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Abstract

Objective: Radiofrequency ablation (RFA) is the first-line of treatment for unresectable early hepatocellular carcinoma (HCC). However,
the accelerated malignancy progression of residual HCC cells post-RFA pose a major obstacle to its clinical application. The mechanisms
underlying the increased malignancy of residual HCC cells following RFA require further investigation.

Methods: In the present study, HepG2 cells, an established human HCC cell line, were subjected to repeated heat treatment to
simulate residual HCC cells after RFA, surviving cells were designated as HepG2-H cells. Malignancy parameters and p-opioid receptor
(MOR) expression levels were compared between HepG2 and HepG2-H cells. RNA sequencing was subsequently performed to identify
differentially expressed genes (DEGs) between the two groups of cells, and pathways enrichment analysis was conducted to investigate
signaling pathways potentially driving HepG2-H cells malignancy.

Results: HepG2-H cells exhibited significantly elevated malignancy compared to HepG2 cells, as evidenced by enhanced proliferation,
migration, and colony formation. MOR expression was significantly upregulated in HepG2-H cells. RNA sequencing revealed that DEGs
between the two groups were predominantly enriched in cancer pathways. Furthermore, phosphorylated ERK1/2 (P-ERK1/2) levels were
1.18-fold higher in HepG2-H cells, and the inhibition of MOR activity could reduce both the level of P-ERK1/2 and the malignancy of
HepG2-H cells.

Condlusion: Our findings suggest that the activation of MOR/ERK signaling pathway contributes to the malignant progression of residual

HCC cells post-RFA. Targeting MOR may offer a novel therapeutic strategy to mitigate tumor recurrence following RFA.
Keywords: p-opioid receptor, hepatocellular carcinoma, radiofrequency ablation, ERK

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common
cancer and the third-leading cause of cancer-related mor-
tality in the world.! While advancements in early detection
and therapeutic strategies have improved curative potential
for early-stage HCC, postoperative outcomes remain subop-
timal, primarily due to persistently high rates of metastasis and
recurrence.

Radiofrequency ablation (RFA) has become a favour-
able treatment modality for small HCCs because of its min-
imal invasiveness, low postoperative pain, fast recovery, and
short hospitalization.? Local control rates equivalent to hepatic
resection can be reached by RFA alone when treating small
HCCs (<3 cm) in favourable locations. However, local tumour
progression and recurrence rates with RFA monotherapy
increase sharply when treating larger lesions (>3 cm).”* Rele-
vant research results indicate that the recurrence rate of HCC
after RFA can be as high as 25%.° Furthermore, incomplete
ablation may exacerbate the aggressive progression of residual
liver tumor.®”

Opioids are widely used for the management of cancer
and surgical pain in the perioperative period. Opioids and
opioid peptides selectively bind to the opioid receptors. Clas-
sical opioid receptors are seven transmembrane G protein-
coupled receptors (GPCRs) and have three major receptor
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subtypes: 4 (MOR), § (DOR) and k (KOR). They have roles in
pain relief, cell proliferation, immune function, and emotional
modulation.® While MOR overexpression has been linked to
tumorigenesis in cancers like lung, breast, and colon,” " its
specific contribution to HCC recurrence after RFA has not
been systematically investigated. Previous studies on post-RFA
malignancy largely focused on pathways such as PI3K/AKT,
HIF-1a/VEGFE, or autophagy,®* leaving MOR-mediated
mechanisms unaddressed.

GPCRs and growth factor receptor pathways lead to acti-
vation of the ERK/MAP kinase phosphorylation cascade.”” In
pancreatic ductal adenocarcinomas cells, Joran et al. found
that somatostatin receptor 2 and MOR were significantly co-
localized and the heterodimer activated EGFR-1 and ERK1/2
and then promoted cell metastasis.'* In HCC, ERK hyperac-
tivation is a hallmark of aggressive phenotypes.'” However, it
remains to be further studied whether the accelerated malig-
nancy of residual HCC cells after RFA is related to the upregu-
lation of MOR and subsequent the activation of ERK pathway.

In the present study, HCC cells survived from heat
treatment were used to simulate the residual cells after RFA,
untreated HCC cells were used as control. The malignancy of
two groups of cells and the level of MOR were determined.
Subsequently, RNA sequencing was used to detect differ-
entially expressed genes (DEGs) in the two groups of cells,
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predicting the signaling pathways that may be involved in the
accelerated malignancy of HCC cells. Finally, the mechanism
of accelerated malignancy of residual HCC cells after RFA was
clarified.

Materials and Methods

Cell Culture and Heat Treatment

The HepG2 cells, a well-established human HCC cell line, were
obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA), and cultured in high-glucose DMEM
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% (v/v) fetal bovine serum (Gibco), 100 IU/ml
penicillin and 0.1 mg/ml streptomycin at 37°C in a humidi-
fied atmosphere of 5% CO,. When the cells reached 80% con-
fluence, trypsin was used to digest the cells for passaging or
cryopreservation.

Heat treatment was used to mimic insufficient RFA to
prepare residual HepG2 cells after RFA, as described previ-
ously."*'® Briefly, HepG2 cells was seeded into 6-well plates at a
density of 5 x 10* cells/well. After 24 hr, the plates were sealed
and submerged in a 47°C water bath for 5 min, and surviving
cells were cultured in vitro into 80% confluence. Then, they
were seeded into 6-well plates again and exposed to above heat
treatment for 10 min and recovered again. Subsequently, the
cells were sequentially exposed to above heat treatment for
15, 20, and 25 min. Cells survived after last heat treatment
were used as residual cells after insufficient RFA and desig-
nated as HepG2-H cells.

Cell Viability Assay

Cell proliferation was assessed using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
HepG2 and HepG2-H cells were seeded in 96-well plates at
1 x 10* cells/well. Following 24, 48, and 72 hr of incubation,
10 pl of MTT reagent (coolaber technology Co., Ltd., Bei-
jing, China), 5 mg/ml dissolved in phosphate-buffered saline
(PBS), was added to each well, with subsequent incubation for
4 hr at 37°C. The resulting formazan crystals were dissolved
by adding 100 ul DMSO to each well, followed by gentle agita-
tion for 10 min. Optical density (OD) of each well at 490 nm
was recorded by a microplate reader (Cytation 5 Imaging
Reader, BioTek Instruments, Inc., Winooski, VT, USA). Cell
viability (%) was calculated as: (OD,  of HepG2-H/OD,  of
HepG2) x 100%.

After HepG2-H cells was treated with 10 uM Morphi-
ceptin, a MOR agonist, or 25 uM Naloxone, a MOR inhibitor
(all purchased from MedChemExpress, Shanghai, China)
for 12, 24, and 48 hr, the proliferation of HepG2-H cells was
determined using the same methods as described above.

490 490 o

Colony Formation Assay

HepG2 and HepG2-H cells were plated in 6-well plates at
1 x 10° cells/well for adherent culture. Following 10-14 days
incubation until visible colony formation, cells were fixed
with 4% (w/v) paraformaldehyde (Solarbio, Beijing, China)
for 30 min and stained with 0.1% (w/v) crystal violet for 20
min at room temperature. After washing three times with
PBS, the stained colonies were imaged using an inverted
microscope (Ti-U, Nikon, Tokyo, Japan) and quantified
by manual counting. Colony formation efficiency (%)
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was calculated as: (number of colonies/number of seeded
cells) x 100%.

Scratch Wound Healing Assay

HepG2 and HepG2-H cells were seeded in 35 mm culture
dishes at a density of 10* cells/dish. When the cells reached
90% confluence, a straight scratch was made with a 10 ul
sterile tip. Subsequently, the cells were cultured in vitro, and
cells spreading into the wound area were photographed per
24 hr until the scratch wound was completely healed.

During scratch wound healing assay, HepG2-H cells
were treated with 10 pM Morphiceptin, or 25 uM Naloxone,
the effect of these agonists or inhibitors on the migration of
HepG2-H cells was determined.

Western Blot

HepG2 and HepG2-H cells were cultured in 35 mm culture
dishes for 24 hr, then, culture medium was discarded, and 100 pl
radio immunoprecipitation assay lysis buffer (RIPA) con-
taining a protease inhibitor (YangGuangBio, Beijing, China)
was added into the culture dishes to lyse cells. After cells lysate
incubated at 80°C for 10 min, total proteins from cells were
separated by SDS-PAGE and electrotransferred onto a poly-
vinylidene fluoride membrane. The membrane was blocked
with 5% skim milk and incubated overnight with rabbit anti-
human polyclonal antibodies to MOR (Abmart, Shanghai,
China), and mouse anti-human monoclonal antibodies to
Tubulin (Quayad, Beijing, China) at 4°C. After washed three
times with Tris buffered saline with Tween-20 (TBST) (Yang-
GuangBio), the membrane was incubated with horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse IgG
(H&L) (Quayad) at room temperature for 1 hr. Immunore-
active protein bands on the membrane were developed with
ECL Plus (YangGuangBio) according to the manufacturer’s
protocols, and the band density was analyzed using the Image]
software.

After HepG2-H cells were treated with 10 pM Morphi-
ceptin or 25 pM Naloxone for 24 hr, western blot was used
to determine the level of ERK1/2 and Phospho-Erk1 (Thr202/
Tyr204)/Erk2 (Thr185/Tyr187) (P-ERK). Rabbit anti-human
monoclonal antibodies to ERK1/2, to P-ERK1/2 were pur-
chased from Beyotime (Shanghai, China), and Tubulin was
also used as endogenous control protein.

Immunocytochemistry

HepG2 and HepG2-H cells were cultured overnight on glass
coverslips (14 mm in diameter), which were placed at the
bottom of 24-well culture plates. Then, cells were washed with
PBS and fixed with 4% (v/v) paraformaldehyde (Solarbio)
at room temperature for 10 min. After washed thrice with
cold PBS, the cells were blocked with 10% (v/v) goat serum
(dissolved in PBS) (ZSGB-BIO, Beijing, China) at room tem-
perature for 1 hr, then, incubated overnight with rabbit anti-
human monoclonal antibody to MOR (Affinity Biosciences,
Changzhou, China) (1:250) at 4°C. Subsequently, the covers-
lips were washed thrice with Phosphate Buffered Saline with
Tween 20 (PBST), each for 5 min. The cells were stained in
the dark with Alexa Fluor 594 -conjugated goat anti-rabbit IgG
(H&L) (Quayad) at room temperature for 1 hr, washed thrice
with PBS, and stained with 1 ug/ml DAPI (Abcam, Shanghai,
China) for 1 min. After washed with PBS, the cells were
mounted under a coverslip in antifade mounting medium
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(YangGuangBio), and allowed to dry overnight at room tem-
perature in the dark. Fluorescence was observed under an AIR
confocal laser-scanning microscope (Nikon, Tokyo, Japan).

RNA Sequencing

Total RNA was isolated from HepG2 and HepG2-H cells
using the Trizol Reagent (Takara, Beijing, China), delivered to
Major Bio (Shanghai, China) for RNA sequencing on NovaSeq
X Plus platform. DEGs analysis was conducted using the
‘DESeq2’ R package, with a cutoff criteria of |[log,FoldChange
(log,FC) | > 1.0 and P-value < 0.05.

Statistical Analyses

All experiments were repeated at least three times and values
are shown as mean * standard deviation (SD). The single
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factor variance analysis was used to compare the significance
between groups, *P < 0.05, **P < 0.01, ***P < 0.001. P < 0.05
was considered statistically significant.

Results

RFA Increased Malignancy of Residual HepG2 Cells

Both HepG2 and HepG2-H cells are epithelial-like cells when
cultured in vitro, with no significant differences in size and
morphology (Fig. 1A).

The proliferative capacity, clone-formation and migra-
tion ability of HepG2 and HepG2-H cells were evaluated
using MTT assay, clone formation assay and scratch wound
healing assay, respectively. As shown in Fig. 1B, HepG2-H
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Fig. 1 Cell viability, clone formation and migration ability of HepG2 and HepG2-H cells. (A: Morphological features of two groups of cells
under in vitro culture. B: The viability of two groups of cells was determined by MTT assay. Viability was calculated as (0D, of HepG2-H

cells/OD

490

of HepG2 cells) x 100%. C and D: Cells were stained using crystal violet, the number of clones was counted, and the clone

formation rate was calculated as: (the number of clones/the number of seeded cells) x 100%. E: The migration of two groups of cells was
determined by scratch wound healing assay. All experiments were carried out in triplicates, and the data are shown as the mean + SD. The
single factor variance analysis was used to compare the significance between groups: "P < 0.05, “P < 0.01, and “P < 0.001. Difference

with P < 0.05 was considered statistically significant.)
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cells exhibited significantly enhanced viability com-
pared to HepG2 cells at 24 hr (1.1-fold, P = 0.007), 48 hr
(1.06-fold, P=10.01) and 72 hr (1.20-fold, P = 0.002) of in vitro
culture, suggesting that insufficient RFA promotes residual
HCC cell proliferation. Colony formation assays revealed
a striking increase in the number of HepG2-H colonies
(P=0.001), indicative of superior clonogenic survival (shown
in Fig 1C and D). Furthermore, scratch wound healing
assays demonstrated accelerated wound closure in HepG2-H
cells, with significantly reduced scratch widths observed
at 72 hr compared to controls (Fig. 1E), highlighting RFA-
induced migration enhancement. Collectively, these findings
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demonstrate that insufficient RFA exacerbates the malignant
potential of residual HCC cells.

RFA Elevated the Level of MOR in Residual
HepG2 Cells

Proteins were extracted from the two groups of cells, western
blot was used to determine the amount of MOR. As shown
in Fig. 2A and 2B, MOR expression was 1.6-fold higher in
HepG2-H cells compared to HepG2 controls (P = 0.024), as
quantified by densitometric analysis of western blot bands.
The increased expression of MOR in HepG2-H cells was
further validated by immunocytochemistry. As shown in
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oo

Relative band density of MOR

HepG2 HepG2-H

Fig. 2 The amount of MOR in HepG2 and HepG2-H cells. (A and B: The amount of MOR in two groups of cells was determined by western
blot, Tubulin was used as endogenous control protein, and the band density was analyzed by ImageJ software. The band density of MOR
was firstly compared with that of B-Tubulin, then, the ratio was normalized to HepG2 group. C: The amount of MOR in two groups of cells
was determined by immunocytochemistry, bar = 25 pm. All experiments were carried out in triplicates, and the data are shown as the
mean =+ SD. The single factor variance analysis was used to compare the significance hetween groups: ‘P < 0.05, “P < 0.01, and

“P < 0.001. Difference with P < 0.05 was considered statistically significant.)
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Fig. 3 RNA Sequencing was used to determine DEGs in HepG2 and HepG2-H cells. (A. Volcano plot of DEGs, red and blue dots indicate significantly
up- and down-regulated genes, respectively (|log2FC| > 1.0 and P-value < 0.05), and gray dots indicate genes without significant differences in

expression. B. MA plot of DEGs.)

Fig.4 Heatmap was generated by bi-directional clustering analysis
of DEGs between HepG2 and HepG2-H cells.

Fig. 2C, fluorescence signals were predominantly localized
to the cell membrane, consistent with the membrane-bound
nature of MOR as a GPCR. Notably, fluorescence intensity in
HepG2-H cells was apparently stronger compared to HepG2
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controls, corroborating MOR upregulation. These findings
collectively suggest that insufficient RFA enhances MOR
expression, which may mechanistically contribute to the
augmented malignancy of residual HCC cells.

RFA Activated Cancer-Related Signal Pathways

RNA sequencing was performed to investigate the impact of
insufficient RFA on global genes expression profiles in HepG2
cells. A Total of 63,092 genes were analyzed, with 149 DEGs
identified between HepG2 and HepG2-H cells (93 genes were
significantly up-regulated and 56 genes were significantly
down-regulated (|log,FC| > 1.0 and p-value < 0.05), as shown
in Fig. 3A and 3B). Bi-directional hierarchical clustering anal-
ysis showed that the DEGs were similar to each other among
three biological duplicates, while different between HepG2
and HepG2-H cells (Fig. 4). GO enrichment analysis showed
that DEGs were predominantly localized to the plasma mem-
brane, related to cell-cell adhesion and involved in the pro-
liferation of fibroblasts (Fig. 5A). KEGG pathway analysis
showed that DEGs were prominently enriched in cancer
pathways (Fig. 5B).

MOR Activated ERK Signaling Pathway

Previous studies showed that RFA activates multiple
signaling pathways, including MAPK, PI3K-AKT, STAT and
TGF-B.”?! Our above results showed that MOR was
overexpressed in HepG2-H cells. Therefore, we further
explored whether the overexpression of MOR could activate
these signal pathways. Phosphorylation of ERK can lead
to the activation of Ras-Raf-MEK-ERK signal pathway, a
classic MAPK signal pathway.”> We quantified ERK1/2
and P-ERK1/2 levels via western blot analysis. As shown in
Fig. 6A-6C, the levels of P-ERK1/2 and ERK1/2 were 1.18-
(P = 0.04) and 1.29-fold (P = 0.004) in HepG2-H cells
compared to HepG2 controls. This result indicated that
the overexpression of MOR activated ERK1/2, this maybe
contribute to increased malignancy of HepG2-H cells.
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Fig.5 GO and KEGG enrichment analysis of DEGs. (A. GO enrichment analysis, B. KEGG signal pathway enrichment analysis.)

To delineate the role of MOR activity in ERK1/2 acti-
vation, HepG2-H cells were treated with the MOR agonist
Morphiceptin (10 pM) or the MOR antagonist Naloxone
(25 uM) for 24 hr. As shown in Fig. 6D-6F, Naloxone
treatment significantly decreased P-ERK levels by 52%
(P = 0.000), without altering total ERK1/2 expression, con-
firming MOR activity is essential for ERK1/2 phosphoryl-
ation. In contrast, Morphiceptin treatment for 24 hr did
not further elevate ERK1/2 or P-ERK1/2 levels in HepG2-H
cells (Fig. 6G-I). This result may be due to the fact that the

J Contemp Med Sci | Vol. 11, No. 2, March-April 2025: 126-135

ERK signal pathway was already activated in HepG2-H cells,
and further activation of MOR could not lead to a further
increase in the activity of ERK.

Inhibiting MOR Activity Decreased the
Malignancy of Residual HepG2 Cells

Morphiceptin and Naloxone were used to treat HepG2-H
cells, viability and migration was used to evaluate the malig-

nancy of HepG2-H cells, the effect of overexpression of MOR
on the malignancy of HepG2-H cells was determined.
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(A. Western blot was used to determine the amount of ERK1/2 and P-ERK1/2, and Tubulin was used as endogenous control protein.

(B and C) Bands density in (A) were analyzed by Image) software. The band density of P-ERK1/2 or ERK1/2 was firstly compared with that
of ERK1/2 or B-Tubulin, respectively, then, the ratio were normalized to HepG2 group. D and G: Western blot was used to determine the
effect of MOR inhibitor/agonist on the amout of ERK1/2 and P-ERK1/2 in HepG2-H cells, and Tubulin was used as endogenous control
protein. E, F, H and I: Bands density in (D) and (G) were analyzed by Image) software. The band density of P-ERK1/2 or ERK1/2 was firstly
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ried out in triplicates, and the data are shown as the mean + SD. The single factor variance analysis was used to compare the significance
between groups: P < 0.05, “P < 0.01, and P < 0.001. Difference with P < 0.05 was considered statistically significant.)

As shown in Fig. 7A, HepG2-H cells exhibited 1.15-fold
(P=0.007) and 1.36-fold (P = 0.002) higher viability compared
to HepG2 cells at 24 and 48 hr post-treatment, respectively,
consistent with our earlier findings. Pharmacological inhibi-
tion of MOR with Naloxone (25 uM) significant decreased
viability of HepG2-H cells in 24 hr (0.88-fold, P = 0.004) and
48 hr (0.72-fold, P = 0.000). On the contrary, treatment with
a MOR agonist, Morphiceptin, led to a significant increase in
the viability of HepG2-H cells in 24 hr (1.31-fold, P = 0.008)
and 48 hr (1.45-fold, P = 0.02). This result indicated that the
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overexpression of MOR contributed to the increase in the via-
bility of HepG2-H cells.

Naloxone treatment markedly attenuated HepG2-H cells
migration (Fig. 7B), underscoring the critical role of MOR in
promoting residual HCC cell motility. Morphiceptin treat-
ment, however, could not significantly affect the migration
of HepG2-H cells, indicating no effect of further activation of
MOR on the migration of HepG2-H cells.

Collectively, these results indicated that MOR overex-
pression contributes significantly to the enhanced malignancy

JContemp Med Sci I Vol. 11, No. 2, March-April 2025: 126135
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of residual HCC cells post-RFA, at least partially through
ERK-dependent proliferative and migratory mechanisms.

Discussion

RFA demonstrates excellent local tumor control and is widely
recognized as a minimally invasive, safe and clinically advan-
tageous modality. It plays an increasingly important role in the
comprehensive treatment strategy of HCC.” However, accu-
mulating experimental and clinical evidence highlights that
incomplete RFA inevitably promotes residual tumour recur-
rence and metastasis.” Therefore, it is of great significance to
further investigate the mechanism of increased malignancy
of residual HCC cells after RFA. In the present study, after
HepG2 cells, an established human HCC cell line, repeatedly
experienced heat treatment, survived cells, named HepG2-H
cells, were used to simulate residual cells after HCC cells expe-
rienced RFA.* The proliferation, colony formation and migra-
tion of HepG2 and HepG2-H cells, which are three important
cancer cell malignant characteristics, were compared to eval-
uate the effect of RFA on the malignant of HCC cells. The
results showed that HepG2-H cells was significantly higher
than HepG2 cells in proliferation, colony formation and
migration, which were consistent with previous reports,”*
and confirmed that RFA could promote the malignant
of residual HCC cells.

Preclinical studies have associated opioids with cancer
progression and overall survival."*? The three main brain
receptors that opioids bind to are the MOR, KOR, and DOR
in the central nervous system and peripheral organs, which
are responsible for a plethora of physiological functions, such
as analgesia, respiration, and hormonal regulation. MOR ago-
nists (MORAs) are the most effective analgesics to date and
are widely used all over the world. In cancer patients, MORAs
are indispensable to pain control. Emerging evidence suggests
that MOR overexpression promotes tumorigenic behaviors
such as proliferation, adhesion, migration, and tumorigen-
esis. For example, Lennon et al. found in their studies that the
overexpression of MOR could promote the activation of Akt
and mTOR, resulting in the tumor growth and metastasis.”
Mathew et al. found that MOR was highly expressed in human
lung cancer tissues and promoted tumor progression.” In the
present study, we observed membrane-localized MOR overex-
pression in HepG2-H cells, which mechanistically aligns with
their enhanced malignant potential. Therefore, these findings
suggest that MOR serves as a critical mediator of residual
HCC aggressiveness following RFA.

The MAPK signal pathway responds to both exogenous
and endogenous stimuli.’”” There are at least three different
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MAPK signal pathways, including ERK1/2, c-Jun NH2-
terminal kinase (JNK)1/2/3, and p38, that modulate and trans-
duce extracellular signals into the nucleus to induce response
genes in mammalian cells.”** For over two decades, the effec-
tive inhibition of the ERK has remained a key focus in cancer
research and targeted therapy efforts.”>** We hypothesized that
MOR-mediated ERK activation drives the aggressive phe-
notype of post-RFA residual HCC cells. The results showed
that HepG2-H cells exhibited significant MOR upregulation
concurrent with elevated ERK1/2 and P-ERK1/2 levels. This
mechanistic link suggests that insufficient RFA promotes
residual HCC malignancy through MOR-dependent ERK
activation. Indeed, it was found that MOR can stimulate ERK
phosphorylation via a CaM- and PKC-dependent pathway.’”

While our in vitro model provides mechanistic insights,
the lack of in vivo validation remains a limitation. Animal
studies are critical to confirm the role of MOR/ERK signaling
pathway in residual HCC progression within a physiologically
relevant tumor microenvironment. Additionally, we proposed
that RFA followed by MOR inhibitor intake maybe is a better
treatment protocol for HCC. However, it needs to be clinically
evaluated.

Conclusion

Our findings indicate that insufficient RFA promotes residual
HCC cell malignancy via MOR/ERK signaling activation.
Targeting MOR with pharmacological inhibitors may
represent a novel therapeutic strategy to improve post-RFA
outcomes and reduce recurrence rates in HCC patients.

Acknowledgments

We would like to thank the National Natural Science
Foundation of China (numbers: 82460544); the Natural
Science Foundation of Inner Mongolia Autonomous Region of
China under Grant (number: 2022MS08030, 2022MS03017,
2024LHMS03012, 2024QN03042, 2024MS03051, and
2023MS03040); Program for Young Talents of Science and
Technology in Universities of Inner Mongolia Autonomous
Region (NJYT24052); Fundamental Research Funds for Inner
Mongolia University of Science & Technology (2023RCTD024,
and 2024YXXS088).

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article. [l

JContemp Med Sci | Vol. 11, No. 2, March-April 2025: 126135



Qianxi Yin et al.

Original

MOR/ERK Signalling Promotes Progression of HCC After Insufficient RFA

References

1.

Konyn P, Ahmed A, Kim D. Current epidemiology in hepatocellular
carcinoma. Expert Rev Gastroenterol Hepatol. 2021, 15: 1295-1307.
Strand NH, Hagedorn JM, Dunn T, Johnson B, Abd-Elsayed A, Covington S,
et al. Advances in radiofrequency ablation: mechanism of action and
technology. Ann Palliat Med. 2024, 13: 1028-1034.

Chen L, Sun J, Yang X. Radiofrequency ablation-combined multimodel
therapies for hepatocellular carcinoma: Current status. Cancer Lett. 2016,
370: 78-84.

Wu X, Lokken RP, Mehta N. Optimal treatment for small HCC (<3 cm):
Resection, liver transplantation, or locoregional therapy? JHEP Rep. 2023,
5:100781.

Salmi A, Turrini R, Lanzani G, Viviani G, Zappella A, Savio A, et al. Long-term
effectiveness of radiofrequency ablation for hepatocellular carcinoma of 3.5
cm or less. Hepatogastroenterology. 2008, 55: 191-196.

Zhao Z,Wu J, Liu X, Liang M, Zhou X, Ouyang S, et al. Insufficient
radiofrequency ablation promotes proliferation of residual hepatocellular
carcinoma via autophagy. Cancer Lett. 2018, 421: 73-81.

Zhang N, Ma D, Wang L, Zhu X, Pan Q, Zhao Y, et al. Insufficient
Radiofrequency Ablation Treated Hepatocellular Carcinoma Cells Promote
Metastasis by Up-Regulation ITGB3. J Cancer. 2017, 8: 3742-3754.

Feng Y, He X, Yang Y, Chao D, Lazarus LH, Xia Y. Current research on opioid
receptor function. Curr Drug Targets. 2012, 13: 230-246.

Lennon FE, Mirzapoiazova T, Mambetsariev B, Poroyko VA, Salgia R, Moss J,
et al. The Mu opioid receptor promotes opioid and growth factor-induced
proliferation, migration and Epithelial Mesenchymal Transition (EMT) in
human lung cancer. PLoS One. 2014, 9: 91577.

Lu H, Zhang H, Weng ML, Zhang J, Jiang N, Cata JP, et al. Morphine
promotes tumorigenesis and cetuximab resistance via EGFR signaling
activation in human colorectal cancer. J Cell Physiol. 2021, 236:
4445-4454.

. LY, LiG TaoT,Kang X, Liu C, Zhang X, et al. The p-opioid receptor (MOR)

promotes tumor initiation in hepatocellular carcinoma. Cancer Lett. 2019,
453:1-9.

Zhang H, Zhou D, Gu J, Qu M, Guo K, Chen W, et al. Targeting the mu-Opioid
Receptor for Cancer Treatment. Curr Oncol Rep. 2021, 23: 111.

Ramirez MF, Gorur A, Cata JP. Opioids and cancer prognosis: A summary of
the clinical evidence. Neurosci Lett. 2021, 746: 135661.

Kong J, Pan B, Ke S, Dong S, Li X, Zhou A, et al. Insufficient radiofrequency
ablation promotes angiogenesis of residual hepatocellular carcinoma via
HIF-1a/VEGFA. PLoS One. 2012, 7: e37266.

Belcheva MM, Coscia CJ. Diversity of G protein-coupled receptor signaling
pathways to ERK/MAP kinase. Neurosignals. 2002 Jan-Feb;11(1):34-44.
Jorand R, Biswas S, Wakefield DL, Tobin SJ, Golfetto O, Hilton K, et al.
Molecular signatures of mu opioid receptor and somatostatin receptor 2 in
pancreatic cancer. Mol Biol Cell. 2016;27:3659-72.

Li L, Zhao GD, Shi Z, Qi LL, Zhou LY, Fu ZX. The Ras/Raf/MEK/ERK signaling
pathway and its role in the occurrence and development of HCC.

Oncol Lett. 2016, 12: 3045-3050.

Zhang N, Li H,Qin C, Ma D, ZhaoY, Zhu W, et al. Insufficient radiofrequency
ablation promotes the metastasis of residual hepatocellular carcinoma cells
via upregulating flotillin proteins. J Cancer Res Clin Oncol. 2019,
145:895-907.

TanY, Zhao L. miR-103 promotes hepatocellular carcinoma cell proliferation
and migration in the simulation transition zone of RFA through PI3K/

Akt signaling pathway by targeting PTEN. Int J Clin Exp Pathol. 2020, 13:
473-479.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Li G, Kong J, Dong S, Niu H, Wu'S, Sun W. Circular BANP knockdown
inhibits the malignant progression of residual hepatocellular carcinoma
after insufficient radiofrequency ablation. Chin Med J (Engl). 2022, 135:
1578-1587.

Zhou HQ, Liu MS, Deng TB, Xie PB, Wang W, Shao T, et al. The TGF-3/

Smad Pathway Inhibitor SB431542 Enhances The Antitumor Effect Of
Radiofrequency Ablation On Bladder Cancer Cells. Onco Targets Ther. 2019,
12:7809-7821.

Song, Bi Z, LiuY, Qin F, WeiY, Wei X. Targeting RAS-RAF-MEK-ERK signaling
pathway in human cancer: Current status in clinical trials. Genes Dis. 2022,
10: 76-88.

Deng Q,He M, Fu C, Feng K, Ma K, Zhang L. Radiofrequency ablation in the
treatment of hepatocellular carcinoma. Int J Hyperthermia. 2022,
39:1052-1063.

GuoY,RenY, Dong X, Kan X, Zheng C. An Overview of Hepatocellular
Carcinoma After Insufficient Radiofrequency Ablation. J Hepatocell
Carcinoma. 2022, 9: 343-355.

JiaG,LiFTongR, LiuY, Zuo M, Ma L, et al. c-Met/MAPK pathway promotes
the malignant progression of residual hepatocellular carcinoma cells after
insufficient radiofrequency ablation. Med Oncol. 2020, 37: 117.

SuT, Huang M, Liao J, Lin S, Yu P, Yang J, et al. Insufficient Radiofrequency
Ablation Promotes Hepatocellular Carcinoma Metastasis Through
N6-Methyladenosine mRNA Methylation-Dependent Mechanism.
Hepatology. 2021, 74: 1339-1356.

lkemoto T, Shimada M, Yamada S. Pathophysiology of recurrent hepatocellular
carcinoma after radiofrequency ablation. Hepatol Res. 2017, 47: 23-30.
Xiong B, Li C, Hong G, Li J, Luo Q, Gong J, et al. HMGB1/TREM1 crosstalk
between heat-injured hepatocytes and macrophages promotes HCC
progression after RFA. J Cancer Res Clin Oncol. 2024, 150: 480.

Novy DM, Nelson DV, Koyyalagunta D, Cata JP, Gupta P, Gupta K. Pain, opioid
therapy, and survival: a needed discussion. Pain. 2020, 161: 496-501.
Lennon FE, Mirzapoiazova T, Mambetsariev B, Salgia R, Moss J, Singleton
PA. Overexpression of the p-opioid receptor in human non-small cell lung
cancer promotes Akt and mTOR activation, tumor growth, and metastasis.
Anesthesiology. 2012, 116: 857-867.

Mathew B, Lennon FE, Siegler J, Mirzapoiazova T, Mambetsariev N,
Sammani S, Gerhold LM, LaRiviere PJ, Chen CT, Garcia JG, Salgia R,

Moss J, Singleton PA. The novel role of the mu opioid receptor in lung
cancer progression: a laboratory investigation. Anesth Analg. 2011
Mar;112(3):558-67.

Zhang M, Su J, Zhang Y, Xu J, Zhang S. Conveying endogenous and
exogenous signals: MAPK cascades in plant growth and defense. Curr Opin
Plant Biol. 2018, 45(Pt A): 1-10.

Zhang W, Liu HT. MAPK signal pathways in the regulation of cell
proliferation in mammalian cells. Cell Res. 2002, 12: 9-18.

Chen C, Nelson LJ, Avila MA, Cubero F). Mitogen-Activated Protein Kinases
(MAPKs) and Cholangiocarcinoma: The Missing Link. Cells. 2019, 8: 1172.
Timofeev O, Giron P, Lawo S, Pichler M, Noeparast M. ERK pathway agonism
for cancer therapy: evidence, insights, and a target discovery framework.
NPJ Precis Oncol. 2024, 8: 70.

Pan X, Pei J, Wang A, Shuai W, Feng L, Bu F, et al. Development of small
molecule extracellular signal-regulated kinases (ERKs) inhibitors for cancer
therapy. Acta Pharm Sin B. 2022, 12: 2171-2192.

Belcheva MM, Szucs M, Wang D, Sadee W, Coscia CJ. mu-Opioid receptor-
mediated ERK activation involves calmodulin-dependent epidermal growth
factor receptor transactivation. J Biol Chem. 2001 Sep 7;276(36):33847-53.

This work is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported License which allows users to read, copy, distribute and make derivative
works for non-commercial purposes from the material, as long as the author of the original work is cited properly.

J Contemp Med Sci

Vol. 11, No. 2, March-April 2025: 126-135

https://doi.org/10.22317/jcms.v11i2.1691 135



