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Background. Hepatocellular carcinoma (HCC) is a severe global health issue that still lacks of effective treatments. Lenvatinib is a
novel tyrosine kinase inhibitor (TKI) that has been approved for the treatment of HCC. However, drug resistance is inevitable and
limits the clinical application of lenvatinib. Till now, there is still little knowledge about the mechanisms under the resistance to
lenvatinib in HCC. Long noncoding RNA (lncRNA) is a group of noncoding RNAs that play essential roles in various
physiological activities including the chemoresistance. In the present study, through RNA sequencing, we discovered that
lncRNA XIST was upregulated in HCC cells that was insensitive to lenvatinib. Mechanically, we found that lncXIST promotes
lenvatinib resistance via activation of EZH2-NOD2-ERK axis in HCC cells. Our data suggest that targeting lncXIST/EZH2/
NOD2/ERK axis might be a promising strategy to enhance the efficacy of lenvatinib against HCC cells.

1. Introduction

Hepatocellular carcinoma (HCC) is an aggressive cancer and
ranks the third leading cause of cancer-related mortality [1].
It was estimated that there are over 900,000 new HCC cases
and 800,000 deaths worldwide each year [2]. Many factors
such as chronic viral hepatitis type B/C, excessive alcohol
consumption, and exposure to aflatoxin can contribute to
the HCC. Mechanically, various growth factors like vascular
growth factor (PDGF), vascular endothelial growth factor
(VEGF), and fibroblast growth factor (FGF) are involved in
the progression of HCC [3]. Based on that, the Food and
Drug Administration (FDA) approved the sorafenib, an oral
tyrosine kinase inhibitor (TKI), for the treatment of HCC [4].
However, sorafenib showed limited clinical benefits in
advanced HCC clinical treatment, and the overall 5-year sur-
vival rate is relatively low [4]. Lenvatinib was the second first-
line drug that has been approved by the FDA for the treat-
ment of HCC, due its noninferior survival benefit compared

to sorafenib [5]. Lenvatinib acts mainly via inhibition of the
angiogenesis in various solid cancers such as HCC, lung can-
cer, and thyroid cancer [6]. Although lenvatinib showed
promising clinical values, the mechanisms underlying lenva-
tinib resistance are complicated and largely unknown. Thus,
further investigations on the molecular basis of LR may pro-
vide novel insights into the identification of novel molecular
targets to overcome it.

Long noncoding RNA (lncRNA) are a heterogeneous
group of noncoding RNAs (ncRNAs) with a transcript size
of larger than 200nt [7]. lncRNAs have been documented
to play essential roles in various biological activities such as
development, differentiation, and cell death. Till now, many
lncRNAs have been found to regulate HCC cell response to
sorafenib. For example, LINC01089 can contribute to soraf-
enib chemoresistance in HCC cells [8]. LINC01273 was also
able to confer resistance to sorafenib in HCC cells [9]. How-
ever, there is still little knowledge about the role of lncRNA
in regulating the HCC cell response to lenvatinib.
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In the current study, we identified lncXIST, which was
upregulated in lenvatinib-resistant HCC cells. Further inves-
tigation found that lncXIST contributes resistance to lenva-
tinib via epigenetic inhibition of NOD2. Our findings
suggest that lncXIST may be applied as a novel predictive
biomarker and therapeutic target for lenvatinib resistance
in HCC cells.

2. Materials and Methods

2.1. Cell Culture and Chemicals. Human hepatocyte LO2
cells were obtained from Shanghai Aulu Biological Technol-
ogy (Shanghai, China). HCC cells (Hep3B, HepG2, Huh7,
and HA22T) were obtained from Shanghai Bank of Cell Cul-
ture (Shanghai, China). The lenvatinib-resistant HepG2
(HepG2/R) was created by stepwise escalation method:
parental HepG2 cell was cultured with gradually increase
doses of lenvatinib from 2nM to 1μM over 8 months. LO2
cells were cultured in DMEM, and HCC cells were cultured
in RPMI1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin and streptomycin in humid-
ified air with 5% CO2 at 37

°C. All cells were authenticated
by STR profiling and tested for mycoplasma contamination
by Shanghai Biowing Applied Biotechnology (Shanghai,
China). SCH772984 and SB202190 were obtained from Sell-
eck Chemicals (USA). The lenvatinib was obtained from
MedChemExpress (USA), and all other routine chemicals
were obtained from Sigma-Aldrich (USA).

2.2. Cell Viability Assay. Cell viability was measured by cell
counting kit-8 (CCK-8) kit from Dojindo Lab (Japan).
Briefly, 2000 cells were seeded into 96-well plates in tripli-
cate, cultured overnight. After different treatments, cell via-
bility was measured according to the manufacturer’s guide.
The results were measured at 450nm by the microplate
reader (BioTek, USA).

2.3. Cell Death Measurement. Cells were seeded into 6-well
plate at the density of 1 × 105 cells/well and subjected to var-
ious treatments after adhering overnight. Apoptosis was
measured by flow cytometry using the Annexin V-FITC
Apoptosis Detection kit (BD Pharmingen, USA) according
to the manufacturer’s guide. Data was analyzed using FlowJo
software.

2.4. RNA Interfering. Cells were seeded into 6-well plates at
the density of 1 × 105 cells/well and transfected using the 5μl
Lipofectamine 2000 (Life Technologies, USA), which was
mixed with 2μl of 20μM siRNA in 250μl of Opi-MEM
(Gibco, USA). The siRNAs/antisense oligonucleotides (ASOs)
were obtained from GenePharma Ltd. (Suzhou, China).

2.5. Plasmid Constructs and Transfection. Full length of
lncXIST and of NOD2 cDNA was synthesized according to
their coding sequence and cloned into the pcDNA3.1 vector.
Plasmids were transfected into cells using the Lipofectamine
2000 according to the manufacturer’s guide.

2.6. Real-Time qPCR. Total RNA was purified from the cells
using the TRIzol (Life Technologies, USA) according to the

manufacturer’s guide. Real-time qPCR was conducted using
the SYBR Green qPCR kit (Takara, Japan). The relative gene
expression was calculated using the 2-ΔΔCt method and the
samples were run in triplicate.

2.7. RNA Sequencing. Total RNA was isolated from cells as
described above. RNA sequencing was conducted using an
Illumina HiSeq X-ten platform at Hangzhou HiBio Technol-
ogy (China). In short, sequencing libraries were constructed
using TruSeq Library Prep Kit (Illumina) and were
sequenced on HisSeq7500 machine (Illumina). Reads were
aligned to human hg19, and gene expression values were
calculated via counting the reads mapping by the edgeR soft-
ware. p values were adjusted using the Benjamini-Hochberg
method for controlling the false discovery rate. Genes with
an adjusted p value < 0.01 and fold change > 2 were consid-
ered differentially expressed.

2.8. Chromatin Immunoprecipitation (ChIP) Assay. ChIP
assay was conducted using the ChIP kit (Abcam, USA)
according to the manufacturer’s guide. Briefly, cells were
treated with formaldehyde and incubated for 10min to gen-
erate DNA-protein complexes. Cell lysates were then soni-
cated to generate chromatin fragments of 200-300 bp and
immunoprecipitated with EZH2 or H3K27me3-specific anti-
bodies or IgG (negative control). Precipitated chromatin
DNA was analyzed by qRT-PCR.

2.9. RNA Immunoprecipitation (RIP) Assay. RIP was con-
ducted to examine whether XIST could interact to bind with
potential binding proteins. EZMagna RIP kit (Sigma-
Aldrich) was used according to the manufacturer’s guide.
Briefly, cells were lysed and cellular extract was incubated
with magnetic beads conjugated with antibodies that are
specific against EZH2, SUZ12, or IgG for 6 h. Then, the
beads were incubated with 0.1% SDS/0.5mg/ml proteinase
K for 0.5 h. The immunoprecipitated RNA was subjected
to analysis by RT-PCR.

2.10. Western Blots. Total proteins were extracted from cells
using the CHAPS lysis buffer (Beyotime, China). The quan-
tification of protein was measured by the Bradford assay kit
(Sigma). Equal amount of protein (10μg) was loaded onto
10% SDS-PAGE and transferred to PVDF membrane (Milli-
pore). The membrane was blocked with 5% skimmed milk
for 1 h at room temperature. Then, the membrane was incu-
bated with primary antibody at 4°C overnight. The following
antibodies were used: phospho-ERK (cat: 4370; dilution:
1 : 1000; Cell Signaling Technology), ERK (cat: 4696; dilu-
tion: 1 : 1000; Cell Signaling Technology), phospho-p38
(cat: 4511; dilution: 1 : 1000; Cell Signaling Technology),
p38 (cat: 8690; dilution: 1 : 1000; Cell Signaling Technology),
phospho-FRS2 (cat: 3864; dilution: 1 : 1000; Cell Signaling
Technology), FRS2 (cat: ab183492; dilution: 1 : 1000; Abcam),
NOD2 (cat: ab31488; dilution: 1 : 1000; Abcam), EZH2 (cat:
ab191250; dilution: 1 : 1000; Abcam), H3K27me3 (cat:
ab6002; dilution: 1 : 1000; Abcam), and GAPDH (cat:
ab8245; dilution: 1 : 5000; Abcam). Secondary antibodies con-
jugated to horseradish peroxidase were ordered from Sigma-
Aldrich (USA). The results were visualized using Tanon™
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High-sig ECL Western Blotting Substrate (Tanon, China) in
Tanon-4600 instrument (Tanon, China). All experiments
were repeated at least three times.

2.11. Statistical Analysis. All experiments were indepen-
dently repeated at least three times. GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA, USA) was used for data
processing and statistical analysis.

Results are reported as the mean ± standard deviation
(SD). Differences between the means of the groups were
determined using one-way ANOVA with post hoc test. P
< 0:05 was considered significant.

3. Results

3.1. lncXIST Is Upregulated in Lenvatinib-Resistant HepG2/R
Cells and Correlated with Resistance to Lenvatinib. Firstly, we
established lenvatinib-resistant HCC cells by exposing
HepG2 cells to increasing doses of lenvatinib for over 9
months. As shown in Figure 1(a), lenvatinib-resistant HepG2
cells (HepG2/R) showed much higher viabilities than paren-
tal HepG2 cells after treated with various doses of lenvatinib
for 24 h. HepG2 and HepG2/R cells were treated with lenva-
tinib (20μM) for 24 h, the FGFR signalling pathway was
examined. It was found that lenvatinib successfully inhibited
the phosphorylation of FRS2, a downstream FGFR signalling
molecule (Figure 1(b)). In addition, lenvatinib also inhibited
the phosphorylation of ERK and p38 in HepG2 cells
(Figure 1(b)). At the same time, there was no significant
change in the phosphorylation of FRS2, ERK, and p38 in
HepG2/R cells (Figure 1(b)). In order to identify the potential
lncRNAs that may contribute resistance to lenvatinib, RNA
sequencing was performed. Among various lncRNAs,
lncXIST was found significantly upregulated in HepG2/R
cells (Figure 1(c)). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis showed that several sig-
nalling pathways were highly enriched in HepG2/R cells
(Figure 1(d)). Then, we measured the expression of lncXIST
in various cells, and it was found that the expression of
lncXIST in HCC cells was much higher than normal hepato-
cyte LO2 cells (Figure 1(e)). We also found that the IC50
value of lenvatinib in HCC cells is positively correlated with
the expression of lncXIST (Figure 1(f)). To investigate the
possible role of lncXIST in regulation HCC cell response to
lenvatinib, siRNAs were applied to knockdown lncXIST. As
indicated in Figure 1(g), the si-lncXIST#1 was the most effi-
cient one, so it was used in the following experiments. We
also forced the expression of lncXIST by transfecting HepG2
cells with a vector expressing lncXIST (Figure 1(h)). It was
found that knockdown of lncXIST decreased HepG2/R cells
IC50 to lenvatinib, while upregulation of lncXIST increased
HepG2/R cells IC50 to lenvatinib (Figure 1(i)). Cell viability
assays also confirmed that silencing of lncXIST markedly
inhibited HepG2/R cell proliferation compared with control
cells, and conversely, overexpression of lncXIST promoted
proliferation of HepG2 cells with or without lenvatinib
(Figure 1(j)). Taken together, those data suggest that lncXIST
is upregulated in lenvatinib-resistant HepG2/R cells and con-
tribute to resistance to lenvatinib.

3.2. Knockdown of lncXIST Promoted Apoptosis Induced by
Lenvatinib in HCC Cells. Next, we examined whether
lncXIST would affect cell apoptosis. Compared with the
control cells, silencing of lncXIST promoted cell death of
HepG2/R cells with or without lenvatinib treatment
(Figure 2(a)). At the same time, forced expression of
lncXIST inhibited the cell death of HepG2 cells caused by
lenvatinib (Figure 2(a)). In order to confirm the type of cell
death, caspase-3/9 activity assays were conducted. It was
found that silencing of lncXIST promoted the activities of
caspase-3/9, while overexpression of lncXIST inhibited the
activities of caspase-3/9 under the treatment of lenvatinib
(Figure 2(b)). We next examined whether lncXIST regulates
the FGFR signalling. As shown in Figure 2(c), silencing of
lncXIST inhibited the phosphorylation of FRS2, p38, and
ERK in HepG2/R cells. Meanwhile, overexpression of
lncXIST increased the phosphorylation of FRS2, p38, and
ERK in HepG2 cells (Figure 2(c)). Thus, lncXIST affects
HCC cell sensitivity to lenvatinib via regulation of apoptosis
and FGFR signalling pathway.

3.3. lncXIST Promotes Lenvatinib Resistance via Activation of
EZH2-NOD2 Axis. In order to further investigate the mech-
anisms underlying the resistance to lenvatinib conferred by
lncXIST, RNA sequencing was conducted. As indicated in
Figures 3(a) and 3(b), various genes and signalling pathways
were affected after knockdown of lncXIST in HepG2/R cells.
Among them, NOD2 got our attention due to the highest-
fold upregulation after knockdown of lncXIST which was
further confirmed by RT-PCR (Figure 3(c)). Western blots
also confirmed that knockdown of lncXIST led to upregula-
tion of NOD2, while overexpression of lncXIST inhibited
the NOD2 (Figure 3(d)). Additionally, we examined the dis-
tribution of lncXIST using subcellular fractionation analyses.
qRT-PCR results showed that lncXIST is mainly distributed
in the nucleus (Figure 3(e)), indicating that lncXIST may
involve in the regulation of transcription. Amounting evi-
dence suggests that lncRNAs can regulate the expression of
genes via interaction with RNA binding proteins such as
HuR, HMGB1, and EZH2 [10]. To investigate whether
lncXIST could interact with those RNA-binding proteins,
RNA immunoprecipitation (RIP) assays were conducted. It
was revealed that lncXIST can bind with HuR, EZH2, and
HMGB1. However, lncXIST interaction with EZH2 was
stronger, suggesting that lncXIST interacted specifically with
EZH2 in HepG2/R cells (Figure 3(f)). To further examine
the correlation between lncXIST and EZH2, we measured
the expression of EZH2 after silencing/overexpression of
lncXIST. Surprisingly, knockdown or overexpression of
lncXIST did not affect the EZH2 at both mRNA and protein
levels (data not shown). Since EZH2 is a core subunit of
polycomb repressive complex 2 (PRC2), it plays an essential
role in regulating cancer cell response to drugs [11]. To
study the role of EZH2 in HCC cell response to lenvatinib,
the levels of EZH2 were examined. It was found that both
the mRNA and protein levels of EZH2 were upregulated in
HepG2/R cells compared to HepG2 cells (Figures 3(g) and
3(h)). Then, three siRNAs against EZH2 were applied to
knockdown EZH2 in HepG2/R and Huh7 cells (Figure 3(i)).
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Figure 1: Continued.
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It was found that silencing of EZH2 increased the cell death
induced by lenvatinib in both HepG2/R and Huh7 cells
(Figure 3(j)). At the same time, cell viabilities showed that
silencing of EZH2 decreased the cell viabilities of HepG2/
R and Huh7 cells under the treatment of lenvatinib
(Figure 3(k)). Next, we investigated the correlation between
the EZH2 and NOD2. RT-PCR and western blots showed
that downregulation of EZH2 led to the upregulation of
NOD2 in HepG2/R and Huh7 cells (Figures 3(l) and
3(m)). Noteworthy, silencing of EZH2 also led to the inhi-
bition of H3K27me3 (Figure 3(m)). Furthermore, chroma-

tin immunoprecipitation (ChIP) was conducted, and it
was found that knockdown of lncXIST attenuated the bind-
ing of EZH2 and H3K27 trimethylation levels across the
promoter region of NOD2 (Figure 3(n)). These results sug-
gest that lncXIST affects HCC cell response to lenvatinib, at
least partly, via the epigenetic inhibition of NOD2 via inter-
acting with EZH2 in HepG2/R cells.

3.4. Overexpression of NOD2 Restores Lenvatinib-Insensitive
HCC Cell Response to Lenvatinib. Next, we investigated
the role of NOD2 in regulating HCC cell response to
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Figure 1: Upregulation of lncXIST confers resistance to lenvatinib in HCC cells. (a) HepG2 and HepG2/R cells were treated with indicated
doses of lenvatinib for 24 h, and cellular viabilities were measured. (b) HepG2 and HepG2/R cells were treated with or without lenvatinib for
24 h, and indicated proteins were measured by western blots. (c) HepG2 and HepG2/R cells were subjected to the RNA sequencing analysis.
(d) Top significantly affected pathways in HepG2/R cells based on KEGG pathway enrichment analysis. (e) Levels of lncXIST were
measured in various cell lines. (f) The IC50 values of various HCC cells under the treatment of lenvatinib. (g) HepG2/R cells were
transfected with various siRNAs for 24 h, and levels of lncXIST were measured. (h) HepG2 cells were transfected with empty vector
(pcDNA) or lncXIST expressing vector (pc-XIST) for 24 h, and the levels of lncXIST were measured. (i) After knockdown of lncXIST or
overexpressing lncXIST, the IC50 values were measured in HepG2/R and HepG2 cells, respectively. (j) HepG2/R and HepG2 cells were
transfected with siRNA against lncXIST or vector expressing lncXIST, then cells were treated with or without Lenvatinib (10 μM) for
various time, and cellular viabilities were measured. The data was presented as mean ± SD. ∗p < 0:05 and ∗∗p < 0:01.
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lenvatinib. RT-PCR and western blots showed that both
the mRNA and protein levels of NOD2 were lower in
HepG2/R cells compared to HepG2 cells (Figures 4(a)
and 4(b)). To further analyze the function of NOD2, we
overexpressed the NOD2 in HepG2/R (Figures 4(c) and
4(d)). It was found that forced expression of NOD2
increased the cell death of HepG2/R cells under the treat-
ment of lenvatinib (Figure 4(e)). Caspases’ activities also
confirmed that upregulation of NOD2 resulted in increased
caspases activities in HepG2/R cells under the treatment of
lenvatinib (Figure 4(f)). Moreover, cellular viability assay
also indicated that forced expression of NOD2 decreased
viabilities of HepG2/R cells under the treatment of lenvati-
nib compared to the control group (Figure 4(g)). Taken
together, those data indicate that forced expression of
NOD2 restored lenvatinib-resistant HepG2/R cell sensitiv-
ity to lenvatinib.

3.5. lncXIST Contributes to Acquired Resistance to
Lenvatinib Which Is Partly Relied on the Regulation of
NOD2. Next, we examined whether inhibition of NOD2
expression could affect the effects of knockdown of lncXIST
on regulating HCC cell sensitivity to lenvatinib. As shown in
Figures 5(a) and 5(b), although knockdown of lncXIST
significantly increased NOD2 mRNA and protein levels,
these effects were reversed by coexpression of two siRNAs
against NOD2. It was found that knockdown of NOD2
reversed the effects of silencing of lncXIST on the cellular
viabilities of HepG2/R cells under the treatment of lenvati-
nib (Figure 5(c)). Flow cytometry analysis also indicated that
silencing of NOD2 reversed the effects of silencing of
lncXIST on cell death induced by lenvatinib in HepG2/R
cells (Figure 5(d)). Furthermore, caspases’ activities also
confirmed that the augmented caspase-3/9 activities caused
by silencing of lncXIST under the treatment of lenvatinib
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could be reversed by knockdown of NOD2 in HepG2/R
cells (Figure 5(e)). To further confirm the connective role
of EZH2 between XIST and NOD2, we overexpressed
EZH2 in HepG2 and Huh7 cells (Figure 5(f)). It was
observed that overexpression of EZH2 led to the downreg-
ulation of NOD2 in both cells (Figures 5(f) and 5(g)). Over-
expression of EZH2 also promoted the cellular viabilities of
both HepG2 and Huh7 cells under the treatment of lenva-
tinib (Figure 5(h)). Moreover, overexpression of EZH2 also
reduced the cellular death and activation of caspase-3/9
induced by lenvatinib in HepG2 and Huh7 cells

(Figures 5(i) and 5(j)). Collectively, those findings indicate
that lncXIST-EZH2-NOD2 axis confers resistance to lenva-
tinib in HCC cells.

3.6. Inhibition of NOD2 Caused Activation of ERK Which
Confers Resistance to Lenvatinib. To investigate the correla-
tion between NOD2 and MAPK signalling, p38 inhibitor
(SB202190) and ERK inhibitor (SCH772984) were applied.
As shown in Figures 6(a) and 6(b), both inhibitors did not
affect the downregulation of NOD2 caused by overexpres-
sion of lncXIST. Therefore, we hypothesized that NOD2
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Figure 3: lncXIST inhibits the expression of NOD2 by binding to EZH2. (a) Heat map of differentially expressed genes in HepG2/R cells
after transfection of lncXIST or control siRNAs. (b) Top significantly affected pathways in HepG2/R cells after inhibition of lncXIST based
on KEGG pathway enrichment analysis. (c) Seven representative gene mRNA levels in HepG2/R cells after inhibition of lncXIST. (d)
HepG2/R, HepG2, and Huh7 cells were transfected as indicated, and the protein levels of NOD2 and GAPDH were measured by
western blots. (e) Subcellular distribution of lncXIST was assayed. (f) RIP assay was conducted in HepG2/R cells to show lncXIST
coimmunoprecipitation with EZH2, HuR, HMGB1, and Ago2. (g) mRNA levels of EZH2 were measured by RT-PCR. (h) Protein levels
of EZH2 were measured by western blots. (i) HepG2/R and Huh7 cells were transfected siRNAs against EZH2 or control siRNA for
24 h, and protein levels of EZH2 were measured. (j) HepG2/R and Huh7 cells were transfected siRNAs against EZH2 or control siRNA
for 24 h, then cells were treated with or without lenvatinib (10 μM) for another 24 h, and cell death was measured. (k) Cells were
treated as described above, and cellular viabilities were measured. (l) HepG2/R and Huh7 cells were transfected with siRNAs against
EZH2 or control siRNA for 24 h, and EZH2 and NOD2 mRNA levels were measured. (m) HepG2/R and Huh7 cells were transfected
with siRNAs against EZH2 or control siRNA for 24 h, and indicated proteins were measured by western blots. (n) ChIP-qPCR assay
showing EZH2 binding with the promoter region of NOD2 can be attenuated by knockdown of lncXIST. The data was presented as
mean ± SD. ∗p < 0:05 and ∗∗p < 0:01.
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Figure 4: Upregulation of NOD2 can overcome resistance to lenvatinib in HCC cells. (a) mRNA levels of NOD2 were measured in HepG2
and HepG2/R cells. (b) Protein levels of NOD2 were measured in HepG2 and HepG2/R cells. (c) HepG2/R cells were transfected with
pcDNA or pcNOD2 for 24 h, and mRNA levels of NOD2 were measured. (d) Protein levels of NOD2 were measured. (e) HepG2/R cells
were transfected with pcDNA or pcNOD2 for 24 h, then cells were treated with or without lenvatinib (10 μM) for another 24 h, and
cellular death was measured. (f) Cells were treated as described above, and relative caspase-3/7 activities were measured. (g) HepG2/R
cells were transfected with pcDNA or pcNOD2 for 24 h, then cells were treated with or without lenvatinib (10 μM) for another 24 h, and
cellular viabilities were measured. The data was presented as mean ± SD. ∗p < 0:05.
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might act upstream ofMAPKs. Interestingly, it was found that
downregulation of NOD2 led to the activation of ERK but not
p38 in HepG2 and Huh7 cells (Figure 6(c)). Meanwhile, over-
expression of NOD2 reduced the levels of phosphor-ERK in
HepG2 and Huh7 cells (Figure 6(d)). To confirm the role of
ERK in regulating cell response to lenvatinib, SCH772984
was applied. Interestingly, SCH772984 treatment increased
the cell death induced by lenvatinib in both HepG2 and
Huh7 cells (Figure 6(e)). Thus, downregulation of NOD2 led
to the activation of ERK that might be responsible for the
resistance to lenvatinib in liver cancer cells.

4. Discussion

HCC is one of the leading causes of cancer-related death.
Lenvatinib is a multitargeted TKI that has been approved
for the treatment of unresectable HCC. However, the over-
all response rate was only around 40% in HCC patients
who received lenvatinib [12]. The clinical application of
lenvatinib is often limited by drug resistance; therefore, it
is necessary to unveil the mechanisms underlying the che-
moresistance to lenvatinib. In the current study, we
revealed that lncXIST confers resistance to lenvatinib in
HCC cells. Mechanically, lncXIST can interact with
EZH2 to repress the expression of NOD2.

lncRNAs, a class of noncoding RNAs, widely exist in
mammalian genomes and can be detected in the tissues,
body fluids, and exosomes [13]. Amounting evidence sug-
gests that lncRNAs play essential roles in various biological
activities such as cell growth, differentiation, and cell death

[14]. Various lncRNAs have also been identified as a regula-
tor of HCC cell response to TKIs. For instance, upregulation
of lncNIFK-AS1 conferred resistance to sorafenib in HCC
cells [15]. LncMT1JP was able to promote lenvatinib resis-
tance in HCC cells via inhibiting apoptosis [16]. lncXIST
was identified as an oncogene in various cancers including
the HCC. Liu and Xu reported that lncXIST promotes pro-
gression of HCC via sponging miR-200b-3p [17]. Dong
et al. found that lncXIST can accelerate the growth of HCC
cells via inhibiting miR-488 [18]. lncXIST has also been doc-
umented to affect cancer cell response to chemotherapy
agents. Upregulation of lncXIST confers resistance to 5-FU
and doxorubicin in colorectal cancer cells [19, 20]. In the
present study, we revealed for the first time that lncXIST also
confers resistance to lenvatinib in HCC cells.

Previous studies have shown that lncRNAs regulate can-
cer cells sensitive to chemotherapeutics via various mecha-
nisms. For instance, lncMT1JP promotes resistance to
lenvatinib via acting as a competing endogenous RNA to
miR-24-3p in HCC cells [16]. lncRNAs can also regulate
gene transcription by recruiting histone modification
enzymes or interacting with transcription factors. Chen
et al. found that lncRNA CASC9 promoted resistance to
gefitinib in NSCLC cells via epigenetic inhibition of DUSP1
[21]. In the current study, we revealed that lncXIST was able
to bind with histone modification enzyme, EZH2, to inhibit
the expression of NOD2. EZH2 is the core subunit of the
PRC2 complex, which negatively regulate the gene expres-
sion via trimethylating of H3K27 [22]. It has been reported
that EZH2 is overexpressed in HCC and is correlated with
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Figure 5: Silencing of NOD2 abrogates the effects of inhibition of lncXIST on sensitivity to lenvatinib in HCC cells. (a) HepG2/R cells were
transfected with siRNAs as indicated for 24 h, and mRNA levels of NOD2 were measured. (b) HepG2/R cells were transfected with siRNAs
as indicated for 24 h, and protein levels of NOD2 were measured. (c) HepG2/R cells were transfected with siRNAs as indicated for 24 h, then
cells were treated with or without lenvatinib (10 μM) for 24 h, and cellular viabilities were measured. (d) HepG2 cells were treated as
described above, and cellular death was measured. (f) HepG2 and Huh7 cells were transfected as indicated for 24 h, and indicated
proteins were measured by western blots. (g) mRNA levels of NOD2 were measured. (h) HepG2 and Huh7 cells were transfected as
indicated for 24 h, then cells were treated with or without lenvatinib for another 24 h, and cellular viabilities were measured. (i) HepG2
and Huh7 cells were transfected as indicated for 24 h, then cells were treated with or without lenvatinib for another 24 h, and cellular
death was measured. (j) Caspase activities were measured. The data was presented as mean ± SD; ∗p < 0:05 and ∗∗p < 0:01.
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Figure 6: Downregulation of NOD2 caused activation of ERK that confers resistance to lenvatinib. (a) HepG2 and Huh7 cells were transfected
as indicated for 24 h, then cells were treated with DMSO or SB202190 (20μM) for another 24 h, and protein levels of NOD2 were measured. (b)
HepG2 and Huh7 cells were transfected as indicated for 24 h, then cells were treated with DMSO or SCH772984 (20μM) for another 24 h, and
protein levels of NOD2 were measured. (c) HepG2 and Huh7 cells were transfected as indicated for 24 h, and indicated proteins were measured
by western blots. (d) HepG2 and Huh7 cells were transfected as indicated for 24 h, and indicated proteins were measured by western blots. (e)
HepG2 andHuh7 cells were treated with lenvatinib alone or in combination with SCH772984 (20μM) for 24h, and cellular death wasmeasured.
(f) Proposed model by which lncXIST regulates HCC cell response to lenvatinib.
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poor prognosis [23]. Previous studies found that EZH2 is
able to regulate HCC cell sensitivity to sorafenib. For exam-
ple, inhibition of EZH2 augmented the antitumor effects of
sorafenib in HCC cells [24]. Interestingly, various studies
found that EZH2 could interact with lncRNAs. Zhang et al.
reported that lncUPK1A-AS1 was able to interact with
EZH2 and promotes the proliferation of HCC cells [25]. In
the current study, we found that knockdown of EZH2 could
partially reversed lenvatinib resistance and promoted cell
death of HCC cells. Our findings are in accordance with pre-
vious studies indicating that EZH2 could be used as a target
to overcome lenvatinib resistance in HCC cells.

We also conducted RNA sequencing to find the target
genes of lncXIST, and NOD2 was identified. NOD2 is one
of the pivotal innate immune sensors, which can recognize
pathogen infection and induce subsequent innate immune
response [26]. NOD2 acts as a tumor suppressor and was
found to protect mice from inflammation and obesity-
dependent HCC [27]. NOD2 has also been reported to
inhibit tumorigenesis and increase chemosensitivity of
HCC cells via targeting AMPK pathway [28]. In line with
those studies, we also found that upregulation of NOD2
prompted cell death induced by lenvatinib in HCC cells.
Therefore, the levels of NOD2 might be applied as a marker
to predict the lenvatinib response in HCC. Noteworthy,
another study found that NOD2 was upregulated and acti-
vated in HCC tissues, and high expression of NOD2 was
correlated with poor prognosis in HCC patients [29]. This
discrepancy reveals the complex role of NOD2 in regulating
the tumorigenesis of HCC, and more investigations are
required. We also revealed that inhibition of NOD2 led to
the activation of ERK in liver cancer cells. Similar to our
findings, ERK activation was found enhanced in NOD2-/-
macrophages [30]. Moreover, ERK signalling was also found
upregulated in NOD2-/- mice [31]. In addition, our data also
indicated that activation of ERK was correlated with resis-
tance to lenvatinib. This finding is in accordance with a
previous study which also showed that ERK signalling con-
ferred resistance to lenvatinib in liver carcinoma cells [32].
Hence, targeting ERK signalling might be a strategy to over-
come lenvatinib resistance.

Till now, there are many possible strategies to target the
lncXIST/EZH2/NOD2/ERK axis. Many specific inhibitors
against EZH2 have been developed and studied in the pre-
clinical setting. For example, three EZH2 inhibitors, tazeme-
tostat (EPZ-6438), GSK2816126, and CPI-1205, have moved
into phase I/phase II clinical trials in patients with non-
Hodgkin lymphoma and genetically defined solid tumors
[33]. Clinical data showed that those EZH2 inhibitors are
relatively safe. Noteworthy, another study found that EZH2
inhibitors prevented emergence of acquired resistance and
augmented chemotherapeutic efficacy in both chemosensi-
tive and chemoresistant models of small cell lung cancer
[34]. In addition, SB 9200 is a novel, first-in-class oral mod-
ulator of innate immunity that is believed to act via the acti-
vation of the NOD2 pathways [35]. Although SB 9200 has a
broad-spectrum antiviral activity, whether it possesses anti-
tumor activities has not been reported yet. Amounting evi-
dence suggests that angiogenesis and signalling through the

ERK have been reported to play essential roles in hepatocar-
cinogenesis [36]. Sorafenib is an ERK inhibitor that has been
approved for the treatment of liver carcinoma. Hence, it
would be interesting to test whether those agents could
enhance the efficacy of lenvatinib in liver carcinoma cells.

There are some limitations of our study. Firstly, our
studies are conducted using in vitro assays. It would be inter-
esting to validate our findings in vivo. Secondly, there might
be other genes that were affected by the lncXIST/EZH2 and
affect HCC cell response to lenvatinib; it is worthy for fur-
ther investigations.

5. Conclusion

In this study, we found that lncXIST promotes resistance to
lenvatinib in HCC cells. Mechanically, lncXIST interacts
with EZH2 to inhibit the expression of NOD2. Overexpres-
sion of NOD2 silencing could reverse the effects of inhibi-
tion of lncXIST on HCC cell sensitivity to lenvatinib. Our
findings provide novel insights into the lncXIST/EZH2/
NOD2/ERK axis in regulating HCC lenvatinib resistance
(Figure 6(f)).
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