvatinib.

Discussion

Lenvatinib, an oral multi-target TKI, is the standard-of-
care, either as a monotherapy or in combination with
other anticancer agents, for treatment of radioiodine-
refractory differentiated thyroid carcinoma, renal cell
carcinoma, hepatocellular carcinoma, and endometrial
carcinoma, and is being evaluated for use in therapy for
some other types of tumors [14]. There is evidence from
preclinical research that lenvatinib has anti-tumori-
genesis and immunomodulatory activity [15]. Given its
non-inferior effectiveness to sorafenib and manageable
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Fig. 4 Regulation of RARRES1 expression influenced cell migration and EMT with or without lenvatinib treatment. (A) Representative images and sta-
tistical analysis of data from transwell assays in Huh7 and SKHEP1 cells transfected with siCtrl, SIRARRES1, siCtrl+lenvatinib, and siRARREST +lenvatinib.
(B) Representative images and statistical analysis of data from transwell assays in Huh7 and SKHEP1 cells transfected with Ctrl, RARREST, Ctrl + lenvatinib,
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siCtrl+lenvatinib, and siRARREST + lenvatinib, or Ctrl, RARREST, Ctrl +lenvatinib, and RARREST + lenvatinib. **P < 0.01, ***P < 0.001

tolerability profile, lenvatinib represents a long-awaited In this study, we used RNA-seq to scan for the DEGs
alternative option to sorafenib for systematic treatment between lenvatinib-treated and -untreated HCC cells
of patients with unresectable HCC [7]. Therefore, explor- and identified 634 DEGs (343 upregulated and 291
ing the functional mechanism of lenvatinib and searching  downregulated). KEGG enrichment analyses revealed
for genes that act synergistically with lenvatinib may gen-  that pathways involving the cell cycle, apoptosis, and

erate new HCC therapy approaches.

changes in metabolism, among others, were the most
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enriched terms. Further, we selected a number of new
genes that were previously unreported in HCC, but were
expressed at higher levels in response to lenvatinib treat-
ment, and verified these findings by RT-qPCR. Western
blots were also conducted to confirm the expression
of these molecules, and only five proteins (CAPN3,
CRISPLD2, RARRES], PLAAT4, and HMGCS2) were
shown to be upregulated. We also synthesized siR-
NAs targeting CAPN3, CRISPLD2, RARRES1, PLAATY,
and HMGCS2, to knockdown these five genes in HCC
cells; however, only three (RARRESI, PLAAT4, and
HMGCS2) were effectively knocked down. Next, we

tested lenvatinib sensitivity in two HCC cell lines (Huh7
and SKHEP1), and found that only RARRES1 knockdown
could decrease cell sensitivity to lenvatinib at concentra-
tions of 31.25 and 62.5 pM; therefore, further analysis of
RARRES]1 was conducted.

RAR responder protein 1 (RARRES1), a podocyte-
specific growth arrest gene, is controlled by high doses
of both retinoid acid and TNF-alpha, and contributes
to maintenance of podocytes in a quiescent state [16].
RARRES1 has a tumor suppressor role in numerous
human cancers, including breast cancer [17], prostate
cancer [18], osteosarcoma [19], choriocarcinoma [20],
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Fig. 6 SPINK2 regulates HCC cell migration and EMT. (A) SPINK2 levels in Huh7 and SKHEP1 cells transfected with siSPINK2 or siCtrl detected by western
blot. (B-E) The role of SPINK2 in HCC cell propagation, migration, and sensitivity to lenvatinib using (B-C) CCK-8 and (D-E) transwell assays. *P<0.05,

**P<0.01,**P<0.001

and kidney renal clear cell carcinoma [21]. RARRESI is
enriched in glioblastoma multiforme (GBM), particularly
WHO grade-IV cases; and high expression of RARRES1
is a predictor of poor prognosis, indicating that it may
participate in GBM pathogenesis, and is a potential
therapeutic target in this context [22]. We used siR-
NAs to knockdown RARRES] and determine the role of
RARRES]I in liver cancer cell proliferation and apoptosis,

and the results showed that silencing RARRES]1 increased
cell viability and cell colony numbers, as well as decreas-
ing the rate of apoptosis and HCC cell sensitivity to len-
vatinib. Conversely, RARRES1 overexpression promoted
lenvatinib cell sensitivity. Transwell assays and evalua-
tion of EMT markers also demonstrated the tumor sup-
pressor effect of RARRES1 on HCC cell lines, and its
positive role in enhancing cell sensitivity to lenvatinib.
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Fig. 7 RARRES1 suppressed tumor growth in vivo and increased sensitivity to lenvatinib. (A) Tumor sizes in four groups of Huh7 xenografts treated with
Ctrl, RARREST, lenvatinib, and RARREST +lenvatinib. (B) The tumor growth curves were generated for each group by measuring tumor volumes every
three days. (C) Weights of tumors dissected from mice in the four groups. *P <0.05, ***P < 0.001

The anti-tumor activity of RARRESI in vivo was exam-
ined using a tumor xenograft model, and the results
demonstrated that RARRES]1 overexpression improved
tumor cell sensitivity to lenvatinib, with smaller tumor
size and weight observed in the RARRESI +lenvatinib
group, relative to treatment with RARRES] or lenvatinib
alone. Moreover, we also found low levels of RARRES1
expression in clinical tissue samples from patients with
HCC patients. Mechanistically, we detected interaction
between RARRES] and SPINK2 using a CO-IP assay.

The serine protease inhibitor Kazal type (SPINK) fam-
ily is the largest branch of the serine protease inhibitor
family, comprising SPINK1-14. SPINKs exert significant
effects on sperm maturation and capacitation, pancreatic
physiology and disease, Nager syndrome, inflammation,
and the skin barrier [23]. SPINK protein family members
have a Kazal domain at the C-terminus, which is a protein
domain largely found in serine proteases [24]. There is a
close relationship between the expression of SPINK2 and
cancer growth, and high levels of SPINK2 transcript are
detected in patients with primary skin follicular center
cell lymphoma [25]. SPINK2 levels are greatly increased
in most of the leukemia cell lines that have been exam-
ined and this protein exerts a significant effect on tumor
progression and response to treatment [26]. On down-
regulation of SPINK2 in testicular cancer tissues, the
combined effect of SPINK2 and RARRESI significantly
inhibits testicular cancer cell EMT by downregulating the
uPA/uPA receptor signaling pathway [13]. In this study,
SPINK2 mRNA and protein expression were downregu-
lated in clinical tissues from patients with HCC relative
to normal liver tissue. SPINK2 overexpression decreased
HCC cell proliferation and migration and promoted cell
sensitivity to lenvatinib, while SPINK2 knockdown had
the opposite effects.

Conclusions

In conclusion, RARRES1 expression is strongly associ-
ated with HCC cell proliferation, migration, and apopto-
sis. In vitro and in vivo functional studies validated the
antitumor effects of RARRESI and its role in increasing
HCC cell sensitivity to lenvatinib through promotion of
SPINK2 expression. This research provides insights that
could inform follow-up investigation into HCC molecu-
lar pathogenesis.

Methods

Clinical patients

Total of twelve pairs of patients with HCC were used to
analyze RARRES] and SPINK2 expression at the mRNA
and protein levels. 12 pairs of fresh human HCC samples
and normal tissues were collected from The First Affili-
ated Hospital of Shanxi Medical University. All patients
received neither chemotherapy nor radiotherapy prior to
surgery. All of the HCC bioptic specimens from resected
HCC and then were maintained in -80 °C. The clinical
characteristics of the HCC examined in the Supplemen-
tary Table 1. The ethics committee of The First Affili-
ated Hospital of Shanxi Medical University approved this
research. Written consent was signed by all patients.

Cell culture and cell transfection

Human liver cancer cell lines (Huh7 and SKHEP1) were
from the Shanghai Cell Bank of the Chinese Academy
of Sciences (Shanghai, China) and were cultivated in
DMEM with 10% FBS, glutamine, and 1% penicillin-
streptomycin (Gibco) at 37 °C and in 5% CO,. Lenvatinib
was purchased from APExBIO chemicals.

Four siRNAs each targeting to PLAAT, RARRESI,
HMGCS2, and SPINK2, separately, and a correspond-
ing control siRNA were purchased from Riobio corpo-
ration (Guangzhou, China). Plasmids for overexpression
of RARRES], and SPINK2 were constructed using the
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pcDNA3.1 vector. Lipofectamine 2000 (Invitrogen) was
used to transfect plasmid constructs and oligonucle-
otides into HCC cells, based on the product instructions.

RNA sequencing

Huh?7 cells were treated with lenvatinib for 48 h; control
group cells were treated with DMSO. RNA sequencing
analysis was performed by KangChen Bio-Tech (China).
Differentially expressed genes (DEGs) between the len-
vatinib and control groups were subjected to KEGG
pathway analysis. Molecular mechanisms potentially
influenced by lenvatinib were determined by gene set
enrichment analysis. All the analyses were carried on
using the R package, ClusterProfiler. The expression of
these DEGs previously un-reported in HCC were con-
firmed by quantitative real-time PCR (RT-qPCR) and
western blot.

RT-qPCR
Total RNA samples were extracted using Trizol (Invitro-
gen), and M-MLV reverse transcriptase (Invitrogen) and
oligo (dT)12-18 applied to prepare cDNAs. RT-qPCR
was conducted in triplicate in a thermal cycler, with 20 pl
reaction mixtures containing 10 ul Fast SYBR Green
Master Mix, 50 ng ¢cDNAs, and gene-specific forward
and reverse primers (1 pM final concentration). PCR
primers are presented in Table 1. Relative expression lev-
els of target cDNAs were calculated after normalization
of relative intensity of target cDNA to that of B-actin.

Western blot

Protein samples were separated by 12% SDS-PAGE and
transferred to polyvinylidene fluoride membranes. After
blocking, membranes were incubated with primary
antibodies for 12 h at 4 °C, followed by incubation with
horseradish peroxidase-conjugated antibodies at room
temperature for 1 h. Labeled antibodies were detected

Table 1 Primers used in this research

Gene Gene ID Forward sequence 5'-3' Reverse se-
quence 5'-3’
RARREST 5918 AAACCCCTTGGAAATAGT GGAAAGCCAAA
CAGC TCCCAGATGAG
SPINK2 6691 TCTCTGATCCCTCAATTTG CCACACACAGG
GTCT GTTAAAGTGTC
CAPN3 825 GTCCTTAACACAGTCGTG TGAGCGCAATC
AACA ATGCTACGG
CRISPLD2 83,716 GCCCAACGTCACTCTCTT GTTGTGCAGCA
AGA TGAGGATCTC
HMGCS2 3158 GACTCCAGTGAAGCGCA CTGGGAAGTAG
TTCT ACCTCCAGG
PLAAT4 5920 GAGATTTTCCGCCTTGGCTAT CCGGGGTACTC
ACTTGGAG
B-actin 60 CATGTACGTTGCTATCCAGGC CTCCTTAATGTC
ACGCACGAT
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using an ECL kit (Amersham, UK). The antibodies used
in this research were: anti- RARRES1 (ab87115, Abcam),
anti-SPINK2 (PA5-72754, Thermo Fisher Scientific,
USA), anti-CAPN3 (HPA040052, Sigma-Aldrich), anti-
CRISPLD2 (PA5-110992, Thermo Fisher Scientific), anti-
PLAAT4 (ab96468, Abcam), anti-HMGCS2 (ab157225,
Abcam), anti-E-cad (ab40772, Abcam), anti-Vim
(ab92547, Abcam), and anti-GAPDH (Cat: #2118S, Cell
Signaling Technology, USA).

Cell viability determination

To determine the toxicity of lenvatinib to HCC, Huh7
cells were treated with various concentrations of lenva-
tinib for 48 h, and a Cell Counting Kit-8 (CCK-8) assay
used to measure cell viability. IC50 values were detected
by GraphPad Prism 8.0 using a 3-parameter dose—
response model.

To determine the effects of targeted gene knockdown
on cell sensitivity to lenvatinib, cells transfected with the
indicated siRNAs were seeded in 96-well plates at 3,000
cells per well, followed by overnight incubation. The next
day, after rinsing cells, fresh medium containing DMSO
or lenvatinib (0.1-375 uM) was added for 72 h. CCK-8
assays were conducted to measure cell viability and IC50
values calculated.

To determine the effects of RARRES1 and SPINK2
expression on cell sensitivity to lenvatinib, cells trans-
fected with the indicated siRNAs or plasmids were
seeded, incubated, rinsed, and treated with lenvatinib
for 24, 48, 72 and 96 h. Cell viability was measured using
CCK-8 assays.

Cell colony formation assay

HCC cells (n=800) transfected with the indicated plas-
mids or siRNAs for 24 h were seeded in 6-well plates and
cultured in DMEM medium supplemented with 10% FBS
for 14 days. Then, cells were fixed with methanol, stained
with crystal violet solution, and colonies containing=>30
cells counted under a microscope.

Flow cytometry to detect apoptosis

Annexin V-FITC and propidium iodide (PI) were used to
detect apoptosis by flow cytometry. Briefly, cells trans-
fected with siRARRES1 were cultured in 12-well plates,
followed by treatment with 20 umol/L lenvatinib for 48 h.
Cells were then incubated with Annexin V-FITC and PI
for 20 min, followed by flow cytometry.

Transwell assay

Transwell assays were conducted to assess cell migra-
tion ability. Briefly, cells were seeded into 6-well plates
and incubated overnight, followed by 24-h transfection
with the indicated siRNAs and/or lenvatinib (20 pmol/L)
treatment. Next, cells were collected and reseeded in
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serum-free DMEM at 2x10* cells per well in upper tran-
swell inserts with 8 um pores. DMEM containing 20%
FBS was added to the lower wells as a chemoattractant.
After incubation for 24 h, cells were fixed in methanol
(10 min, room temperature), followed by immediate
transfer to —20 °C for overnight incubation. Cells were
then stained with 50 pg/mL PI for 30 min, washed twice
with PBS, and examined using a Nikon ECLIPSE 80i
microscope to determine the number of cells on each
transwell membrane.

Co-immunoprecipitation (CO-IP)

Huh7 and SKHEP1 cells were transfected with the indi-
cated plasmids for 24 h. IP buffer supplemented with
protease inhibitor cocktail and phosphatase inhibitor was
used to lyse cells. After overnight incubation with the
indicated antibodies at 4 °C, cell lysates were incubated
with 20 pl of Protein G plus/Protein A-agarose for 2 h at
4 °C. Appropriate primary antibodies were adopted to
analyze immunoprecipitated complexes by western blot,
after washing the complexes three times with supple-
mented RIPA buffer.

Tumor xenograft model

BALB/c nude mice (n=20, 5-week-old) were randomly
divided into four groups (n=5 per group). RARRES1
overexpressing plasmid- and corresponding control-
transfected Huh?7 cells were subcutaneously injected into
10 mice, 5 of which were simultaneously intraperitone-
ally injected with lenvatinib (5 mg/kg) or saline as a con-
trol. Tumor volumes were measured using a caliper at 7,
14, 21, 28, and 35 days, and the sensitivity of nude mice
to lenvatinib observed. Then, mice were sacrificed and
tumors weighed. The Animal Care and Use Committee of
The First Affiliated Hospital of Shanxi Medical University
approved all experimental procedures.

Statistical analysis

All data are presented as mean=standard deviation and
were analyzed using Graphpad 9.0. Quantitative variables
were analyzed by Student t-test or One-way ANOVA.
P<0.05 was considered statistically significant.

Abbreviations
HCC Hepatocellular carcinoma

DEGs Differentially expressed genes
RARREST RAR responder protein 1

SPINK2 Serine protease inhibitor Kazal-type 2
TKi Tyrosine kinase inhibitors

EMT Epithelial-mesenchymal transition
CCK-8 Cell Counting Kit-8

CO-IP Co-immunoprecipitation

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513062-024-00459-0.

Page 11 of 12

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Author contributions

Design, review & editing, Jun Xu; Data analysis, experiments and writing-
original draft, Yarong Guo and Bao Chai; Assistant with experiments, Hezhao
Zhang, Xinhao Chai, Yan Chen and Yuting Chai; Review & editing, Liwei Qin.

Funding

The study was funded by a grant from Advanced Programs of study abroad,
Department of Human Resources and Social Security of Shanxi Province
(Grant No. 20210004), The 70th batch of general projects of China Postdoctoral
Science Foundation (Grant No. 2021M702051) and Central Guiding Local
Science and Technology Development Fund Project (Shanxi Provincial
Department of Science and Technology) (Grant No. YDZJSX2021A041).

Data availability
The datasets generated and/or analyzed during the current study available
from the corresponding author on reasonable request.

Declarations

Ethical approval and consent to participate
This study was approved by the ethics committee of The First Affiliated
Hospital of Shanxi Medical University.

Competing interests
The authors declare no competing interests.

Received: 31 May 2023 / Accepted: 7 February 2024
Published online: 23 February 2024

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71(3):209-49.

2. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S, Lencioni
R, Koike K, Zucman-Rossi J, Finn RS. Hepatocellular carcinoma. Nat Rev Dis
Primers. 2021;7(1):6.

3. Llovet JM, De Baere T, Kulik L, Haber PK, Greten TF, Meyer T, Lencioni
R. Locoregional therapies in the era of molecular and immune treat-
ments for hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol.
2021;18(5):293-313.

4. Chang, Jeong SW, Young Jang J, Jae Kim Y. Recent Updates of Transarterial
Chemoembolilzation in Hepatocellular Carcinoma. Int J Mol Sci 2020, 21(21).

5. Giraud J, Chalopin D, Blanc JF, Saleh M. Hepatocellular Carcinoma Immune
Landscape and the potential of immunotherapies. Front Immunol.
2021;12:655697.

6. Huang A, Yang XR, Chung WY, Dennison AR, Zhou J. Targeted therapy for
hepatocellular carcinoma. Signal Transduct Target Ther. 2020;5(1):146.

7. Al-Salama ZT, Syed YY, Scott LJ. Lenvatinib: a review in Hepatocellular Carci-
noma. Drugs. 2019;79(6):665-74.

8. Kudo M, Ueshima K, Chan S, Minami T, Chishina H, Aoki T, Takita M, Hagiwara
S, Minami Y, Ida H et al. Lenvatinib as an Initial Treatment in Patients with
Intermediate-Stage Hepatocellular Carcinoma Beyond Up-To-Seven Criteria
and Child-Pugh A Liver Function: A Proof-Of-Concept Study. Cancers (Basel)
2019, 11(8).

9. FinnRS, Ikeda M, Zhu AX, Sung MW, Baron AD, Kudo M, Okusaka T, Kobayashi
M, Kumada H, Kaneko S, et al. Phase ib study of Lenvatinib Plus Pembroli-
zumab in patients with Unresectable Hepatocellular Carcinoma. J Clin Oncol.
2020;38(26):2960-70.

10. JinH, ShiY, LvY,Yuan S, Ramirez CFA, Lieftink C, Wang L, Wang S, Wang C, Dias
MH, et al. EGFR activation limits the response of liver cancer to lenvatinib.
Nature. 2021;595(7869):730-4.


https://doi.org/10.1186/s13062-024-00459-0
https://doi.org/10.1186/s13062-024-00459-0

Guo et al. Biology Direct

(2024) 19:15

YiC, ChenL, Lin Z Liu L, Shao W, Zhang R, Lin J, Zhang J, Zhu W, Jia H, et al.
Lenvatinib targets FGF receptor 4 to enhance Antitumor Immune response
of Anti-programmed Cell Death-1 in HCC. Hepatology. 2021;74(5):2544-60.
Zheng Y,Huang C, Lu L, Yu K, Zhao J, Chen M, Liu L, Sun Q, Lin Z, Zheng J, et
al. STOML2 potentiates metastasis of hepatocellular carcinoma by promoting
PINK1-mediated mitophagy and regulates sensitivity to lenvatinib. J Hematol
Oncol. 2021;14(1):16.

Shyu RY, Wang CH, Wu CC, Wang LK, Chen ML, Kuo CY, Lee MC, Lin YY, Tsai FM.

Tazarotene-Induced Gene 1 (TIG1) Interacts with Serine Protease Inhibitor

Kazal-Type 2 (SPINK2) to Inhibit Cellular Invasion of Testicular Carcinoma Cells.

Biomed Res Int 2019, 2019:6171065.

Motzer RJ, Taylor MH, Evans TRJ, Okusaka T, Glen H, Lubiniecki GM, Dutcus C,
Smith AD, Okpara CE, Hussein Z, et al. Lenvatinib dose, efficacy, and safety
in the treatment of multiple malignancies. Expert Rev Anticancer Ther.
2022;22(4):383-400.

ZhaoY, Zhang YN, Wang KT, Chen L. Lenvatinib for hepatocellular carcinoma:
from preclinical mechanisms to anti-cancer therapy. Biochim Biophys Acta
Rev Cancer. 2020;1874(1):188391.

Chen A, LiuY, LuY, Lee K, He JC. Disparate roles of retinoid acid signaling
molecules in kidney disease. Am J Physiol Ren Physiol. 2021;320(5):F683-92.
Coyle KM, Murphy JP, Vidovic D, Vaghar-Kashani A, Dean CA, Sultan M, Cle-
ments D, Wallace M, Thomas ML, Hundert A, et al. Breast cancer subtype
dictates DNA methylation and ALDH1A3-mediated expression of tumor
suppressor RARREST. Oncotarget. 2016;7(28):44096-112.

Roy A, Ramalinga M, Kim OJ, Chijioke J, Lynch S, Byers S, Kumar D. Multiple
roles of RARRES1 in prostate cancer: Autophagy induction and angiogenesis
inhibition. PLoS ONE. 2017;12(7):e0180344.

Ma L, MaY, Lian A. Involvement of miR-769-5p/Retinoic acid receptor
responder 1 Axis in the progression of Osteosarcoma: characterization of
potential therapeutic targets. Pharmacology. 2022;107(3-4):179-87.

20.

22.

23.

24.

25.

26.

Page 12 of 12

Huebner H, Strick R, Wachter DL, Kehl S, Strissel PL, Schneider-Stock R, Hartner
A, Rascher W, Horn LC, Beckmann MW, et al. Hypermethylation and loss of
retinoic acid receptor responder 1 expression in human choriocarcinoma. J
Exp Clin Cancer Res. 2017;36(1):165.

Geng X, Chi K, Liu C, Fu Z, Wang X, Meng L, Wang H, Cai G, Chen X, Hong

Q. Interaction of RARREST with ICAM1 modulates macrophages to sup-
press the progression of kidney renal clear cell carcinoma. Front Immunol.
2022;13:982045.

Zhao X, Hao S, Wang M, Xing D, Wang C. Knockdown of pseudogene
DUXAP8 expression in glioma suppresses tumor cell proliferation. Oncol Lett.
2019;17(3):3511-6.

Liao C,Wang Q An J, Zhang M, Chen J, Li X, Xiao L, Wang J, Long Q, Liu J, et al.
SPINKs in tumors: potential therapeutic targets. Front Oncol. 2022;12:833741.
Aisha J, Yenugu S. Characterization of SPINK2, SPACA7 and PDCL2: effect of
immunization on fecundity, sperm function and testicular transcriptome.
Reprod Biol. 2023;23(1):100711.

Hoefnagel JJ, Dijkman R, Basso K, Jansen PM, Hallermann C, Willemze R,
Tensen CP, Vermeer MH. Distinct types of primary cutaneous large B-cell lym-
phoma identified by gene expression profiling. Blood. 2005;105(9):3671-8.
ChenT, Lee TR, Liang WG, Chang WS, Lyu PC. Identification of trypsin-inhib-
itory site and structure determination of human SPINK2 serine proteinase
inhibitor. Proteins. 2009;77(1):209-19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿RARRES1 inhibits hepatocellular carcinoma progression and increases its sensitivity to lenvatinib through interaction with SPINK2
	﻿Abstract
	﻿Background
	﻿Results
	﻿RNA seq-based identification of DEGs in lenvatinib-treated HCC cells
	﻿RARRES1 is downregulated in HCC tissues and suppression of RARRES1 decreases cell sensitivity to lenvatinib
	﻿Ectopic expression of RARRES1 increases HCC cell sensitivity to lenvatinib
	﻿The roles of RARRES1 in HCC cell migration and epithelial-mesenchymal transition (EMT)
	﻿RARRES1 interacts with SPINK2
	﻿The role of SPINK2 in HCC cell proliferation and migration
	﻿RARRES1 suppresses tumor growth and increases sensitivity to lenvatinib in vivo

	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Clinical patients


	﻿Cell culture and cell transfection
	﻿RNA sequencing
	﻿RT-qPCR
	﻿Western blot
	﻿Cell viability determination
	﻿Cell colony formation assay
	﻿Flow cytometry to detect apoptosis
	﻿Transwell assay
	﻿Co-immunoprecipitation (CO-IP)
	﻿Tumor xenograft model

	﻿Statistical analysis
	﻿References


