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Abstract

Hepatocellular carcinoma (HCC) is a highly aggressive malignant tumor with a poor prognosis. Extensive
research has revealed the significant role of long noncoding RNAs (IncRNAs) in the regulation of tumor
development. In this study, high-throughput sequencing analysis was used to assess the expression levels
of IncRNAs in three pairs of HCC tissues and their corresponding noncancerous tissues. Through
quantitative real-time polymerase chain reaction (QRT-PCR) analysis and clinicopathological analysis, it
was discovered that HNF4A-AS| was downregulated in HCC tissues. Furthermore, its expression levels
were found to be positively correlated with the prognosis of HCC patients. Subsequent in vitro and in vivo
functional studies demonstrated that HNF4A-AS1 inhibits the proliferation, invasion, and stemness of
HCC cells. Mechanistically, it was observed that HNF4A-AS| physically interacts with the KH3 domain of
PCBP2 through a specific segment (491-672 nt). This interaction facilitates the recruitment of PCBP2 by
AlP4, leading to the ubiquitination and subsequent degradation of PCBP2. Furthermore, HNF4A-ASI was
found to regulate the stability of AGR2 mRNA by modulating PCBP2, thereby influencing the malignant
phenotype of HCC. Overall, our study demonstrated a positive association between the decrease in
HNF4A-AS| expression and the prognosis of patients with HCC in a clinical setting. HNF4A-ASI can
suppress the stability of ARG2 mRNA by promoting the ubiquitin-modulated degradation of PCBP2,
which suppresses HCC progression. HNF4A-ASI may serve as a potential therapeutic target for HCC.
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Introduction

Primary liver cancer is a prevalent malignant advancements in HCC treatment, the prognosis for

tumor that ranks sixth in terms of frequency and third
in terms of cancer-related mortality worldwidelll.
HCC accounts for approximately 90% of all cases of
primary liver cancerl> 3. Despite significant

patients remains suboptimal, primarily due to the
high rates of recurrence and metastasis.
Consequently, there is an urgent need to investigate
the underlying pathological mechanisms of HCC in
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order to develop novel therapeutic approaches.

LncRNAs are a class of RNA molecules that
exceed 200 nucleotides in length and possess limited
or no protein-coding capacityl4l. These IncRNAs play
diverse roles in fundamental biological processes,
such as embryonic pluripotency, differentiation, and
development, and they are closely associated with the
initiation and progression of cancerl ¢l. There is an
increasing body of evidence indicating that IncRNAs
have intricate and precise regulatory functions in the
initiation and progression of cancer, serving as either
oncogenes or tumor suppressors” 8. These IncRNAs
modulate the transcription and translation of genes
associated with cancer through diverse mechanisms,
such as acting as competing endogenous RNAs
(ceRNAs) and scaffoldsl® 101. Furthermore, IncRNAs
influence the progression of cancer by affecting
post-translational modifications of crucial
cancer-related proteins, including ubiquitination,
phosphorylation, and acetylation3l. A subset of
IncRNAs has been extensively studied in HCC. For
example, USP27X-AS1 enhances USP7-mediated
deubiquitination and activation of AKT to facilitate
HCC progression!ll. Additionally, IncRNAs have
been implicated in the development of drug resistance
in HCC cells. Knockdown of Linc01056 contributes to
sorafenib resistance by activating PPARa, thereby
promoting fatty acid oxidation[™]. The significant
roles and distinct properties of IncRNAs underscore
their potential clinical significance in the diagnosis
and treatment of HCC. However, the specific roles of
most IncRNAs in HCC are not fully elucidated.
Further comprehensive investigations are necessary
to determine the precise mechanisms and functions of
IncRNAs in HCC.

Poly(rC)-binding Protein 2 (PCBP2) is a member
of the poly(C)-binding protein family and functions as
an RNA-binding protein®l. Its role in regulating
tumor progression involves binding to poly(C),
influencing  intracellular  transcriptional  and
post-transcriptional processes such as pre-mRNA
splicing, mRNA stabilization, and translational
controll16.17. PCBP2 plays a crucial role in modulating
the malignant characteristics of HCC. For example,
circCPSF promotes the proliferation and metastasis of
HCC cells by interacting with PCBP2 and enhancing
YAP1 expression!’8l. Nevertheless, the precise
mechanism underlying the interaction between
PCBP2 and IncRNAs in the regulation of HCC
progression remains to be elucidated.

The objective of this study was to investigate the
regulatory function of Hepatocyte nuclear factor 4
alpha antisense RNA 1 (HNF4A-AS1) in HCC.
Through RNA sequencing analysis and TCGA data
analysis, we found that HNF4A-AS1 is

downregulated in HCC and is associated with the
prognosis of HCC patients. Further clinical data
analysis shows that HNF4A-AS1 is an independent
risk factor for the prognosis of HCC. In vivo and in
vitro experiments show that HNF4A-AS1 suppresses
the proliferation, metastasis, and stemness of HCC.
Mechanistically, HNF4A-AS1 was found to inhibit the
stability of AGR2 mRNA by promoting the
proteasomal degradation of PCBP2, thereby
participating in the regulation of the malignant
phenotype of HCC. This study identified a potential
target for the diagnosis and treatment of HCC.

Materials and methods

Human tissues and cell lines

The HCC tissues and adjacent non-cancerous
tissues used in this study were obtained from the
Hepatobiliary Centre of the First Affiliated Hospital of
Nanjing Medical University. Prior to collection,
written consent was obtained from all patients. The
Ethics Committee at the First Affiliated Hospital of
Nanjing Medical University granted approval for this
study.

HCC cell lines, including Huh7, MHCC97H,
HepG2, Hep3B, HCCLMS3, SK-Hepl, and YY8103, the
human embryonic kidney cell line 293T (HEK-293T),
as well as the normal human liver cell line THLE-3,
were obtained from the Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai,
China).

Cell culture and transfection

We used Dulbecco’s modified Eagle’s medium

(DMEM) (Gibco, CA, USA), supplemented with 10%
fetal bovine serum (Gibco) and 50 U/ml
penicillin-streptomycin (Invitrogen, CA, USA) for all
cell cultures in a 37° C incubator with 5% CO2.

According to the provided protocol, plasmid and
siRNA transfections were carried out using
Lipofectamine 3000 (Invitrogen). Transfection
efficiency was assessed through gRT-PCR and
western blot analysis. For lentiviral transfections,
interfering and plasmid sequences with high
transfection efficiency were incorporated into
lentivirus, and polybrene (Invitrogen) was utilized to
enhance  transfection  efficiency. = Puromycin
(Invitrogen) was employed for selecting stable
transfected cells. Lentivirus, siRNA, and plasmids
were provided by GenePharma (Shanghai, China).
The corresponding siRNA and shRNA sequences
used in this experiment are listed in Supplementary
Table 1.
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Quantitative real-time PCR (qRT-PCR)

The total RNA extraction was performed using
the RNA extraction kit (Invitrogen). The concentration
of RNA was determined using a NanoDrop 2000
spectrophotometer (NanoDrop Technologies, MA,
USA). The extracted RNA was then reverse
transcribed into cDNA using the Prime Script RT kit
(TaKaRa, Dalian, China). Quantitative real-time
polymerase chain reaction (qQRT-PCR) was performed
using the SYBR Premix ExTaq II (TaKaRa) and the
ABI 7900 PCR system (Applied Biosystems, CA,
USA). The specific primer sequences used in the
experiment can be found in Supplemental Table 2.

Subcellular fractionation assays

The subcellular fractionation assay was
conducted to evaluate nucleoplasmic separation using
a Subcellular Fractionation Kit (Invitrogen) following
the recommended protocols. In summary, the
fractionation buffer was added to the cells and
incubated on ice for 10 minutes. The mixture was
subsequently centrifuged at 500 g and 4 °C for 5
minutes, resulting in the separation of the cytoplasm
and nucleus. The nuclear fraction was then mixed
with Cell Disruption Buffer and vortexed for 5
minutes. RNA extraction was carried out using an
RNA extraction kit to isolate RNA from both the
cytoplasmic and nuclear fractions.

Western blot analysis

A solution of Radioimmunoprecipitation (RIPA)
buffer containing 1 mM phenylmethylsulfonyl
fluoride (PMSF) was prepared to extract total
proteins. The proteins were then isolated using
sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Bio-Rad,
CA, USA). The membranes were blocked with bovine
serum albumin (BSA, 5%) for 2 hours. This was
followed by overnight incubation with primary
antibodies at 4 °C, and subsequent incubation with
secondary antibodies at room temperature for 2
hours. Protein quantification was performed using
hypersensitive ECL exposure solutions and Image
Lab software (Bio-Rad, Hercules, CA, USA). The
specific antibodies used in this experiment can be
found in Supplemental Table 3.

Agarose gel electrophoresis

In this study, DNA loading buffer was added to
both the PCR amplification products and the T7
amplified RNA reverse transcription products. A 1X
TBE solution (Beyotime) was used to prepare a 1%
agarose solution. The amplified products were then
subjected to electrophoresis in an agarose gel at a
voltage of 100 V, and the position of the resulting

bands was subsequently examined.

Fluorescence in situ hybridization (FISH)

The design and synthesis of HNF4A-AS1, U6,
and 14S FISH probes were completed by RiboBio
(Guangzhou, China), and the FISH experiment was
conducted using the Fluorescent Situ Hybridization
Kit (RiboBio). A subset of cells was pretreated with 10

u g/ml of RNase A (Beyotime) for 2 hours at 37° C as

a negative control. Then, the cells were blocked with
prehybridization solution and incubated with 100 pl
of hybridization solution containing the HNF4A-AS1,
U6, and 14S probes overnight at 37° C. Images were

acquired using a confocal laser microscope (Stellaris
STED, Leica, Frankfurt, Germany).

In situ hybridization (ISH) staining

The HCC tissues and adjacent non-cancerous
tissues were obtained from the Hepatobiliary Centre
of the First Affiliated Hospital of Nanjing Medical
University. Human HCC tissue microarrays (TMAs)
were created by Servicebio (Wuhan, China). After
soaking the TMAs in xylene and anhydrous ethanol to
remove wax, they are rehydrated in a gradient
ethanol solution. Tissue is digested using pepsin,
followed by dehydration in a gradient of ethanol. The
design and synthesis of HNF4A-AS1 FISH probes
were completed by RiboBio. The TMAs were blocked
with prehybridization solution for 30 minutes and
then incubated with 100 pl of hybridization solution
containing the HNF4A-AS] probes overnight at 37°C.
The TMAs are then washed at 50 degrees Celsius with
a gradient SSC solution, and the nuclei are stained
with DAPI for 10 minutes.

Cell counting kit-8 (CCK-8) assay

In this experiment, transfected cells were
introduced into individual wells of a 96-well plate at a
density of 1000 cells per well. Subsequently, the cells
were incubated for 2 hours with 10 pul of CCKS8
solution per well. The absorbance of each group was
then measured at a wavelength of 450 nm over five
consecutive days.

Wound-healing assay

Transfected cells were cultured in a 6-well plate
until they formed a monolayer covering the entire
bottom of each well. To create a wound on the cell
monolayer, a 200-pL pipette tip was used. The process
of wound healing was observed and recorded at both
0 and 48 hours.

Transwell assay

In the migration assay, a total of 2x10*
transfected cells were introduced into the upper
chambers of Transwell plates, which contained 200 pl
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of serum-free medium. The lower chambers were
filled with 400 pl of complete medium. Following a
48-hour incubation period, the cells were stained with
crystal violet. The cells that remained in the upper
chamber were discarded, and microscopic imaging
was performed. In the invasion assay, the same
procedures as the migration assay were followed,
with the exception that 50 pl of Matrigel (BD
Biosciences, NJ, USA) was added to the upper
chamber.

5-Ethynyl-20-deoxyuridine (EdU) assay

The EdU assay was performed using an EdU Kit
(Ribobio). Cells were seeded into a 24-well plate and
incubated with an EdU solution for 2 hours. After
fixation  with 4%  paraformaldehyde,  cell
permeabilization was carried out using Triton X-100.
The Apollo solution was then used for cell staining.
The nucleus was labeled with DAPIL. Images were

captured with a  fluorescence = microscope
(DM4000B-1, Leica, Frankfurt, Germany).

Sphere-forming assay

In this experiment, a 24-well suspension cell
culture plate (Corning, NY, USA) was used to
inoculate a total of 500 cells. These cells were then
cultured for a period of 10 days in 2 mL of stem cell
medium. The stem cell medium consisted of
DMEM/F12 (Gibco) supplemented with 1X B27
(Sigma-Aldrich, MO, USA), 20 ng/mL EGF
(PeproTech, NJ, USA), 20 ng/mL FGF (PeproTech),
and 4 pg/mL heparin. Throughout the culture period,
the number and size of the cell pellets were carefully
observed and recorded.

HCC organoid model

HCC tissue was obtained from the Hepatobiliary
Centre of the First Affiliated Hospital of Nanjing
Medical University, as mentioned previously. The
specimens were fragmented into small pieces and
then treated with collagenase D (Sigma—Aldrich) for a
duration of 2-4 hours at room temperature. The cells
were then combined with BME (R&D Systems, MN,
USA) on ice at a concentration of 10,000 cells in 40 pl
of BME. Approximately 10 pl drops of BME were
placed in each well of a 24-well suspension cell
culture plate, followed by adding 400 pl of organoid
medium to each well. The organoids were cultured in

a 37° C incubator with 5% CO2, and the culture
medium was replaced twice a week.

Animal models

In this research, ethical approval for all animal
experiments was obtained from the Institutional
Animal Care and Use Committee (IACUC) at the First

Affiliated Hospital of Nanjing Medical University. All
procedures involving animals adhered to the
operating guidelines set forth by the IACUC.

Subcutaneous tumor model

BALB/c nude mice (4-week-old, male) were
obtained from Vital River (Beijing, China) and were
randomly assigned to four groups, each consisting of
five mice. The transfected cells were suspended in
PBS and then injected subcutaneously into the flanks
of the mice. The size of the tumor was monitored
every three days. After a four-week period, the mice
were euthanized, and the volume and mass of the
subcutaneous tumors were measured.

Orthotopic xenograft model

The transfected cells were mixed with PBS at a
5 X 107/mL. The mice were

disinfected and anesthetized. Subsequently, a small
incision measuring 0.5 cm was made below the
xiphoid process along the mid-abdominal line to
expose the left lobe of the liver. A 20 pl cell suspension
was injected beneath the capsule of the left liver.
Cotton swabs were used to stop the bleeding for three
minutes, and then the skin was stitched back together.
After a four-week period, the intensity and
distribution of fluorescence were observed, and the
liver was analyzed.

concentration of

Lung metastasis model

The mice were grouped in the same manner as
mentioned previously. The cells that were transfected
were mixed with PBS (1x107/mL) while on ice. Then,
a suspension of 100 pL of cells was injected into the
mice through the tail vein. After four weeks, the
distribution and intensity of fluorescence were
measured. The nude mice were then euthanized to
quantify metastasis and perform immunohisto-
chemistry.

Primary hepatocellular carcinoma induction
assay

Male C57 mice were divided into two groups,
each consisting of 22 mice. On Day 14 after birth, the
mice were administered a single dose of
diethylnitrosamine (DEN, Sigma) at a concentration
of 25 ng/g body weight via intraperitoneal injection.
To upregulate the expression of the HNF4A-AS1 gene
in the liver, an adeno-associated virus serotype 8
(AAVS8) vector carrying the HNF4A-AS1 gene
(HanBio, Shanghai, China) was injected into the
mice's tail veins at a dosage of 4x101° gene copies per
mouse. The control group received an AAVS8 vector
carrying a control sequence. Two weeks after the DEN
injection, the mice were given weekly intraperitoneal
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injections of CCL4 at a dosage of 0.5 ul/g of body
weight for a total of 22 injections. After the final
injection, ten mice from each group were sacrificed 48
hours later. The livers of the mice were collected,
photographed, and then fixed for further analysis.
The survival of the mice was also monitored, with a
cut-off of 12 weeks, to determine their remaining
survival time.

Immunohistochemical (IHC) staining

Subcutaneous tumors, mouse liver, and mouse
lung specimens were fixed in formaldehyde,
embedded in paraffin, and subsequently sectioned.
After dewaxing in xylene and absolute ethanol, the
sections were rehydrated in a series of ethanol
concentrations. Antigen retrieval was achieved by
boiling the samples in a sodium citrate solution for 30
minutes. Blocking was performed using goat serum,
and the primary antibody, appropriately diluted, was
applied and allowed to incubate overnight at 4
degrees Celsius. Subsequently, the sections were
washed with TBST, and the secondary antibody was
added, then incubated at 37 degrees Celsius for 30
minutes. DAB chromogen (Beyotime) was used for
staining, with hematoxylin employed for nuclear
staining, followed by dehydration in a series of
ethanol concentrations, clearing in xylene, and
mounting of the slides.

Pull-down assay

The full-length, antisense, and truncated forms
of HNF4A-AS1 were provided by RiboBio. A
pull-down assay was conducted using a pull-down kit
(Thermo Scientific, USA). Magnetic beads were used
to immobilize the RN As, which were then mixed with
RNA-binding buffer and incubated at room
temperature for 30 minutes. The supernatant was
removed, and the resulting precipitate was incubated

with the cell lysate at 4° C for 1 hour. Protein
extraction was performed using an elution buffer, and

the bound proteins were detected using Western blot
analysis.

Silver staining assay and mass spectrometry
analysis

Silver staining was performed using the Fast
Silver Stain Kit (Beyotime) following established
protocols. Mass spectrometry (MS) analysis was
conducted by the Beijing Genomics Institute
(GuangZhou, China).

RNA immunoprecipitation (RIP)

An RNA immunoprecipitation kit (Geneseed,
Guangzhou, China) was used to conduct RIP
experiments following the provided protocols. In

summary, the cell lysate was incubated overnight
with magnetic beads and either PCBP2 antibody or
anti-flag antibody. Subsequently, protease K was
applied to the magnetic beads to eliminate the
proteins. Finally, qRT-PCR was used to evaluate the
isolated RNA.

Coimmunoprecipitation (Co-IP) assay

In this experiment, cellular lysates,
biotin-affinity ~agarose beads (Beyotime), and
antibodies were subjected to overnight incubation at a
temperature of 4°C. Following this, the agarose beads
were washed five times with phosphate-buffered
saline (PBS), and the protein was extracted using
RIPA buffer.

Bimolecular fluorescence complementation
(BiFC) assay

The cDNA of PCBP2 and AIP4 was cloned into
the BiFC vectors pBiFC-VN173 and pBiFC-VC155
(Addgene, MA, USA), respectively. The resulting
recombinant plasmids were co-transfected into
hepatocellular  carcinoma (HCC) cells using
Lipofectamine 3000. After 48 hours, the cells were
fixed with 4% paraformaldehyde, stained with DAPI
for 10 minutes, and imaged using a confocal laser
microscope (Stellaris STED, Leica, Frankfurt,
Germany).

Ubiquitination detection assay

Transfected cells were treated with 20 pM
MG132 (Beyotime) for 6 hours. After that, total
protein was collected, and the Iysates were
pre-cleared with IgG and 30 pl of protein A + G
Agarose (Beyotime) for 2 hours. The supernatant was
harvested and immunoprecipitated using an
anti-PCBP2  antibody. Western blotting was
performed using an anti-Ubiquitin antibody to detect
the ubiquitination of PCBP2.

For ubiquitination detection in HEK-293T cells,
HA-tagged ubiquitin plasmids and Flag-tagged
PCBP2 plasmids were co-transfected into HEK-293T
cells using Lipofectamine 3000 (Invitrogen). The
supernatant was immunoprecipitated using an
anti-Flag antibody. An anti-HA antibody was used to
detect the ubiquitination of PCBP2.

Immunofluorescence assay

Cells were cultured on a confocal plate and then
fixed with paraformaldehyde. Permeabilization was
achieved using Triton, followed by blocking with goat
serum. The cells were then incubated overnight with
primary antibodies and subsequently with a
fluorescence secondary antibody for 1 hour. Nuclei
were labeled using DAPI (Beyotime). The resulting
images were captured using a confocal microscope.
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RNA sequencing

TRIzol was used for the lysis of HCC tissues and
transfected SK-Hepl cells. RNA sequencing was
conducted by the Beijing Genomics Institute
(Guangzhou, China).

Statistical analysis

The data obtained from the experiment
conducted in this study were analyzed using SPSS
software version 20.0 (IBM, SPSS, Chicago, IL, USA)
and GraphPad Prism version 8.0 (GraphPad, San
Diego, CA, USA). Statistical analysis was performed
to determine the differences between two groups
using the Student's t-test. For comparisons among
more than two groups, one-way analysis of variance
was employed. The clinical characteristics were
assessed using the chi-square test, and correlation
analysis was conducted wusing the Spearman
correlation test. Survival curves were generated using
the Kaplan-Meier = method. Univariate and
multivariate analyses were conducted using Cox
proportional hazards models. A statistically
significant difference was defined as a p-value of less
than 0.05.

Results

The expression of HNF4A-AS]1 is decreased in
HCC and is associated with a favorable
prognosis.

To investigate IncRNAs associated with HCC,
we conducted a high-throughput sequencing analysis
to measure the expression levels of non-coding RNAs
in both HCC and adjacent non-cancerous tissues
(Figure 1A, B; Supplemental Table 4). Among the 263
differentially expressed IncRNAs (Log2FoldChange >
5), a total of 139 were upregulated and 126 were
downregulated in the HCC tissues compared to their
paired normal tissues. According to sequencing
analysis and the TCGA database survival analysis, 20
candidate IncRNAs were selected. The differential
expression of these IncRNAs in 20 pairs of HCC
tissues and adjacent non-cancerous tissues was
assessed using qRT-PCR (Figure S1A). HNF4A-AS1
(NR_109949.1) was found to be significantly
downregulated in tumor samples compared to
adjacent non-cancerous tissues. HNF4A-AS1 is the
antisense strand of the HNF4a gene, which has been
shown to act as a tumor suppressor gene for HCC.
Further analysis revealed that HNF4A-AS1 had
minimal coding potential (Supplemental Table 5).
Analysis of TCGA database shows that the expression
of HNF4A-AS1 is positively correlated with the
disease-free survival and overall survival of patients

with HCC (Figure 1C, D). To evaluate the clinical
significance of HNF4A-AS1 in HCC, we analyzed the
expression level of HNF4A-AS1 in 100 HCC cases.
The results showed that the expression of
HNF4A-AS1 was decreased in HCC tissues (Figure
1E). Subsequently, we used the median value of the
relative expression level as a cutoff to divide the
patient cohort into high HNF4A-AS1 expression and
low HNF4A-AS1 expression. Analysis of clinical data
revealed that HNF4A-AS1 was associated with tumor
size, TNM stage, and microvascular invasion (Table
1). Kaplan-Meier survival analysis demonstrated that
patients with high levels of HNF4A-AS1 had higher
overall survival rates in HCC (Figure 1F). Cox
regression analysis confirmed that HNF4A-AS] is an
independent prognostic factor for HCC (Table 2).
Additionally, the expression of HNF4A-AS1 was
found to be decreased in HCC cell lines compared to
normal liver cells (Figure 1G). We investigated the
distribution of HNF4A-AS1 in SK-Hepl and YY8103
cells using subcellular fractionation and FISH assays.
The results showed that HNF4A-AS1 was distributed
in both the cytoplasm and nucleus, and it was
primarily localized in the nucleus of HCC cells
(Figure 1H, I). We further used ISH staining to detect
the expression and localization of HNF4A-AS1 in
HCC tissue microarrays. The results showed that
HNF4A-AS]1 is downregulated in HCC and primarily
localized in the cell nucleus (Figure 1], Figure S1B).

Table 1. Correlation between HNF4A-AS1 expression and
clinicopathological features

Clinicopathological All cases HNF4A-AS1 p value
features High Low
expression expression

Age (years) >60 69 39 30

<60 31 11 20 0.0517
Gender Female 41 17 24

Male 59 33 26 0.0619
HBV Negative 18 8 10

Positive 82 42 40 0.6027
Tumor multiplicity Single 62 41 21

Multiple 38 19 29 0.0056**
Tumor size (cm) <5 54 32 22

>5 46 18 28 0.0480*
a-fetoprotein <200 33 15 18
(ng/ml)

>200 67 35 32 0.8217
Edmondson stage I-II 65 39 26

I-1v 35 11 24 0.0064**
TNM stage 1 58 34 24

11111 42 16 26 0.0428*
Microvascular Yes 33 11 22
invasion

No 67 39 28 0.0193*

*p <0.05, **P < 0.01.
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Figure 1. The expression of HNF4A-AS1 is decreased in HCC and is associated with a favorable prognosis. A. High-throughput sequencing heatmap of three pairs of HCC and
adjacent carcinoma tissues (T: HCC tissue, P: para-carcinoma tissue). B. Volcano plot of differentially expressed IncRNAs between HCC and para-carcinoma tissues. C. OS curve
of HCC patients with high or low HNF4A-AS1 expression (data from TCGA). D. Disease-free curve of HCC patients with high or low HNF4A-AS| expression (data from
TCGA). E. HNF4A-AS1 expression in 100 pairs of HCC tissues or para-carcinoma tissues was detected by qRT-PCR (T: HCC tissues, P: para-carcinoma tissues). F. Survival
analysis of 100 HCC patients showed that the OS of patients with overexpressed HNF4A-ASI was higher compared to the patients with low HNF4A-ASI expression. G.
HNF4A-AS1 expression in HCC cell lines and an immortalized liver cell line was detected by qRT-PCR. H. The relative expression level of HNF4A-AS1 in the nucleus/cytoplasm
of SK-Hepl and YY8103 cells was detected by a subcellular fractionation assay. |. FISH assay was used to measure the localization of HNF4A-AS1 in SK-Hepl and YY8103 cells.
Scale bar, 50 pm. . ISH staining of HNF4A-ASI in 2 pairs of HCC tissues cut from 43 pairs of HCC tissue chips. The original magnifications were 50% (scale bar, 200 pm) and 400%
(scale bar, 50 um). Bar graphs represent mean + SEM (n=3, *P < 0.05, **P < 0.01, and ***P < 0.001).
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HNF4A-ASI|1 inhibits the metastasis and
proliferation of HCC cells

Based on the varying levels of HNF4A-AS1 in
different HCC cell lines, we used SK-Hep1 cells with
low HNF4A-AS1 levels to overexpress HNF4A-AS1
through lentiviral infection. Conversely, we utilized
YY8103 cells with high expression of HNF4A-AS1 to
knock down HNF4A-AS1 using a lentivirus carrying
shRNA. The effectiveness of HNF4A-AS1 knockdown
and overexpression was confirmed through qRT-PCR
(Figure S2A). Our results from EdU, colony
formation, and CCK-8 assays demonstrated that
knocking down HNF4A-AS1 promoted YY8103 cell
proliferation, while overexpressing HNF4A-AS1
suppressed SK-Hepl1 cell proliferation (Figure 2A-C,
Figure S2B-D). Wound-healing and transwell assays
revealed that knocking down HNF4A-AS1 increased
the metastasis of YY8103 cells, while overexpressing
HNF4A-AS1 reduced the metastasis of SK-Hepl1 cells
(Figure 2D, E, Figure S2E-F). Studies have shown that
the migration and invasion abilities of tumor cells are
closely related to the process of epithelial-
mesenchymal transition (EMT) processl. We
examined the proteins associated with EMT through
Western blot analysis and immunofluorescence
assays. Overexpressing HNF4A-AS1 was found to
decrease the expression of N-cadherin and vimentin,
while increasing the expression of E-cadherin. These
effects were reversed upon knockdown of
HNF4A-AS1 (Figure 2F, G). Overall, our findings
indicate that HNF4A-AS1 inhibits cell proliferation,
invasion, migration, and suppresses the EMT process
in HCC cells.

Table 2. Univariate and multivariate analysis of factors associated
with overall survival of 100 HCC patients

Clinicopathologic Univariable analysis Multivariable analysis

Parameters HR 95%CI  Pvalue HR 95%CI P
value

Age (>50 yearsvs<50 1.1 0.56-2.1 0.8225

years)

Gender (female vs male) 0.84 0.46-1.5 0.5634

HBYV infection (positive  0.87 0.4-1.9  0.7343

vs negative)

TNM stage (II/IlIvsI) 23 13-43  0.0059

Microvascular invasion 2.6 14-48  0.0028 1.800 0.933-3.471 0.0450

(yes vs no)

Tumor multiplicity 0.38 0.21-0.7 0.0021 1.477 0.728-2.999 0.2831

(multiple vs simple)
a-fetoprotein (220 ng/ml 0.34 0.079-4.3 0.7210
vs < 20 ng/ml)

Edmonson stage (II/IV. 23 1.2-43  0.0079

vs I/1I)

Tumor size (25cmvs <5 21 1.1-3.8 0.0173  1.508 0.786-2.892 0.2163
cm)

HNF4A-AS1 expression 035 0.18-0.66 0.0012  0.502 0.248-1.013 0.0421
(high vs low)

*p < 0.05, **p < 0.01, ***p < 0.001.
HR, hazard ratio; CI, confidence interval.

HNF4A-AS| suppresses the stemness of HCC
cells

HCC is heterogeneous and contains cells with
stem-like properties. Cancer stem cells (CSCs) are
believed to play a role in the initiation and
progression of HCCI20-22l. The analysis of the starBase
database revealed a negative correlation between the
expression of HNF4A-AS1 and CSC-related
biomarkers (EPCAM, CD44, PROM1, and THY1) in
HCC samples (Figure 3A). This suggests that
HNF4A-AS1 may inhibit the stemness of HCC. The
enrichment of CSCs from HCC cell lines through
sphere-forming assays indicated that HNF4A-AS1-
deficient YY8103 cells exhibited enhanced spheroid
formation, while SK-Hepl cells overexpressing
HNF4A-AS1 showed attenuated spheroid formation
(Figure. 3B, Figure S2G). qRT-PCR analysis of
CSC-related biomarkers (EpCAM, CD133, CD44, and
CD90) demonstrated that silencing HNF4A-AS1
resulted in an upregulation of these biomarkers.
Conversely, the overexpression of HNF4A-AS1 led to
a downregulation of their expression (Figure 3C,
Figure S2H). Additionally, three-dimensional
organoids derived from patients with HCC were used
to simulate the clinical environment (Figure 3D).
Lentiviruses carrying shRNA or overexpression
plasmids were utilized to modify the expression of
HNF4A-AS1 in the organoids, and the transfection
efficiency was confirmed using qRT-PCR (Figure 3F).
Knockdown of HNF4A-AS] resulted in larger tumor
organoids, while overexpression of HNF4A-AS1 led
to smaller spheroid structures (Figure 3E). These
findings collectively indicate that HNF4A-AS1
suppresses the stemness of HCC.

HNF4A-ASI| inhibits tumor growth and
metastasis in vivo

In order to assess the role of HNF4A-AS] in
HCC, a series of in vivo models were established. The
findings from the subcutaneous tumor model
demonstrated that the volume and weight of YY8103
tumors increased when HNF4A-AS1 was knocked
down, whereas the volume and weight of SK-Hepl
tumors  decreased when HNF4A-AS1  was
overexpressed (Figure 4A). Immunohistochemical
staining of Ki67, vimentin, E-cadherin, EpCAM, and
CD133 (THY1) in the xenograft tumors indicated that
HNF4A-AS1 suppressed cell proliferation, stemness,
and the EMT pathway in vivo (Figure 4B, Figure S2I).
The functional role of HNF4A-AS1 was further
elucidated in vivo by creating an orthotopic xenograft
model. Tumor growth was significantly inhibited in
the group with overexpressed HNF4A-AS1, while the
opposite effect was observed in the group with
HNF4A-AS1 knockdown (Figure 4C).
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Figure 2. HNF4A-AS| suppresses proliferation and metastasis of HCC cells. A. The effect of HNF4A-AS1 overexpression and knockdown on the proliferation of HCC cells was
assessed using a CCK8 assay. B-C. A colony formation assay (B) and EdU assay (C) presented that HNF4A-AS1 knockdown promoted the proliferation of YY8103 cells, and that
overexpression of HNF4A-AS| suppressed SK-Hepl cell proliferation. Scale bar, 50 um. D. Transwell assays showed that knockdown of HNF4A-AS| promoted cell invasion and
migration in YY8103 cells, whereas HNF4A-AS1 overexpression suppressed the migration and invasion capacities of SK-Hep| cells. Scale bar, 200 um. E. A wound-healing assay
was used to determine the role of knockdown and overexpression of HNF4A-AS| in the motility of HCC cells. Scale bar, 500 pm. F-G. EMT-associated proteins were measured
by western blot assay (F) and immunofluorescence (G) in HCC cells. Scale bar, 50 pm. Bar graphs represent mean + SEM (n=3, **P < 0.001).
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Figure 3. HNF4A-AS| suppresses the stemness of HCC cells. A. HNF4A-AS| was negatively associated with EPGAM, CD44, PROMI (CD90), and THY1 (CD133) (data from
starBase). B. Sphere-forming assays showed that spheroid formation was enhanced in HNF4A-ASI-deficient YY8103 cells but attenuated in HNF4A-ASI-overexpressing
SK-Hepl1 cells. Scale bar, 100 pm. C. The expression levels of CSC-related biomarkers (EpCAM, CD133, CD44, and CD90) in spheroids were detected by qRT-PCR. D.
Photographs (left) and HE staining (right) of HCC organoids. Scale bar, 200 pm (left), 200 pm (middle), 50 pm (right). E. HNF4A-AS1 expression in organoids was altered by a
lentivirus carrying shRNA or overexpression plasmid, and organoid diameter was measured after 7 days of culture. Scale bar, 50 pm. F. The knockdown and overexpression
efficiencies of HNF4A-ASI in organoids were measured by qRT-PCR. Bar graphs represent mean + SEM (n=3, *P < 0.05, **P < 0.01 and ***P < 0.001).

The metastasis of HCC cells was evaluated using
a lung metastasis model. Histological examination
and bioluminescence imaging of the lung metastasis
model revealed that HNF4A-AS1 knockdown
promoted lung metastasis, whereas overexpression of

HNF4A-AS1 suppressed lung metastasis (Figure 4D,
E). Immunohistochemical staining of markers such as
Ki67, E-cadherin, and vimentin in the lung metastases
further confirmed the inhibitory effect of HNF4A-AS1
on the EMT signaling pathway in vivo (Figure 4F).
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Figure 4. HNF4A-AS| inhibits tumor growth and metastasis in vivo. A. A subcutaneous tumor model was utilized to detect the proliferation of HNF4A-AS|-deficient YY8103
cells and HNF4A-AS|-overexpressing SK-Hepl cells in vivo. Photograph of subcutaneous tumors (left), growth curve of subcutaneous tumors (middle), and weight of
subcutaneous tumors (right). B. Imnmunohistochemistry of HE, Ki67, EpCAM, and CD133 in subcutaneous tumors. Scale bar, 50 pm. C. An orthotopic xenograft model showed
that HNF4A-AS] inhibited HCC cell proliferation in vivo. Lentivirus carrying luciferase tag and in vivo image of nude mice (above), representative images of livers (below), and
transplanted tumor volume (left). D. In vivo imaging of a lung metastasis model in nude mice. E. The representative images of lungs. F. Inmunohistochemistry of HE (Scale bar, 200
um) and EMT-related proteins in metastases (Scale bar, 50 pm). G. AAV-8 carrying the HNF4A-AS| overexpression plasmid and luciferase tag was administered to mice via tail
vein injection. In vivo image of mice. H. The efficiency of transfection with AAV-8 was assessed by qRT-PCR. |. Representative images of livers of DEN-induced spontaneous HCC
model (above) and HCC induction statistics (below). J. Survival curves of HNF4A-AS1 overexpression and control mice. Bar graphs represent mean + SEM (n=3, **P < 0.0 and
P < 0.001).
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Figure 5. HNF4A-AS| physically interacts with PCBP2 in HCC cells. A. Silver staining was performed with the sense and antisense HNF4A-AS| pull-down proteins. The specific
bands were marked with arrows. B. Western blot was carried out to determine PCBP2 in the sense and antisense HNF4A-AS| pull-down proteins. C. RIP assay showed that
HNF4A-AS1 was enriched by an anti-PCBP2 antibody. D-E. Immunofluorescence showed that PCBP2 colocalized with HNF4A-AS1 in SK-Hepl (D) and YY8103 (E) cells. Scale
bar, 50 um. F. Secondary stem-loop structure of HNF4A-AS| and truncated fragments. G. Agarose gel electrophoresis analysis of full-length HNF4A-AS|, antisense HNF4A-ASI,
and truncated fragments of HNF4A-AS]. H. Western blot was conducted to detect PCBP2 in the pull-down proteins of full-length HNF4A-AS1, antisense HNF4A-ASI, and
truncated fragments of HNF4A-AS1. |. PCBP2 was truncated (1-82 aa, 83-169 aa, 1-169 aa, and 170-366 aa) according to its protein domains. ). Truncated constructs were
tagged with Flag, and western blot was performed to determine transfection efficiency. K. The enrichment of HNF4A-AS1 in cells transfected with full-length and truncated
Flag-tagged constructs was detected via RIP assays. Bar graphs represent mean + SEM (n=3, and ***P < 0.001).

We constructed DEN- and CCL4-induced  weeks of age. Subsequently, an adeno-associated

spontaneous hepatocellular carcinoma models to
investigate the role of HNF4A-ASl in the initiation
and progression of HCC, as well as its potential
therapeutic value for HCC. To establish the models,
mice were intraperitoneally injected with DEN at 3

virus serotype 8 (AAV-8) carrying the HNF4A-AS1
overexpression plasmid was injected into the tail vein
to specifically target hepatic HNF4A-AS1. The
transfection efficiency was assessed using in vivo
imaging and qRT-PCR (Figure 4G, H). Four weeks
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after DEN injection, CCL4 was intraperitoneally
administered once a week. Our results showed that
the incidence of tumors was significantly reduced in
the group overexpressing HNF4A-AS1 compared to
the control group (Figure 4I). Furthermore, survival
analysis revealed a prolonged overall survival in the
group with HNF4A-AS1 overexpression compared to
the control group (Figure 4]). These findings suggest
that HNF4A-AS1 inhibits the occurrence and
progression of HCC, indicating its potential as a
therapeutic target for HCC treatment.

HNF4A-ASI| physically interacts with PCBP2
in HCC cells

The regulation of tumor progression through the
binding of RNA-binding proteins (RBPs) is a
significant mechanism of IncRNAs. In order to
investigate the mechanism of HNF4A-AS1 in HCC, a
pulldown assay was conducted to identify the
binding proteins of HNF4A-AS1. The full-length
sequence of HNF4A-AS1 was obtained through T7
amplification in vitro, with the antisense chain serving
as a control. Silver staining analysis revealed specific
bands in the sense group, indicating the presence of
potential binding proteins (Figure 5A). Mass
spectrometry analysis was then performed to identify
the binding proteins of HNF4A-AS1. The antisense
pull-down products were excluded to obtain the
sense-specific binding proteins (Figure S3A), and GO
enrichment analysis was performed for the
sense-specific binding proteins (Figure S3B). The top
20 proteins were selected for further analysis
(Supplemental Table 6). The results of the silver
staining assays showed that a specific band was
observed at 45 kDa, and PCBP2 was the only one
among the 20 candidate binding proteins that had the
required molecular weight (Figure S3C). PCBP2, an
RNA-binding protein, plays a crucial role in
regulating cancer-associated biological processes.
Data from starBase showed that PCBP2 was
overexpressed in HCC (Figure S4A). Kaplan-Meier
survival analysis demonstrated that patients with
HCC who had low levels of PCBP2 exhibited
increased disease-free survival and overall survival
compared to those with high levels of PCBP2 (Figure
S4B, C). Based on these findings, it was hypothesized
that PCBP2 is one of the RBPs that specifically
interacts with HNF4A-AS1 in HCC. Immunoblotting
of the proteins pulled down by HNF4A-AS1 and its
antisense chain confirmed that PCBP2 was a direct
binding partner of HNF4A-AS1 (Figure 5B).
Consistently, RNA immunoprecipitation assays
demonstrated that HNF4A-AS1 was significantly
enriched by the anti-PCBP2 antibody (Figure 5C).

Additionally, immunofluorescence results showed
that HNF4A-AS1 colocalized with PCBP2 in HCC
cells (Figure 5D, E).

To determine the binding site of HNF4A-AS1
and PCBP2, we constructed various deletion mutants
of HNF4A-AS1 based on its secondary stem loop
structure (Figure 5F) and the predicted binding site of
PCBP2 on HNF4A-AS1 (Figure S3D). The deletion
mutant sequences (Figure S3E) were verified by
agarose gel electrophoresis (Figure 5G). Based on the
RNA pull-down results, it was found that fragment 3
(491-672 nt) of HNF4A-AS1 mediated its interaction
with PCBP2 (Figure 5H). PCBP2 contains three KH
domains (KH1-3) that recognize and bind RNA.
Therefore, full-length and truncated versions of
PCBP2 were constructed to identify the binding
domain of PCBP2 to HNF4A-AS1 (Figure 51, J). RNA
immunoprecipitation assays revealed that the KH3
domain (285-360 aa) of PCBP2 contributed to its
interaction with HNF4A-AS1 (Figure 5K).

HNF4A-AS1 mediates the proteasomal
degradation of PCBP2

The regulatory effect of PCBP2 on HNF4A-AS1
was investigated in this study. PCBP2 was knocked
down using siRNA and overexpressed using an
overexpression plasmid. The transfection efficiency
was assessed by Western blot, and siPCBP2-1 was
found to have the highest knockdown efficiency
(Figure S5A). Therefore, it was used in subsequent
experiments. qRT-PCR analysis showed no significant
change in the abundance of HNF4A-AS1 with either
PCBP2 knockdown or overexpression (Figure S5B, C).
However, western blot analysis revealed that the
expression of the PCBP2 protein was up-regulated in
HNF4A-AS1-knockdown cells and decreased in
HNF4A-ASl-overexpressing cells (Figure 6A).
gqRT-PCR analysis showed that the level of PCBP2
mRNA was not significantly affected by HNF4A-AS1
(Figure S5D). A protein stability assay using
cycloheximide (CHX) demonstrated that PCBP2 was
more stable when HNF4A-AS1 was knocked down
and more easily degraded after HNF4A-AS1
overexpression (Figure 6B). This indicates that
HNF4A-AS1 inhibits the stability of PCBP2. Western
blot analysis showed that the downregulation of
PCBP2 resulting from HNF4A-AS1 overexpression
was ameliorated by a proteasomal inhibitor (MG132)
(Figure 6C). Additionally, PCBP2 ubiquitination was
upregulated after MGI132 treatment (Figure 6D),
indicating that HNF4A-AS1 may promote the
proteasomal degradation of PCBP2 by regulating its
ubiquitination.
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Figure 6. HNF4A-AS| mediates the protease degradation of PCBP2. A. Western blot results exhibited that knockdown of HNF4A-AS1 promoted PCBP2 protein levels, while
overexpression of HNF4A-AS| suppressed the level of PCBP2. B. HNF4A-AS1-deficient YY8103 cells and HNF4A-AS1-overexpressing SK-Hep1 cells were treated with CHX
(50 pg/mL) for the indicated times, and PCBP2 and GAPDH were measured by Western blot assay. C. Western blot analysis demonstrated that the decrease in PCBP2 protein
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due to HNF4A-AS1 overexpression was reversed by MG132 (20 puM, 12h). D. Western blot assay showed that PCBP2 ubiquitination was increased in the MG132 treatment
group. E. Ubiquitination detection in HEK-293T cells co-transfected with HA-tagged ubiquitin plasmids and Flag-tagged PCBP2 plasmids revealed that the ubiquitination level in
the K48R group was significantly lower than that in the WT group. F. The ubiquitination of PCBP2 was reduced in HNF4A-ASI-deficient YY8103 cells and increased in
HNF4A-AS1-overexpressing SK-Hep1 cells. G. ColP assay indicated that PCBP2 was enriched by an anti-AIP4 antibody and that AIP4 was enriched by an anti-PCBP2 antibody.
H. Co-immunoprecipitation assay in HEK-293T cells co-transfected with Flag-tagged PCBP2 and His-tagged AlP4 plasmids showed that PCBP2 can directly interact with AlP4. I.
The BiFC assay revealed that AIP4 and PCBP2 were bound in the YY8103 cells. Scale bar, 50 pm. J. Western blot analysis demonstrated that AIP4 promoted PCBP2
ubiquitination. K. AIP4 overexpression counteracted the suppressive effect of HNF4A-AS| knockdown on PCBP2 ubiquitination. L-M. IP assay and BiFC assay showed that
HNF4A-AS] facilitated PCBP2 recruitment of AIP4. Scale bar, 50 um. Bar graphs represent mean + SEM (n=3, **P < 0.01 and ***P < 0.001).

In order to investigate the specific ubiquitin
chains involved in the ubiquitination of PCBP2, we
separately constructed wild-type, K48 mutant, and
K63 mutant ubiquitin plasmids (WT, K48R, K63R).
The HA-tagged  ubiquitin  plasmids  were
co-transfected with Flag-tagged PCBP2 plasmids into
HEK-293T cells. The results of ubiquitination
detection showed that the ubiquitination level in the
K48R group was significantly lower than that in the
WT group, while there was no significant difference
between the K63R group and the WT group (Figure
6E). This indicates that the ubiquitination type of
PCBP2 is  K48-linked  ubiquitination. = The
ubiquitination of PCBP2 was enhanced in cells
overexpressing HNF4A-AS1 but decreased in
HNF4A-AS1-knockdown cells (Figure 6F). This
suggests that HNF4A-AS1 promotes the degradation
of PCBP2 by facilitating its ubiquitination.

We further investigated the mechanism by
which HNF4A-AS1 regulates the ubiquitination of
PCBP2. AIP4 (ITCH) was identified as one of the
proteins through RNA pull-down assays combined
with mass spectrometry (Supplemental Table 6).
Previous studies have demonstrated that PCBP2 can
bind to the HECT domain-containing E3 ligase,
AIP4[]. Pull-down assays confirmed that AIP4 is a
direct binding partner of HNF4A-AS1 (Figure S6A).
Co-immunoprecipitation assay results indicated that
PCBP2 directly interacts with AIP4 in HCC and
HEK-293T cells (Figure 6G-H). Furthermore, the BiFC
experimental results showed that only HCC cells
co-transfected with VN-173-PCBP2 and VC-155-AlP4
exhibited fluorescence, indicating the binding of
PCBP2 and AIP4 in HCC cells (Figure 61, Figure S6B).
Knockdown and overexpression of AIP4 were
performed to investigate its modulatory role in the
ubiquitination of PCBP2 in HCC. The transfection
efficiency was assessed by Western blot, and siAIP4-1
was used in subsequent experiments (Figure S6C).

Western blot analysis showed that AIP4
promotes the ubiquitination of PCBP2 in HCC (Figure
6H, Figure S6D), indicating that AIP4 acts as the E3
ligase for PCBP2 in HCC. Knockdown of AIP4
rescued the promoting role of overexpressed
HNF4A-AS1 in PCBP2 ubiquitination, and
overexpression of AIP4 diminished the inhibitory
effect of HNF4A-AS1 knockdown on PCBP2
ubiquitination (Figure 6L, Figure S6E).

Immunoprecipitation results demonstrated that the
upregulation of HNF4A-AS1 contributed to the
recruitment of PCBP2 to AIP4. Conversely, the
knockdown of HNF4A-AS] inhibited the binding of
PCBP2 to AIP4 (Figure 6K). Meanwhile, BiFC
experiments demonstrated that reducing HNF4A-AS1
expression inhibited the interaction between PCBP2
and AIP4, whereas upregulation of HNF4A-AS1
enhanced the interaction between PCBP2 and AIP4
(Figure 6L). These findings indicate that HNF4A-AS1
enhances the binding of PCBP2 to AIP4, thereby
facilitating the ubiquitination and subsequent
degradation of PCBP2.

HNF4A-AS| suppresses the mRNA stability of
ARG2 by downregulating PCBP2

In order to gain a better understanding of the
mechanisms by which HNF4A-AS1 influences the
progression of HCC cells, the researchers conducted
RNA sequencing to investigate the transcriptional
profiles of SK-Hepl cells that were overexpressing
HNF4A-AS1 (Figure 7A, B, Supplemental Table 7).
The results of the KEGG pathway analysis revealed
that the overexpression of HNF4A-AS1 negatively
regulates NF « B, PI3K-AKT, and pathways in cancers
(Figure 7C, Figure S7A). Additionally, the GO
enrichment analysis indicated that HNF4A-AS] plays
a role in regulating cadherin, cyclin-dependent
proteins, and ubiquitin protein ligase (Figure 7D). To
further investigate the downstream targets of
HNF4A-AS1, we performed a gene distribution
analysis using GO enrichment analysis of the
RNA-seq results. The chord plot revealed that AGR2
is implicated in the majority of pathways related to
tumors (Figure 7E). Additionally, AGR2 emerged as
one of the top-scoring genes in the RNA-seq results.
Analysis of the starBase database showed a negative
correlation between HNF4A-AS1 and AGR2 (Figure
7F). To investigate the regulatory role of AGR2 in
HCC, we utilized siRNA and plasmid to knock down
or overexpress AGR2 expression in HCC cells. The
transfection efficiency of AGR2 was assessed using
western blot analysis. siAGR2-2 was found to have
the highest knockdown efficiency. Therefore, it was
embedded into the lentivirus and used in subsequent
experiments (Figure S7B). In vitro functional studies
demonstrated that AGR2 promotes the proliferation,
invasion, and stemness of HCC cells (Figure S7C-F).
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results. D. GO enrichment analysis of the RNA-seq results. E. Chord plot for GO enrichment analysis of the RNA-seq results. F. HNF4A-AS| and AGR2 mRNA were negatively
correlated in HCC tissues (data from starBase). G. qRT-PCR presented that the overexpression of HNF4A-ASI inhibited the mRNA expression of AGR2, while the
overexpression of PCBP2 counteracted the inhibitory effect of HNF4A-AS] on AGR2, and vice versa. H-l. Western blot analysis demonstrated that knockdown of PCBP2
diminished the promotive effect of HNF4A-ASI knockdown on AGR2 (H), and that PCBP2 overexpression restored the inhibiting impact of HNF4A-AS1 on AGR2 (l). J.
PCBP2-deficient SK-Hep| cells and PCBP2-overexpressing YY8103 cells were treated with actinomycin D for the indicated times, and AGR2 mRNA was detected by qRT-PCR.
K. RIP assay showed that AGR2 mRNA was enriched by PCBP2. L. Full-length, antisense, 3’UTR, 5’UTR, and CDS fragments of AGR2 mRNA were transcribed and biotinylated
in vitro, and agarose gel electrophoresis was performed to detect these fragments. M. An RNA pull-down assay was employed to identify the binding fragments of AGR2 mRNA

with PCBP2. Bar graphs represent mean + SEM (n=3, and ***P < 0.001).

Next, we investigated whether HNF4A-AS1
regulates AGR2 through PCBP2. Western blot and
qRT-PCR results indicated that the overexpression of
HNF4A-AS1 suppressed the expression of AGR2
mRNA and protein. Subsequent experiments
demonstrated that the overexpression of PCBP2
restored the inhibitory effect of HNF4A-AS1 on
AGR?2, and vice versa (Figure 7G, H, I). Previous
studies have demonstrated that PCBP2 binds to the 3'
UTR of mRNA and maintains mRNA stability?!l. The
mRNA stability assay using actinomycin D revealed
that the knockdown of PCBP2 decreased the stability
of AGR2 mRNA, while the overexpression of PCBP2
had the opposite effect (Figure 7J). Additionally, RIP
assays demonstrated that AGR2 mRNA was
significantly enriched with the anti-PCBP2 antibody
(Figure 7K). The full-length, 3'UTR, 5'UTR, and CDS
sequences of AGR2 mRNA were obtained from the
UCSC database (Figure S8A). These fragments were
then constructed in vitro using the T7 amplification
assay. The amplified sequences were analyzed using
agarose gel electrophoresis (Figure 7L). The results of
the RNA pull-down experiment indicate that the
full-length AGR2 mRNA and the 3' UTR fragment are
involved in the interaction between AGR2 mRNA and
PCBP2 (Figure 7M). Taken together, these findings
suggest that PCBP2 maintains the stability of AGR2
mRNA by binding to the AGR2 mRNA 3' UTR, and
HNF4A-AS1 reduces AGR2 levels by promoting the
degradation of PCBP2.

HNF4A-ASI inhibits the progression of HCC
through the PCBP2/AGR2 axis

Rescue experiments were conducted to validate
the functional role of the HNF4A-AS1/PCBP2/AGR2
axis in HCC. We initially knocked down PCBP2 or
AGR2 in  YY8103-shHNF4A-AS1 cells and
overexpressed PCBP2 or AGR2 in
SK-Hep1-HNF4A-AS1 cells. The results indicated that
the knockdown of AGR2 or PCBP2 restored
proliferation (Figure 8A, C), metastasis (Figure 8E),
stemness (Figure 8G), and EMT signaling pathway
(Figure 8I) activities in YY8103-shHNF4A-AS1 cells.
Conversely, the overexpression of AGR2 or PCBP2
enhanced proliferation, metastasis, stemness, and
EMT signaling pathway activities in
SK-Hepl-HNF4A-AS1 cells (Figure 8B, D, F, H, I). We
further examined the regulatory influence of AGR2 on

the HNF4A-AS1/PCBP2 axis. Our findings indicated
that the upregulation of AGR2 restored the functions
associated with proliferation, metastasis, stemness,
and the EMT signaling pathway in YY8103 cells with
HNF4A-AS1 and PCBP2 knockdown. Conversely,
downregulation of AGR2 reduced the aforementioned
activities in SK-Hepl cells with HNF4A-AS1 and
PCBP2 overexpression (Figure S9A-E). Meanwhile,
subcutaneous tumor model and lung metastasis
model were used to validate the functional role of the
HNF4A-AS1/PCBP2/AGR2 axis in vivo. The in vivo
results were consistent with the in vitro results (Figure
9A-E, Figure O9F). In conclusion, HNF4A-AS1
regulates the malignancy of HCC through the
PCBP2/ AGR?2 axis.

Discussion

HCC is a malignancy that develops in
individuals with various chronic liver diseases,
including alcoholic fatty liver disease, viral hepatitis,
and nonalcoholic fatty liver disease. The progression
of HCC is typically preceded by chronic liver injury,
which initiates a series of events including
inflammation, activation of the extracellular matrix,
regeneration, fibrosis, and ultimately cirrhosis[? 201,
Current treatment options for HCC include
hepatectomy, liver transplantation, and
radiofrequency ablation for early-stage HCC.
Transarterial ~embolization, radiotherapy, and
chemotherapy are employed for advanced cases of
HCC. However, despite these interventions, the
prognosis for patients with HCC remains
unsatisfactory due to high rates of recurrence and
metastasis. Consequently, there is a pressing need to
investigate the underlying molecular mechanisms
driving the development of HCC in order to identify
novel targets for clinical diagnosis and treatment.

HNF4A-AS1, the antisense strand of HNF4A, is
highly expressed in liver tissue. It plays a regulatory
role in the expression of CYP3A4 by influencing the
accumulation of PXR in the CYP3A4 promoter and
modifying histones[?’l. This regulation leads to the
inhibition of P450 expression in the liver, preventing
ritonavir-induced  hepatotoxicity?l. In HCC,
HNF4A-AS] is transcriptionally activated by HNF4a
and downregulated in HCC tissues[?” 3, suggesting
its potential as a diagnostic marker for HCC.
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Figure 8. HNF4A-ASI inhibits the progression of HCC through the PCBP2/AGR?2 axis. A-D. Colony formation (A, B) and EdU assays (C, D) demonstrated that the knockdown
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However, the specific regulatory effects of
HNF4A-AS1 on the biological function of HCC and its
underlying mechanism have not been thoroughly
investigated. In our study, we observed a decrease in
the levels of HNF4A-AS1 in HCC, which exhibited a
positive correlation with the prognosis of HCC.
Through cell and animal experiments, we have
demonstrated that HNF4A-AS1 inhibits the
migration, proliferation, and stemness of HCC cells.
Additionally, it suppresses the EMT pathway.
Notably, in a DEN-induced spontaneous HCC model,
the overexpression of HNF4A-AS1 significantly
reduced the incidence of HCC and prolonged overall
survival in mice. These findings suggest that
HNF4A-AS1 is involved in the initiation and
progression of HCC and may serve as a potential
therapeutic target for this disease. Interestingly, Song
et al. found that sPEP1, encoded by HNF4A-ASl1,
promotes the binding of the amino and carboxyl
terminals of eEF1A1 with SMADA4B1. This interaction
leads to reduced transactivation of SMAD4, thereby
promoting the stem cell activity of neuroblastoma
(NB) cells. Our analysis using coding potential
assessment tools indicates that HNF4A-ASl is a
non-coding RNA. Additionally, proteins interacting
with HNF4A-AS1 in BE(2)-C cells are involved in
protein translation or ribosome assembly, while GO
enrichment analysis of proteins interacting with
HNF4A-AS1 in HCC cells did not reveal relevant
functions. Therefore, we speculate that the low coding
potential of HNF4A-AS1 in HCC may lead to
differential regulation of stemness in NB and HCC
cells. However, further exploration is needed to
determine the possibility of HNF4A-AS1 encoding
short peptides in HCC.

HNF4A-AS]1 is an antisense RNA located
between the HNF4a P1 and P2 promoters. HNF4a
plays a critical role in liver development and function,
functioning as a tumor suppressor gene in HCC32,
The HNF4A gene is regulated by two distinct P1 and
P2 promoters, with a significant decrease in
P1-HNF4a expression observed in HCC cells[l
Research has shown that HNF4a can activate its own
promoter?l. Guo et al. demonstrated that P1-HNF4a
can stimulate the proximal promoter of
HNF4A-AS1™I. 1t is hypothesized that the decreased
expression of HNF4A-AS1 in HCC may be regulated
by HNF4a. However, further investigation is
necessary to elucidate the precise underlying
mechanism.

PCBP2 possesses three RNA-binding domains
that exhibit a high affinity for binding C-rich
polypyrimidine motifsl3> 3I. Previous studies have
indicated that the PCBP2 protein is significantly
upregulated in various types of cancer, such as

hepatocellular carcinomal®”], glioblastomal®], and
pancreatic cancer3%. PCBP2 plays a role in regulating
the expression of downstream target genes by
promoting their transcription®], maintaining the
stability of their mRNAMI®, and facilitating their
translationl’”7l. PCBP2 has been identified as a key
regulator of tumor progression through its
modulation by ubiquitination. Specifically, the
interaction between PHGDH and PCBP2 has been
shown to impede the ubiquitination-mediated
degradation of PCBP2, thereby suppressing
ferroptosis and facilitating malignant progression in
bladder cancerl4ll. Nevertheless, the mechanisms
underlying the ubiquitination-mediated regulation of
PCBP2 in HCC remain unclear. In this particular
study, PCBP2 was identified as a binding protein of
HNF4A-AS1  through pulldown and mass
spectrometry analyses. It was further demonstrated
that HNF4A-AS] binds to the KH3 domain of PCBP2
through segment 3. HNF4A-AS1 facilitates the
recruitment of the HECT domain-containing E3
ligase, AlIP4, by PCBP2, thereby promoting the
ubiquitination and subsequent degradation of PCBP2
by proteases.

In order to investigate the potential mechanism
by which HNF4A-AS1 influences HCC cells, we
conducted RNA sequencing on cells that were
overexpressing HNF4A-AS1. Through the utilization
of KEGG pathway and GO enrichment analysis, we
have identified that HNF4A-AS1 plays a significant
role in regulating multiple pathways that are closely
linked to tumorigenesis. Furthermore, the gene
distribution analysis, using GO enrichment analysis
of the RNA-seq results, revealed that AGR2 is
implicated in the majority of pathways related to
tumors. AGR2 is a human homolog of Xenopus
anterior gradient-2 (XAG-2) and possesses a secreted
signal peptide, which allows it to be secreted into the
extracellular compartment*2l. AGR2 has been closely
linked to the initiation of cancer, tumor progression,
and metastasis!*> 41, Previous studies have reported
that AGR2 enhances the invasiveness of tumor cells in
colorectal and breast malignancies*> 401, In HCC,
studies have shown that AGR2 is involved in
sorafenib resistance and plays a role in
microRNA-mediated  cell  proliferation  and
metastasisi*’ 48l. Our study demonstrated that AGR2
promotes the proliferation, invasion, and stemness of
HCC cells. Meanwhile, our findings revealed that
PCBP2 binds to the 3' UTR of AGR2 mRNA and
enhances its stability, while HNF4A-AS1 inhibits the
stability of AGR2 mRNA by promoting the
degradation of PCBP2. Functional experiments
provided evidence that HNF4A-AS1 regulates the
function of HCC through the PCBP2/ AGR?2 axis.
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Conclusions

In summary, we found that HNF4A-AS1 is
downregulated in HCC and is an independent risk
factor for the prognosis of HCC. HNF4A-AS1 was
found to inhibit the stability of AGR2 mRNA by
promoting the proteasomal degradation of PCBP2,
thereby playing a role in suppressing the metastasis,
proliferation, and stemness of HCC cells (Figure 9F).
Consequently, this study presents a new potential
target for the diagnosis and treatment of HCC.

Abbreviations

HCC: Hepatocellular Carcinoma; HNF4A-AS1:
Hepatocyte nuclear factor 4 alpha antisense RNA 1;
PCBP2: Poly(rC)-binding Protein 2; AGR2: Anterior
Gradient 2, TMA: Tissue microarray; OS: Overall
survival; DFS: Disease-free survival, IHC:
Immunochemistry staining; FISH: Fluorescence in situ
hybridization; CCK-8: Cell counting Kit-8; EDU:
5-Ethynyl-20-deoxyuridine; siRNA: small interfering

RNA; shRNA: short hairpin RNA; Co-IP:
Co-immunoprecipitation; [F: Immunofluorescence;
EMT: Epithelial Mesenchymal Transformation;

TCGA: The Cancer Genome Atlas; KEGG: Kyoto
Encyclopedia of Genes and Genomes; GO: Gene
Ontology.

Supplementary Material

Supplementary figures and tables.
https:/ /www.ijbs.com/v20p5087s1.zip

Acknowledgments

Funding

This work was supported by grants from the
National Natural Science Foundation of China
(81871260); Health Research Projects of Jiangsu
Provincial Health Committee (H2019045); The

training program of “Double Hundred” young and

middle-aged medical and health talents in Wuxi
(BJ020034); Key Research and Development Projects
of Anhui Province (2022e07020048); Young Scholars
Fostering Fund of the First Affiliated Hospital of
Nanjing Medical University (PY2022007).

Author contributions

Jia Wenbo, Yu Liang, and Xu Bin conducted the
primary tasks of the molecular laboratory experiment,
contributed to data analysis, and were involved in the
study's design. Jia Wenbo drafted the manuscript.
Feng Yanzhi and Wang Jinyi analyzed the
experimental data. Zhu Deming, Liang Litao, and Xu
Chao gathered clinical data. Ding Wenzhou, Kong
Lianbao, and Zhou Yongping conceived and
coordinated the study. All authors reviewed and

approved the final manuscript.

Competing Interests

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work
reported in this paper.

References

1. Sung H, Ferlay ], Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;
71: 209-49.

2. Feng RM, Zong YN, Cao SM, Xu RH. Current cancer situation in China: good
or bad news from the 2018 Global Cancer Statistics? Cancer Commun (Lond).
2019; 39: 22.

3. Chidambaranathan-Reghupaty S, Fisher PB, Sarkar D. Hepatocellular
carcinoma (HCC): Epidemiology, etiology and molecular classification. Adv
Cancer Res. 2021; 149: 1-61.

4. Delas MJ, Hannon GJ. IncRNAs in development and disease: from functions to
mechanisms. Open Biol. 2017; 7: 170121.

5. Kopp F, Mendell JT. Functional Classification and Experimental Dissection of
Long Noncoding RNAs. Cell. 2018; 172: 393-407.

6.  Schmitz SU, Grote P, Herrmann BG. Mechanisms of long noncoding RNA
function in development and disease. Cell Mol Life Sci. 2016; 73: 2491-509.

7. YuanK, Lan ], Xu L, Feng X, Liao H, Xie K, et al. Long noncoding RNA TLNC1
promotes the growth and metastasis of liver cancer via inhibition of p53
signaling. Mol Cancer. 2022; 21: 105.

8. Kim J, Piao HL, Kim BJ, Yao F, Han Z, Wang Y, et al. Long noncoding RNA
MALAT1 suppresses breast cancer metastasis. Nat Genet. 2018; 50: 1705-15.

9. FangL, Huang H, Lv ], Chen Z, Lu C, Jiang T, et al. m5C-methylated IncRNA
NR_033928 promotes gastric cancer proliferation by stabilizing GLS mRNA to
promote glutamine metabolism reprogramming. Cell Death Dis. 2023; 14: 520.

10. Thomson DW, Dinger ME. Endogenous microRNA sponges: evidence and
controversy. Nat Rev Genet. 2016; 17: 272-83.

11. Su C, Zhang H, Mo ], Liao Z, Zhang B, Zhu P. SP1-activated USP27X-AS1
promotes hepatocellular carcinoma progression via USP7-mediated AKT
stabilisation. Clin Transl Med. 2024; 14: e1563.

12. FeiM, Li X, Liang S, Zhou S, Wu H, Sun L, et al. LncRNA PWRN1 inhibits the
progression of hepatocellular carcinoma by activating PKM2 activity. Cancer
Lett. 2024; 584: 216620.

13. Li RH, Tian T, Ge QW, He XY, Shi CY, Li JH, et al. A phosphatidic
acid-binding IncRNA SNHG9 facilitates LATS1 liquid-liquid phase separation
to promote oncogenic YAP signaling. Cell Res. 2021; 31: 1088-105.

14. Chan YT, Wu J, Lu Y, Li Q, Feng Z, Xu L, et al. Loss of IncRNA LINC01056
leads to sorafenib resistance in HCC. Mol Cancer. 2024; 23: 74.

15. Yuan C, Chen M, Cai X. Advances in poly(rC)-binding protein 2: Structure,
molecular function, and roles in cancer. Biomed Pharmacother. 2021; 139:
111719.

16. QinY, HouY, LiuS, Zhu P, Wan X, Zhao M, et al. A Novel Long Non-Coding
RNA Inc030 Maintains Breast Cancer Stem Cell Stemness by Stabilizing SQLE
mRNA and Increasing Cholesterol Synthesis. Adv Sci (Weinh). 2021; 8:
2002232.

17. Evans JR, Mitchell SA, Spriggs KA, Ostrowski ], Bomsztyk K, Ostarek D, et al.
Members of the poly (rC) binding protein family stimulate the activity of the
c-myc internal ribosome entry segment in vitro and in vivo. Oncogene. 2003; 22:
8012-20.

18. Chen Y, Ling Z, Cai X, Xu Y, Lv Z, Man D, et al. Activation of YAP1 by
N6-Methyladenosine-Modified ~ circCPSF6 ~ Drives ~ Malignancy  in
Hepatocellular Carcinoma. Cancer Res. 2022; 82: 599-614.

19. Mittal V. Epithelial Mesenchymal Transition in Tumor Metastasis. Annu Rev
Pathol. 2018; 13: 395-412.

20. Zhu P, Wang Y, Wu ], Huang G, Liu B, Ye B, et al. LncBRM initiates YAP1
signalling activation to drive self-renewal of liver cancer stem cells. Nat
Commun. 2016; 7: 13608.

21. Nio K, Yamashita T, Kaneko S. The evolving concept of liver cancer stem cells.
Mol Cancer. 2017; 16: 4.

22. Zheng H, Pomyen Y, Hernandez MO, Li C, Livak F, Tang W, et al. Single-cell
analysis reveals cancer stem cell heterogeneity in hepatocellular carcinoma.
Hepatology. 2018; 68: 127-40.

23. You F, Sun H, Zhou X, Sun W, Liang S, Zhai Z, et al. PCBP2 mediates
degradation of the adaptor MAVS via the HECT ubiquitin ligase AIP4. Nat
Immunol. 2009; 10: 1300-8.

24. Wen D, Huang Z, Li Z, Tang X, Wen X, Liu J, et al. LINC02535 co-functions
with PCBP2 to regulate DNA damage repair in cervical cancer by stabilizing
RRM1 mRNA. J Cell Physiol. 2020; 235: 7592-603.

25. Llovet JM, Castet F, Heikenwalder M, Maini MK, Mazzaferro V, Pinato DJ, et
al. Immunotherapies for hepatocellular carcinoma. Nat Rev Clin Oncol. 2022;
19:151-72.

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20 5108

26. Foerster F, Gairing SJ, Muller L, Galle PR. NAFLD-driven HCC: Safety and
efficacy of current and emerging treatment options. ] Hepatol. 2022; 76: 446-57.

27. Wang P, Chen S, Wang Y, Wang X, Yan L, Yang K, et al. The Long Noncoding
RNA Hepatocyte Nuclear Factor 4alpha Antisense RNA 1 Negatively
Regulates Cytochrome P450 Enzymes in Huh7 Cells via Histone
Modifications. Drug Metab Dispos. 2021; 49: 361-8.

28. Wang X, YuY, Wang P, Yang K, Wang Y, Yan L, et al. Long Noncoding RNAs
Hepatocyte Nuclear Factor 4A Antisense RNA 1 and Hepatocyte Nuclear
Factor 1A Antisense RNA 1 Are Involved in Ritonavir-Induced Cytotoxicity in
Hepatoma Cells. Drug Metab Dispos. 2022; 50: 704-15.

29. Guo S, Lu H. Novel mechanisms of regulation of the expression and
transcriptional activity of hepatocyte nuclear factor 4alpha. J Cell Biochem.
2019; 120: 519-32.

30. Song M, Zhong A, Yang J, He J, Cheng S, Zeng J, et al. Large-scale analyses
identify a cluster of novel long noncoding RNAs as potential competitive
endogenous RNAs in progression of hepatocellular carcinoma. Aging (Albany
NY). 2019; 11: 10422-53.

31. Song H, Wang ], Wang X, Yuan B, Li D, Hu A, et al. HNF4A-ASl-encoded
small peptide promotes self-renewal and aggressiveness of neuroblastoma
stem cells via eEF1Al-repressed SMAD4 transactivation. Oncogene. 2022; 41:
2505-19.

32, Huang Y, Xian L, Liu Z, Wei L, Qin L, Xiong Y, et al
AMPKalpha2/HNF4A /BORIS/GLUT4 pathway promotes hepatocellular
carcinoma cell invasion and metastasis in low glucose microenviroment.
Biochem Pharmacol. 2022; 203: 115198.

33. Tanaka T, Jiang S, Hotta H, Takano K, Iwanari H, Sumi K, et al. Dysregulated
expression of P1 and P2 promoter-driven hepatocyte nuclear factor-4alpha in
the pathogenesis of human cancer. J Pathol. 2006; 208: 662-72.

34. Hatzis P, Talianidis I. Regulatory mechanisms controlling human hepatocyte
nuclear factor 4alpha gene expression. Mol Cell Biol. 2001; 21: 7320-30.

35. FennS, Du Z, Lee JK, Tjhen R, Stroud RM, James TL. Crystal structure of the
third KH domain of human poly(C)-binding protein-2 in complex with a
C-rich strand of human telomeric DNA at 1.6 A resolution. Nucleic Acids Res.
2007; 35: 2651-60.

36. Hollingworth D, Candel AM, Nicastro G, Martin SR, Briata P, Gherzi R, et al.
KH domains with impaired nucleic acid binding as a tool for functional
analysis. Nucleic Acids Res. 2012; 40: 6873-86.

37. Braconi C, Valeri N, Kogure T, Gasparini P, Huang N, Nuovo GJ, et al.
Expression and functional role of a transcribed noncoding RNA with an
ultraconserved element in hepatocellular carcinoma. Proc Natl Acad Sci U S A.
2011; 108: 786-91.

38. Luo K, Zhuang K. High expression of PCBP2 is associated with progression
and poor prognosis in patients with glioblastoma. Biomed Pharmacother.
2017; 94: 659-65.

39. Li Y, Zhao Z, Lin CY, Liu Y, Staveley OKF, Li G, et al. Silencing PCBP2
normalizes desmoplastic stroma and improves the antitumor activity of
chemotherapy in pancreatic cancer. Theranostics. 2021; 11: 2182-200.

40. Choi HS, Song KY, Hwang CK, Kim CS, Law PY, Wei LN, et al. A proteomics
approach for identification of single strand DNA-binding proteins involved in
transcriptional regulation of mouse mu opioid receptor gene. Mol Cell
Proteomics. 2008; 7: 1517-29.

41. Shen L, Zhang ], Zheng Z, Yang F, Liu S, Wu Y, et al. PHGDH Inhibits
Ferroptosis and Promotes Malignant Progression by Upregulating SLC7A11 in
Bladder Cancer. Int ] Biol Sci. 2022; 18: 5459-74.

42. Brychtova V, Mohtar A, Vojtesek B, Hupp TR. Mechanisms of anterior
gradient-2 regulation and function in cancer. Semin Cancer Biol. 2015; 33:
16-24.

43. Fessart D, Robert J, Hartog C, Chevet E, Delom F, Babin G. The Anterior
GRadient (AGR) family proteins in epithelial ovarian cancer. J Exp Clin
Cancer Res. 2021; 40: 271.

44. Brychtova V, Vojtesek B, Hrstka R. Anterior gradient 2: a novel player in
tumor cell biology. Cancer Lett. 2011; 304: 1-7.

45. Xiu B, Chi Y, Liu L, Chi W, Zhang Q, Chen J, et al. LINC02273 drives breast
cancer metastasis by epigenetically increasing AGR2 transcription. Mol
Cancer. 2019; 18: 187.

46. TianS, Chu Y, HuJ, Ding X, Liu Z, Fu D, et al. Tumour-associated neutrophils
secrete AGR2 to promote colorectal cancer metastasis via its receptor
CD98hc-xCT. Gut. 2022; 71: 2489-501.

47. Tsai HW, Chen YL, Wang CI, Hsieh CC, Lin YH, Chu PM, et al. Anterior
gradient 2 induces resistance to sorafenib via endoplasmic reticulum stress
regulation in hepatocellular carcinoma. Cancer Cell Int. 2023; 23: 42.

48. Hong H, Sui C, Qian T, Xu X, Zhu X, Fei Q, et al. Long noncoding RNA
LINC00460 conduces to tumor growth and metastasis of hepatocellular
carcinoma through miR-342-3p-dependent AGR2 up-regulation. Aging
(Albany NY). 2020; 12: 10544-55.

https://www.ijbs.com



