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LncRNA PVT1 promotes
proliferation, migration and
invasion of cholangiocarcinoma by
regulating the expression of SOCS2

Xidong Cao?, Liyong Zhang?, Kai Chen?, Hua Fu?, HaizhaoYi', Ziyu Bai?, Luwen Zhao? &
Aijun Yy~

Cholangiocarcinoma, a malignant tumor originating from the bile duct epithelium, poses significant
therapeutic challenges and is often associated with poor prognosis. This study aims to elucidate

the relationship between plasmacytoma variant translocation 1 (PVT1), a long non-coding RNA
implicated in cancer progression, and suppressor of cytokine signaling 2 (S0CS2), recognized for its
tumor-suppressive properties. Utilizing the GEPIA2 database, we investigated the expression levels

of PVT1 and SOCS2 in cholangiocarcinoma specimens and cell lines through quantitative real-time
PCR (qRT-PCR) and Western blotting. Our results demonstrated that PVT1 expression was markedly
upregulated in cholangiocarcinoma tissues and cells, while SOCS2 was significantly downregulated.
Functional assays revealed that silencing PVT1 inhibited cholangiocarcinoma cell proliferation,
migration, and invasion, suggesting its oncogenic role. Conversely, SOCS2 overexpression diminished
these malignancies, highlighting its tumor-suppressive function. Notably, the knockdown of PVT1
correlated with an increase in SOCS2 expression, underscoring the regulatory interplay between these
two molecules. Ultimately, our findings indicate that IncRNA PVT1 facilitates cholangiocarcinoma
progression by repressing SOCS2 expression, positioning SOCS2 as a potential therapeutic target, and
warranting further exploration in therapeutic strategies against cholangiocarcinoma.
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Cholangiocarcinoma (CCA) is a malignant tumor originating from the bile duct system. It has an insidious
onset, poses challenges for early diagnosis, and carries an unfavorable prognosis!. Due to the lack of specific
early diagnostic markers and effective molecular targets for therapy, CCA is often diagnosed at advanced stages,
where treatment options are limited"?. Therefore, identifying novel diagnostic biomarkers and therapeutic
targets is imperative to improve patient outcomes.

Long non-coding RNAs (IncRNAs) are a class of non-coding RNAs longer than 200 nucleotides (nt) that
lack protein-coding function. LncRNAs regulate gene expression both in the nucleus and cytoplasm through
mechanisms such as chromatin modification, transcriptional regulation, and post-transcriptional regulation,
playing crucial roles in tumorigenesis and cancer progression®*. Research has demonstrated that the development
and progression of cholangiocarcinoma are closely associated with abnormal IncRNA expression and
dysfunction®. Plasmacytoma variant translocation 1 (PVT1), an IncRNA transcribed from a locus approximately
50 kb downstream of the proto-oncogene Myc, has been implicated in tumorigenesis®. Studies have shown that
PVT1 contributes to the development of various malignancies, including colorectal cancer’, ovarian cancer?,
and prostate cancer’, and is associated with poor prognosis. Although PVT1 is known to be highly expressed in
CCA and to promote the proliferation and migration of cholangiocarcinoma cells'’, the molecular mechanisms
underlying its oncogenic effects remain poorly understood. Moreover, there are limited studies investigating the
clinical significance of PVT1 overexpression in CCA.

Suppressor of cytokine signaling2 (SOCS2) is a member of the SOCS protein family and an essential
physiological regulator of cytokine signaling'!. SOCS2 functions as a negative feedback regulator in several
proliferation-related pathways and is associated with cancer progression and prognosis'2. SOCS family proteins
are involved in multiple signaling pathways, including the circITFG2/miR-1204/SOCS2 pathway'?, the JAK2/
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STAT6 pathway'?, the SOCS2/SLC7A11 pathway'®, and the PI3K/AKT pathway'®. Among the SOCS family
members, research specifically focusing on SOCS2 remains relatively limited. SOCS2 also plays a key role as
a negative regulator of growth hormone and prolactin signaling'”. In cancer, some studies report that SOCS2
inhibits the development of gastrointestinal stromal tumors and enhances their sensitivity to imatinib through
KIT activation'®. Conversely, other studies reveal that SOCS2 expression is downregulated in hepatoblastoma
and correlates with tumor metastasis; overexpression of SOCS2 suppresses hepatoblastoma cell migration and
invasion, whereas SOCS2 knockdown promotes malignant phenotypes!®. Although SOCS2 downregulation has
been observed in cholangiocarcinoma, its functional role in this cancer type remains unexplored.

In this study, we aimed to investigate the clinical relevance of IncRNA PVT1 and SOCS2 expression levels
in CCA, to elucidate the role of IncRNA PVT1 in regulating SOCS2 expression, and to explore the significance
of the IncRNA PVT1/SOCS2 axis in CCA progression. Furthermore, we evaluated the potential of SOCS2 as a
diagnostic biomarker and therapeutic target for CCA.

Materials and methods

Human tissue specimen collection

Human cholangiocarcinoma tissue specimens were collected from The First Department of General Surgery at
the Affiliated Hospital of Chengde Medical University. All participants provided signed informed consent, and
the study protocol was approved by the Institutional Ethics Committee of the Affiliated Hospital of Chengde
Medical University (No. CYFYLL2021018). Specimens were obtained from patients who underwent radical
surgery between January 2021 and July 2024, with no prior treatments administered. Fresh surgical tissues were
immediately processed for RNA extraction and subsequent qRT-PCR analysis.

Bioinformatics analysis

The expression level of IncRNA PVT1 in cholangiocarcinoma was analyzed using the GEPIA2 online database
(http://gepia2.cancer-pku.cn/), and a t-test was performed to assess statistical significance. SOCS2, which was
downregulated in cholangiocarcinoma, was identified through gene chip GSE45001 and further validated using
the GEPIA2 database, with results were compared.

Cell culture

Normal bile duct epithelial cells (HIBEC) and the human cholangiocarcinoma cell line RBE were obtained from
Wuhan Punosai Life Science Co., Ltd., while the human cholangiocarcinoma cell lines Hccc9810 and HuCCT1
were purchased from Beijing Zhulianbihe Biotechnology Co., Ltd. All cell lines (HIBEC, HuCCT1, Hccc9810,
and RBE) were cultured in RPMI 1640 medium (GIBCO, USA) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. Cells were maintained at 37 °C in a humidified incubator with 5% CO..

Plasmid extraction

A volume of 100-200 pL of glycerol stock containing plasmid (synthesized by Guangzhou Ruibo Biotechnology
Co., Ltd.) was inoculated into 8 mL of LB liquid medium supplemented with the appropriate antibiotic (antibiotic-
to-medium ratio=1:1000). The culture was incubated in a constant-temperature shaker (37 °C, 250 rpm) for 12—
14 h. After incubation, the bacterial culture was centrifuged at 4200 rpm for 17 min, the supernatant discarded,
and plasmids extracted using a centrifugal column-type endotoxin-free plasmid mini-extraction kit (Tiangen
Biochemical Technology Co., Ltd., Beijing) following the manufacturer’s instructions under a clean bench.
Plasmid concentrations were measured using a NanoDrop One spectrophotometer.

Cell transfection

Cholangiocarcinoma cells were seeded into six-well plates at a density of (2.5-3.5)x10° cells per well. After 24 h
of culture, when the cells reached 60-70% confluency, transfection was performed. The transfection mixture
contained Lipofectamine 3000 combined with one of the following: PVT1-targeting siRNA(si-PVT1), negative
control siRNA(NC-PVTI1), PVT1 overexpression plasmid(oe-PVT1), empty vector control(oe-NC), SOCS2
overexpression plasmid(oe-SOCS2), or untreated control(oe-NC). The mixture was incubated for 15 min before
use. Meanwhile, the culture medium in the six-well plates was replaced, after which the transfection mixtures
were added to their corresponding treatment groups. Following 24-48 h of incubation, cells were harvested.
All siRNAs and plasmids (PVT1-targeting siRNA, PVT1 overexpression plasmid, and SOCS2 overexpression
plasmid) were synthesized by Guangzhou Ruibo Biotechnology Co., Ltd. (Table 1).The plasmids used in this

Name of product | Sequence(5’-3’)

si-h-PVT1_001 GTGACCTTGGCACATACAG
si-h-PVT1_002 GAGCTGCGAGCAAAGATGT
si-h-PVT1_003 GGCACCTTCCAGTGGATTT

UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

GUAUGACAACAGCCUCAAGTT
CUUGAGGCUGUUGUCAUACTT

Negative control

Homo GAPDH

Table 1. SiRNA sequence table.
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study contain a selectable marker gene (e.g., Ampicillin resistance), and selection was applied post-transfection
using the appropriate antibiotic (e.g., AMP).

Real-time quantitative PCR (qRT-PCR)

Total RNA was extracted from samples using Trizol reagent (Thermo, USA), followed by purification with
chloroform and isopropanol. Real-time quantitative polymerase chain reaction (QRT-PCR) was conducted using
a Roche cobas z480 instrument, following the manufacturer’s instructions. GAPDH was used as an internal
control. The sequences of the primer used in this study were synthesized by Guangzhou Ruibo Biotechnology
Co., Ltd. (Table 2).The primer sequences used were as follows: IncDETECTTM h-PVT1_F (Tm: 60 °C, Amplicon
Size: 90 bp); GAPDH Forward Sequence (Tm: 58 °C, Amplicon Size: 226 bp).For calculating relative expression
levels, we clearly stated that we calculate relative gene expression using the 2/A(-AACt) method and normalize it
to GAPDH.

Western blotting

In the Western blotting experiment, the original culture medium was discarded, and the cells were washed twice
with pre-cooled PBS. An appropriate amount of RIPA buffer containing protease and phosphatase inhibitors
was added according to the cell density. Cells were lysed using ultrasound (50 W, 10 s pulse / 3 s interval) for
8 min, followed by ice incubation for 15 min. Lysates were centrifuged at 12,000xg at 4 °C for 15 min. Protein
concentration was determined using a BCA protein assay kit (Pulile, China). Equal amounts of protein were
separated by 15% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. Membranes were
blocked with 1x fast blocking solution for 30 min and incubated overnight at 4 °C with primary antibodies
against SOCS2 and B-actin (internal control). After washing, membranes were incubated with appropriate
secondary antibodies, and signals were detected using the C300 imaging system.

Cell scratch assay
To assess the migratory capacity of cholangiocarcinoma cells, HuCCT1 and Hcec9810 cells were cultured in six-
well plates. When the cells reached 70-80% confluency, transfection was performed. Twenty-four hours post-
transfection, a 10 pL pipette tip was used to create a scratch wound in the monolayer, and images were captured
immediately (0 h). Subsequent images were taken at 12-hour and 24-hour time points to monitor cell migration.
We have used Image] software (National Institutes of Health, USA) to measure the cell-free area at each time
point (0 h and post-scratched time points).The migration index was calculated using the following formula:
[\text{Migration index} = \frac{\text{Area at 0 h} - \text{Area at Tx}}{\text{Area at 0 h}} \times 100\% ]where
\( Tx \) represents the time point after scratching (e.g., 12-24 h).

Transwell experiment

The transwell assay was performed to evaluate the migration and invasion abilities of cholangiocarcinoma cells
using 24-well transwell plates with 8 pm pores. The procedures for migration and invasion assays were identical,
except that migration assays used uncoated transwell chambers, whereas invasion assays used Matrigel-coated
chambers.Prior to experimentation, cells were serum-starved for 12-24 h and resuspended in serum-free basal
medium. A total of 8 x10* cholangiocarcinoma cells were seeded into each upper chamber, while the lower
chamber contained medium supplemented with 20% FBS. After incubation at 37 °C for 12-24 h, non-migrated
cells were removed from the upper surface of the membrane with a cotton swab. Migrated or invaded cells on the
lower surface were fixed with methanol for 30 min and stained with 0.1% crystal violet for 15 min. After washing,
images were acquired using a digital optical microscope (Leica, Germany).we used Image] software (National
Institutes of Health, USA) to count the migrated/invaded cells. The cell counting was performed manually using
the built-in cell counter tool after image thresholding to ensure accuracy and consistency.

Cell-counting kit 8 (CCK-8)

The CCK-8 was used to assess cell proliferation according to the manufacturer’s instructions. After 24 h of
transfection, cells were resuspended in 10% fetal bovine serum (FBS)-supplemented medium and plated in a
96-well plate at 2 x 10* cells/well. Cells were cultured at 37 °C with 5% CO, for 0, 24, 48, 72, and 96 h. At each
time point, 100 pl of fresh medium containing 10 pl of CCK-8 reagent was added per well and incubated for 2 h.
After incubation, the absorbance was measured at 450 nm with 620 nm as the reference wavelength using the
Thermo Scientific microplate reader.

Name of product (5-3)
IncDETECTTM h-PVT1_F | TCTGGGGAATAACGCTGGTG
IncDETECTTM h-PVT1_R | CTTTTAGTATCCTGAAATGTGCCG

GAPDH
Forward Sequence

GAPDH
Reverse Sequence

GTCTCCTCTGACTTCAACAGCG

ACCACCCTGTTGCTGTAGCCAA

Table 2. qRT-PCR primer sequences.
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Transcripts Per Million (TPM)

Statistical analysis

Experimental data are expressed as mean + standard deviation. GraphPad Prism 9.0 software was used for data
processing and analysis. Each experiment was independently repeated three times. Graphs were generated based
on one-way analysis of variance and independent sample t-tests. P-values <0.05 were considered statistically
significant.

Results

PVT1 s highly expressed in cholangiocarcinoma cells and tissues

We found that PVT1 was significantly overexpressed in cholangiocarcinoma through the GEPIA2 database
analysis(Fig. 1A-C), and it was correlated with the prognosis of patients (Fig. 1D). To further investigate
the expression of IncRNA PVTI in cholangiocarcinoma, PVT1 expression was measured by qRT-PCR in 20
cholangiocarcinoma tissues and paired adjacent normal tissues. Results showed PVT1 was highly expressed
in cholangiocarcinoma tissues compared to normal controls (Fig. 1E). Similarly, cholangiocarcinoma cell lines
were analyzed, revealing IncRNA PVTI1 was highly expressed in HuCCT1, Hccc9810, and RBE relative to
normal bile duct epithelial cells HIBEC (Fig. 1F). Based on these findings, HuCCT1 and Hccc9810 were selected
for subsequent experiments.

Knockdown of LncRNA PVT1 can inhibit the proliferation, migration, and invasion of
cholangiocarcinoma cells

Since IncRNA PVT1 is upregulated in cholangiocarcinoma, we performed PVT1 knockdown to investigate its
detailed role. Functionally, its impact on cholangiocarcinoma cells was assessed through proliferation, migration,
and invasion assays.

First, three siRNAs targeting PVT1 (siRNA-1, siRNA-2, and siRNA-3) were designed. siRNAs and a negative
control (NC) were transfected into HuCCT1 and Hccc9810 cells. After 48 h, PVT1 expression levels were
measured by qRT-PCR. The results showed that all three siRNAs significantly reduced PVT1 expression, with
siRNA-3 showing the strongest knockdown efficiency (Fig. 2A). Therefore, siRNA-3 was selected for subsequent
experiments. Following siRNA-3 transfection, the effects of PVT1 knockdown on cholangiocarcinoma cell
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Fig. 1. Elevated IncRNA PVT1 expression in cholangiocarcinoma tissues and cells. (A,B) Expression levels

of IncRNA PVT1 in tumor tissues compared with paired normal tissues. (C) IncRNA PVT1 expression was
significantly elevated in cholangiocarcinoma tissues compared to normal bile duct epithelium. (D) Kaplan-
Meier survival analysis of cholangiocarcinoma patients stratified by IncRNA PVT1 expression levels. (E) qRT-
PCR analysis of IncRNA PVT1 expression in cholangiocarcinoma tissues versus paired adjacent normal tissues.
(F) qRT-PCR detection of IncRNA PVT1 expression in normal bile duct epithelial cells compared with three
cholangiocarcinoma cell lines: RBE, Hccc9810, and HuCCT1. *P<0.05, **P<0.01,*** P<0.001.
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Fig. 2. Knockdown of IncRNA PVT1 inhibits the proliferation, migration, and invasion of
cholangiocarcinoma cells. (A) Knockdown efficiency of three PVT1-targeting siRNAs in cholangiocarcinoma
cells. (B,C) Proliferation capacity of HuCCT1 and Hccc9810 cells following IncRNA PVT1 knockdown,
assessed by CCK-8 assay. (D-G) Migratory ability of HuCCT1 and Hccc9810 cells after IncRNA PVT1
knockdown, evaluated by wound healing assay. (H-J) Migration ability of HuCCT1 and Hccc9810 cells
following IncRNA PVT1 knockdown, determined by Transwell assay without Matrigel. (K-M) Invasive
capacity of HuCCT1 and Hccec9810 cells after IncRNA PVT1 knockdown was examined using matrigel-coated
transwell assay. *P <0.05, **P<0.01,* P<0.001.

proliferation, migration, and invasion were evaluated using CCK-8, scratch wound healing, and Transwell
assays. Compared to the control group, IncRNA PVT1 knockdown significantly impaired the proliferation of
HuCCT1 and Hccc9810 cells, as shown by CCK-8 assays(Fig. 2B,C). In addition, migration capacity, assessed
by scratch wound healing and Matrigel-free Transwell assays, was markedly reduced (Fig. 2D-J). Similarly,
invasion potential, evaluated using Matrigel-coated Transwell assays, was significantly diminished(Fig. 2K-M).
These findings establish that IncRNA PVT1 knockdown suppresses the proliferation, migration, and invasion of
cholangiocarcinoma cells.

Overexpression of SOCS2 can inhibit the proliferation, migration, and invasion of
cholangiocarcinoma cells

Based on GEPIA2 database analysis, a trend toward downregulation of SOCS2 was observed in
cholangiocarcinoma tissues compared to normal adjacent tissues (Fig. 3A-C), and its low expression correlated
with poor patient prognosis(Fig. 3D). To investigate the functional role of SOCS2, we overexpressed SOCS2 in
cholangiocarcinoma cell lines and confirmed the upregulation of SOCS2 expression by Western blot analysis
(Fig. 3G-J).

Functionally, the effects of SOCS2 overexpression on cholangiocarcinoma cells were evaluated
through proliferation, migration, and invasion assays.The results showed that in HuCCT1 and Hccc9810
cholangiocarcinoma cell lines, compared with the control group control, after overexpression SOCS2
overexpression of SOCS2, SOCS2 expression was upregulated increased SOCS2 expression in Western blotting
experiments analysis(Fig. 3G-]J), the proliferation ability proliferation of cholangiocarcinoma cells was reduced
decreased in CCK8 experiments assays(Fig. 3E,F), the migration ability of cholangiocarcinoma cells was reduced
impaired in scar healing wound healing and Transwell experiments assays without matrix gel Matrigel(Fig. 3K-
Q), and the invasive capacity of cholangiocarcinoma cells was reduced in Transwell experiments assays
with matrix gel Matrigel (Fig. 3R-T). It was findings demonstrate that overexpression of SOCS2 inhibits the
proliferation, migration, and invasion abilities of cholangiocarcinoma cells.
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Fig. 3. Overexpression of SOCS2 inhibits the proliferation, migration, and invasion of cholangiocarcinoma
cells. (A-C) Expression levels of SOCS2 in tumor tissues and their paired adjacent normal tissues. (D)
Aberrant SOCS2 expression correlates with the prognosis of cholangiocarcinoma patients. (E,F) Proliferation
capacity of HuCCT1 and Hecc9810 cells following SOCS2 overexpression, assessed by CCK-8 assay. (G-J)
Western blot analysis showing SOCS2 expression differences in HuCCT1 and Hccc9810 cells after SOCS2
overexpression. (K-N) Migratory ability of HuCCT1 and Hccc9810 cells following SOCS2 overexpression,
evaluated by wound healing assay. (O-Q) Migration ability of HuCCT1 and Hccc9810 cells after SOCS2
overexpression, determined by Transwell assay without Matrigel. (R-T) Invasive potential of HuCCT1

and Hccc9810 cells after SOCS2 overexpression, assessed by Matrigel-coated Transwell assay. *P < 0.05,
**P<0.01,** P<0.001.

0e-SOCS2  oe-NC

©0e-SOCS2  oe-NC

LncRNA PVT1 promotes the proliferation, migration, and invasion of cholangiocarcinoma by
inhibiting the expression of SOCS2

To further investigate the regulatory relationship between IncRNA PVT1 and SOCS2, siRNA targeting PVT1
was transfected into HuCCT1 and Hccc9810 cells. After 48 h of culture, SOCS2 expression was assessed by
Western blotting. The results demonstrated that PVT1 knockdown upregulated SOCS2 expression compared
to the control group, indicating that IncRNA PVT1 negatively regulates SOCS2 expression (Fig. 4A-D).To
further verify the regulatory relationship, HuCCT1 and Hccc9810 cells were co-transfected with IncRNA PVT1-
overexpressing plasmid and SOCS2-overexpressing plasmid, and divided into three groups: oe-PVT1 +oe-
SOCS2, 0e-PVT1+0e-NC and 0e-SOCS2+0e-NC. Western blotting was performed to examine SOCS2
expression across the groups.

Functionally, the CCK-8 assay was conducted to evaluate the effects on cell proliferation. Wound healing and
matrix-free Transwell assays were used to assess migration, while Matrigel-coated Transwell assays were used to
evaluate invasion capacity.

Western blot analysis showed that compared to the oe-PVT1 +0e-SOCS2 group, SOCS2 expression was
downregulated in the oe-PVT1 + oe-NC group, indicating that SOCS2 overexpression partially reversed PVT1-
mediated suppression of SOCS2. Additionally, compared to the oe-PVT1 + 0e-SOCS2 group, SOCS2 expression
was higher in the 0e-SOCS2 + 0e-NC group, suggesting that PVT1 overexpression counteracted the enhancing
effect of SOCS2 overexpression on SOCS2 levels (Fig. 4E,F).

In the CCK-8 assay, cholangiocarcinoma cell proliferation was enhanced in the oe-PVT1+o0e-NC
group compared to the oe-PVTI1+0e-SOCS2 group, whereas it was decreased in the 0e-SOCS2+o0e-NC
group(Fig. 4G,H).In both the scratch wound and matrix-free Transwell migration assays, cholangiocarcinoma
cell migration was enhanced in the oe-PVT1 +0e-NC group relative to the oe-PVT1 +0e-SOCS2 group, while
it was reduced in the 0e-SOCS2 + oe-NC group(Fig. 4I-0). Similarly, in the Matrigel-coated Transwell invasion
assay, cholangiocarcinoma cell invasion was increased in the oe-PVT1 +o0e-NC group compared with the oe-
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Fig. 4. IncRNA PVT1 promotes cholangiocarcinoma cell proliferation, migration, and invasion by suppressing
SOCS?2 expression. (A-D) Western blot analysis showing increased SOCS2 expression in cholangiocarcinoma
cell lines following IncRNA PVT1 silencing. (E,F) Western blot analysis of SOCS2 expression following
co-transfection. (G,H) CCK-8 assay evaluating the proliferation of HuCCT1 and Hccc9810 cells after co-
transfection. (I-L) Wound healing assays assessing the migration ability of HuCCT1 and Hccc9810 cells

after co-transfection. (M-O) Matrix-free Transwell assays evaluating the migration capacity of HuCCT1 and
Hccc9810 cells after co-transfection. (P-R) Matrigel-coated Transwell assays measuring the invasion ability of
HuCCT1 and Hccc9810 cells after co-transfection.

PVT1+0e-SOCS2 group, whereas it was decreased in the 0e-SOCS2 +o0e-NC group(Fig. 4P-R). The results
demonstrated that IncRNA PVT1 enhanced the proliferation, migration, and invasion of cholangiocarcinoma
cells, whereas SOCS2 suppressed these malignant behaviors. Mechanistically, IncRNA PVTI1 facilitates
cholangiocarcinoma progression by downregulating SOCS2 expression. PVT1 promotes proliferation,
migration, and invasion of cholangiocarcinoma cells, whereas SOCS2 suppresses these malignant behaviors.

Overexpression of IncRNA PVT1 promotes the proliferation, migration, and invasion of
cholangiocarcinoma cells

We overexpressed IncRNA PVT1 and assessed its effects on cholangiocarcinoma cells through proliferation,
migration, and invasion experiments. We transfected HuCCT1 and Hccc9810 cells with an overexpression
plasmid for PVT1 (oe-PVT1) and the overexpression negative control (OE-NC). We then evaluated the effects
of PVT1 overexpression on the proliferation, migration, and invasion of cholangiocarcinoma cells using CCKS,
Transwell migration, Transwell invasion, and scratch wound healing assays. The results showed that compared
to the control group, cholangiocarcinoma cell proliferation increased after transfection with oe-PVT1 in both
HuCCT1 and Hccc9810 cells (Fig. 5H,L). Cholangiocarcinoma cell migration increased in both the scratch
wound healing assays and Transwell migration assays without Matrigel (Fig. 5A-G), and invasion ability increased
in the Transwell invasion assays with Matrigel (Fig. 5I-K). This suggests that overexpression of IncRNA PVT1
enhances the proliferation, migration, and invasion capabilities of cholangiocarcinoma cells. Furthermore, after
overexpressing PVTI, a decrease in SOCS2 expression was observed in Western blot experiments, indicating
that IncRNA PVT1 reduces SOCS2 expression(Fig. 5SM-P).

SOCS2 knockdown promotes the proliferation, migration, and invasion of
cholangiocarcinoma cells

To assess its functional impact, we transfected sh-SOCS2 and the negative control sh-NC into HuCCT1 and
Hccc9810 cells. We then evaluated the effects of SOCS2 silencing on cell proliferation, migration, and invasion
using Cell Counting Kit-8 (CCKS8) assays, Transwell assays, and wound healing assays. Compared to the
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Fig. 5. Overexpression of IncRNA PVT1 promotes the proliferation, migration, and invasion of
cholangiocarcinoma cells. (A-D) The migration ability of cholangiocarcinoma cell lines HuCCT1 and
Hccc9810 after overexpression of IncRNA PVT1 was assessed using scratch wound healing assays (**P<0.01).
(H,L) The proliferation ability of cholangiocarcinoma cell lines HuCCT1 and Hccc9810 after overexpression of
IncRNA PVT1 was assessed using CCK8 (****P <0.0001). (E-G) The migration ability of cholangiocarcinoma
cell lines HUCCT1 and Hccec9810 after overexpression of IncRNA PVT1 was assessed using Transwell
migration assays without Matrigel (*P <0.05, **P <0.01). (I-K) The invasion ability of cholangiocarcinoma
cell lines HuCCT1 and Hccc9810 after overexpression of IncRNA PVT1 was assessed using Transwell invasion
assays with Matrigel (****P<0.0001). (M-P) The differences in SOCS2 expression in cholangiocarcinoma cell
lines after overexpression of IncRNA PVT1 were assessed using Western blot (*P <0.05, ***P<0.001).

control group, SOCS2 knockdown enhanced the proliferative capacity of both HuCCT1 and Hccc9810 cells
in the CCKS8 assay (Fig. 6H,L). It also increased their migratory ability in wound healing assays and Transwell
migration assays without Matrigel (Fig. 6A-G), as well as their invasive ability in Transwell invasion assays with
Matrigel (Fig. 6I-K). These results demonstrate that SOCS2 silencing promotes proliferation, migration, and
invasion in cholangiocarcinoma cells. Western blot analysis confirmed reduced SOCS2 expression following
knockdown(Fig. 6M-P).

Discussion

CCA is a heterogeneous group of malignant tumors originating from the bile ducts. Both the global incidence
and mortality rates are increasing®. Its pathogenesis is complex and influenced by multiple factors, including
the location of origin and etiology?!. Surgical resection remains the only curative option; however, fewer than
20% of cases are resectable??. Although treatment outcomes for CCA patients have improved with advances in
medical technology, the 5-year survival rate remains below 5%2°. Therefore, there is an urgent need to identify
new early diagnostic markers and therapeutic targets to support early diagnosis, improve treatment outcomes,
and enhance prognosis in CCA.

PVTI1 is a long non-coding RNA implicated in regulating cell survival, proliferation, metabolism,
differentiation, and other cellular processes. Located within the cancer risk locus 8q24.21, PVT1 plays a pivotal
role in tumorigenesis and progression across multiple cancer types®*, consistently exhibiting upregulation in
malignancies.For example, in lung cancer, PVT1 acts as an oncogene by modulating key pathways involved
in cell proliferation, apoptosis invasion, angiogenesis, and epithelial-mesenchymal transition, thus promoting
tumor progression, metastasis, and poor prognosis®®. Similarly, in colorectal cancer, PVT1 overexpression
enhances cell proliferation, migration, clonogenicity, and invasion’, and its high expression correlates with
adverse clinical outcomes, making it a promising diagnostic marker”.In this study, GEPIA2 database analysis
revealed significant PVT1 overexpression in cholangiocarcinoma tissues compared to adjacent non-tumorous
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Fig. 6. SOCS2 knockdown promotes the proliferation, migration, and invasion of cholangiocarcinoma

cells. (A-D) Migratory ability of HuCCT1 and Hccc9810 cells following SOCS2 knockdown was assessed

by wound healing assays (** P<0.01). (H,L) Proliferative ability of HuCCT1 and Hccc9810 cells following
SOCS2 knockdown was measured by CCK8 assays (**** P<0.0001). (E-G) Migratory ability of HuCCT1 and
Hccc9810 cells following SOCS2 knockdown was evaluated by Transwell migration assays without Matrigel (*
P<0.05, **** P<0.0001). (I-K) Invasive ability of HuCCT1 and Hccc9810 cells following SOCS2 knockdown
was assessed by Transwell invasion assays with Matrigel (*** P<0.001). (M-P) Changes in SOCS2 expression
levels in cholangiocarcinoma cell lines following SOCS2 knockdown were measured by Western blot assays (*
P<0.05).

tissues. Upregulated PVT1 expression was also associated with poor prognosis in cholangiocarcinoma patients.
Consistent with database findings, cholangiocarcinoma cell lines exhibited elevated PVT1 levels compared to
normal bile duct epithelial cells. Functional experiments showed that PVT1 knockdown significantly attenuated
cholangiocarcinoma cell proliferation, migration, and invasion, collectively supporting an oncogenic role for
PVT1 in cholangiocarcinoma pathogenesis.

SOCS2 is a member of the SOCS protein family and has been associated with the development of various
cancers. SOCS2 plays a crucial role in regulating cellular processes, and its dysregulation is closely linked
to malignant tumor progression. Previous studies reported that SOCS2 is upregulated in nasopharyngeal
carcinoma patients and cell lines, where high SOCS2 expression correlates with poor prognosis®®. Typically,
SOCS?2 upregulation is associated with unfavorable clinical outcomes. However, emerging research has revealed
contradictory roles for SOCS2 in tumorigenesis. For instance, SOCS2 expression is significantly reduced in
cervical cancer tissues, and its overexpression inhibits cancer cell proliferation, migration, and invasion?’.
Additionally, Juan José Cabrera-Galvan et al. demonstrated that SOCS2-deficient mice exhibited increased liver
tumor burden, higher tumor grade, and enhanced inflammation, fibrosis, and proliferation?s, suggesting that
SOCS?2 functions as a tumor suppressor in hepatocellular carcinoma. Similar tumor-suppressive roles have been
reported for SOCS2 in breast cancer?. The mechanisms underlying these context-dependent functions remain
unclear, although accumulating evidence indicates that SOCS family genes play critical roles in various human
malignancies®. To date, no studies have investigated the role of SOCS2 in cholangiocarcinoma.

In this study, we initially analyzed the GEPIA2 database and observed that SOCS2 was downregulated in
cholangiocarcinoma. This downregulation correlated with poor prognosis in cholangiocarcinoma patients.
Through Western blotting, we confirmed successful SOCS2 overexpression in cell lines and demonstrated that
elevated SOCS?2 levels significantly inhibited the proliferation, migration, and invasion of cholangiocarcinoma
cells. These findings establish SOCS2 as a tumor suppressor in cholangiocarcinoma. Studies in CCA have
revealed that SOX2 downregulates miR-186 through transcriptional activation of IncRNA PVTI, while
upregulating SEMA4D expression, thereby promoting CCA progression®'. Additionally, IncRNA PVT1
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enhances cellular proliferation and migration by modulating ANGPTL4 expression in cholangiocarcinoma'®.To
explore the regulatory relationship between PVT1 and SOCS2, PVT1 knockdown experiments were performed,
followed by Western blotting, which revealed increased SOCS2 expression. This finding suggests that PVT1
negatively regulates SOCS2. Co-transfection experiments with different combinations (oe-PVT1 + 0e-SOCS2,
0e-PVT1 + 0e-NC and 0e-SOCS2 + oe-NC) further clarified this relationship: PVT1 overexpression promoted
tumorigenic properties in cholangiocarcinoma cells, while SOCS2 overexpression exerted the opposite effect.
Rescue experiments confirmed that IncRNA PVT1 promotes cholangiocarcinoma malignancy by suppressing
SOCS?2 expression. However, the detailed molecular mechanisms underlying this regulatory axis remain to be
fully elucidated and warrant further investigation.

In summary, this study revealed a regulatory interaction between IncRNA PVT1 and SOCS2 in
cholangiocarcinoma pathogenesis. First, IncRNA PVT1 was significantly overexpressed in cholangiocarcinoma
tissues and cell lines. Gene knockdown experiments demonstrated that inhibiting PVT1 effectively reduced
cholangiocarcinoma cell proliferation, migration, and invasion, supporting its role as an oncogene. Second,
SOCS2 overexpression significantly inhibited the malignant properties of cholangiocarcinoma cells,
confirming its tumor-suppressive function. Mechanistic studies further showed that IncRNA PVTI1 drives
cholangiocarcinoma cell proliferation, migration, and invasion by negatively regulating SOCS2. These findings
elucidate the molecular regulatory network involving the PVT1/SOCS2 signaling axis in cholangiocarcinoma
and identify a novel therapeutic target.

While this study provides important insights into the PVT1/SOCS2 axis in cholangiocarcinoma, several
limitations should be acknowledged. confirming their roles through multiple molecular and phenotypic
experiments. Rescue experiments further elucidated their regulatory relationship, demonstrating that IncRNA
PVTI is upregulated in cholangiocarcinoma and promotes tumorigenesis and progression by suppressing
SOCS?2 expression.

This study has not yet fully explored the underlying regulatory mechanism, such as whether through RNA-
protein interactions or chromatin remodeling pathways. And in vivo experiments were not performed, for
instance, by constructing conditional gene knockout mouse models to investigate the impact of the PVT1/
SOCS2 axis on cholangiocarcinoma proliferation, migration, and invasion. Future studies should focus on
more comprehensive mechanistic investigations and incorporate in vivo models to validate the findings and
strengthen clinical relevance.

Conclusion

(1) IncRNA PVT1 is significantly overexpressed in cholangiocarcinoma tissues and cells and is strongly associ-
ated with poor patient prognosis.

(2) SOCS?2 expression is significantly reduced in cholangiocarcinoma tissues and cell lines (p <0.05) and exhib-
its an inverse relationship with IncRNA PVT1 expression.

(3) IncRNA PVT1 promotes the proliferation, migration, and invasion of cholangiocarcinoma cells by sup-
pressing SOCS2 expression.

Data availability
The datasets used and analyzed in this study are available from the corresponding author upon reasonable re-
quest.
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