J Appl Biomed journal homepage: http://jab.zsf jcu.cz
DOI: 10.32725/jab.2026.002

Journal of Applied Biomedicine 3

Original research article

miR-500a-3p negatively regulates SOCS2 and participates
in the proliferation, glycolysis, and apoptosis of HCC cells
via the JAK2/STATS5 pathway
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Abstract

Background: HCC is a prevalent malignant tumor globally with high mortality. MiR-500a-3p plays critical roles in tumorigenesis and
tumor progression.

Methods: To evaluate miR-500a-3p’s role in HCC, we first analyzed its expression and prognostic value via qRT-PCR and TCGA (Kaplan—
Meier analysis). We then performed extensive in vitro functional studies after cell transfection (mimics, anti-miR, SOCS2 OE), measuring
proliferation, migration, invasion, glycolytic parameters (glucose consumption, lactate, ECAR, ATP), and apoptosis. A target relationship
with SOCS2 was predicted bioinformatically and confirmed by dual-luciferase assay. Using the JAK2/STATS5 signaling pathway inhibitor
Fedratinib, the activator Erythropoietin, and transfection with si-STAT5 and oe-STATS5, the molecular mechanism of miR-500a-3p in
HCC was investigated. In vivo experiments established tumor-bearing mouse models to evaluate the effect of miR-500a-3p on tumor
growth.

Results: miR-500a-3p was significantly upregulated in HCC tissues and cells, and was associated with poor patient prognosis. The
overexpression of miR-500a-3p promotes the malignant progression of HCC cells. Mechanistically, miR-500a-3p directly targeted and
negatively regulated SOCS2 expression. SOCS2 expression was suppressed in HCC, with its expression abrogating miR-500a-3p-mediated
oncogenicity. miR-500a-3p activated the JAK2/STATS pathway by inhibiting SOCS2, thereby regulating the malignant biological
behaviors of HCC cells. Both SOCS2 overexpression and JAK2 inhibitor treatment could reverse the activation of the JAK2/STATS axis
and downstream effects induced by miR-500a-3p. MiR-500a-3p promoted tumor growth in tumor-bearing mice, accompanied by SOCS2
downregulation and JAK2/STATS5 pathway activation.

Conclusion: This study reveals that miR-500a-3p promotes proliferation and glycolysis while inhibiting apoptosis of HCC cells by negatively
regulating SOCS2 and activating the JAK2/STATS5 pathway.
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Highlights:

+ miR-500a-3p is upregulated in HCC cells;

+ miR-500a-3p promotes proliferation and glycolysis of HCC cells, while inhibiting apoptosis;

+ miR-500a-3p participates in the regulation of proliferation, glycolysis, and apoptosis of HCC cells via the JAK2/STATS5 pathway by
suppressing SOCS2;

+ miR-500a-3p facilitates tumor growth in tumor-bearing mice.
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Introduction

As the predominant type of primary liver cancer, Hepatocel-
lular carcinoma (HCC) accounts for more than 90% of cases
(Sangro et al., 2021; Xia et al., 2022). Its established risk fac-
tors encompass chronic infections with HBV/HCV, excessive
alcohol intake, and metabolic disorders (Ito and Nguyen,
2023). Globally, HCC presents a major public health challenge
(Craig et al., 2020). The primary curative treatments — surgical
resection and liver transplantation — are often inapplicable as
the disease is routinely detected at advanced stage, resulting
in a persistently poor prognosis (Sharma et al., 2024). Conse-
quently, elucidating the molecular pathogenesis of HCC and
discovering new therapeutic targets are critical priorities in
oncology research.

The development of HCC is a multistep, multigenic process
driven by the aberrant activation of oncogenes, the silencing
of tumor suppressor genes, and the dysregulation of critical
signaling cascades (Kouroumalis et al., 2023). A pathway of
significant interest is JAK/STAT, given its pivotal role in gov-
erning fundamental cellular processes (Hu et al., 2021). Its ab-
errant activation is tied to pathogenesis of diverse conditions,
including breast cancer, cervical cancer, atopic dermatitis, and
rheumatoid arthritis (Baldini et al., 2021; Gutiérrez-Hoya and
Soto-Cruz, 2020; Huang et al., 2022; Shao et al., 2021). The
activation of this pathway is tightly controlled by precise neg-
ative feedback mechanisms, primarily mediated by the SOCS
protein family (Sobah et al., 2021). SOCS members act as key
endogenous inhibitors by either directly suppressing JAK ki-
nase activity or competing with STAT proteins for receptor
binding sites. This effectively blocks STAT phosphorylation
and nuclear translocation, thereby preventing excessive signa-
ling and preserving cellular homeostasis (Kopalli et al., 2022).
In various tumors, the JAK/STAT pathway is frequently sub-
ject to persistent abnormal activation, which is often closely
associated with the silencing or functional loss of SOCS family
members. Among them, SOCS2 is a critical regulatory factor in
cytokine signal transduction mediated by the JAK/STAT axis
(Letellier and Haan, 2016). The tumor suppressor SOCS2 is
often downregulated in various cancers, such as breast, lung,
and pancreatic cancer (He et al., 2023; Tong et al., 2019; Wang
et al,, 2021). Its role in inhibiting the migration and invasion
of HCC cells via suppression of JAK2/STAT5 axis has been
documented (Lv et al., 2023). A critical unanswered question,
however, concerns the upstream mechanisms governing this
aberrant loss of SOCS2 expression in HCC, which are yet to be
fully elucidated.

Research has widely uncovered the critical roles non-cod-
ing RNAs play in regulating tumorigenesis and cancer devel-
opment, with microRNAs (miRNAs) being a key focus. These
short, approximately 22-nucleotide-long RNAs post-transcrip-
tionally fine-tune gene expression by binding to specific sites
in the 3’'UTR of their target genes. This interaction typically
results in mRNA degradation or the inhibition of its transla-
tion into protein (Chen and Kim, 2024). It is well-established
that miRNAs, functioning as either oncogenic drivers or tu-
mor-suppressive agents, are deeply involved in core cancer
hallmarks (Semina et al., 2021; Yousefnia, 2022). The miRNA
miR-500a-3p, for instance, has been implicated in the on-
cogenesis of NSCLC, breast, and thyroid cancers (Kim et al.,
2016; Liao et al., 2018; Xiang et al., 2023).

Recent studies have shown that miR-500a-3p can regulate
the JAK3/STAT5A/STATSB signaling pathway by targeting
SOCS2 (Zhang et al., 2025). In this study, we screened and vali-

dated SOCS2 as a downstream target gene of miR-500a-3p us-
ing multiple databases, and further elucidated the mechanism
by which miR-500a-3p influences HCC progression through
targeting SOCS2 to modulate the JAK2/STAT5 pathway. In
addition, by overexpressing SOCS2, applying inhibitors and
activators of the JAK2/STAT5 pathway, and constructing
si-STAT5 and 0e-STATS cell models, we investigated from
multiple perspectives the effects of SOCS2 downregulation on
HCC cell proliferation, glycolysis, and apoptosis via the JAK2/
STATS5 pathway. The findings of this study provide a theoreti-
cal basis for considering miR-500a-3p as a potential molecular
target for HCC therapy.

Materials and methods

Clinical tissue samples
Following approval from the Ethics Committee of Xiantao
First People’s Hospital, Affiliated Hospital of Hubei University
of Science and Technology (approval number: 2024-01A), and
after obtaining written informed consent from all patients,
paired HCC and adjacent non-tumor tissues were collected
within 30 minutes after surgery and immediately snap-frozen
in liquid nitrogen.

The study included 30 patients, comprising 21 males and
9 females, among whom 17 had stage T1-T2 disease and 13
had stage T3-T4 disease. Demographic and clinical character-
istics of the patients are presented in Suppl. Table S1.

Bioinformatics analysis

Transcriptomic expression data for liver hepatocellular carci-
noma (LIHC) were obtained from The Cancer Genome Atlas
(TCGA) project via the Genomic Data Commons (GDC) Data
Portal (https://portal.gdc.cancer.gov/) (Heath et al.,, 2021).
RNA sequencing data (HTSeq-FPKM) and miRNA sequencing
data, together with corresponding clinical information, were
downloaded on May 15, 2024. After quality control, samples
with incomplete survival information or missing key clini-
cal variables (>20% missing data) were excluded. A total of
369 primary tumor samples and 49 solid tissue normal sam-
ples were included in the final analysis. FPKM values were
transformed to transcripts per million (TPM) and log2-trans-
formed for downstream analyses. Differential expression
analysis was performed to compare the expression levels of
miR-500a-3p (derived from miRNA-seq data) and SOCS2 (de-
rived from mRNA expression data) between tumor and normal
tissues (Ally et al., 2017). To identify potential target genes
of miR-500a-3p, we used four databases — TargetScanHuman
v8.0 (http://www.targetscan.org/vert_80/) (Fromm et al,
2015; McGeary et al., 2019), miRDB v6.0 (http://mirdb.org/)
(Chen and Wang, 2020), miRWalk v4.0 (http://mirwalk.umm.
uni-heidelberg.de/) (Sticht et al., 2018), and UALCAN (http://
ualcan.path.uab.edu/, based on TCGA-LIHC data) (Chan-
drashekar et al., 2017, 2022) (all accessed in May 2024) — and
conducted analyses as follows (Zhang et al., 2022). First, all
genes predicted to be targets of has-miR-500a-3p were ex-
tracted from TargetScan, miRDB, and miRWalk. High-confi-
dence filtering criteria were then applied, including a Target-
Scan context+ score percentile greater than 90%, a miRDB
prediction score of at least 95, and prediction by at least three
miRWalk sub-databases (such as miRanda, RNA22, and PITA)
with a predicted site p value less than 0.05. For the UALCAN
database, we screened genes that were significantly negatively
correlated with miR-500a-3p expression based on TCGA-LIHC
data (Spearman p < -0.3, adjusted p < 0.01). Genes that met
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these stringent criteria across all four databases were then in-
tersected.

In addition, gene expression profiling interaction analysis
(GEPIA; http://gepia.cancer-pku.cn/) (Tang et al., 2017) was
used to assess the association of miR-500a-3p and SOCS2 ex-
pression with patient survival outcomes. In our hospital co-
hort, R software (v 4.2.1) and the “stats” package (v4.2.1) were
employed to analyze correlations between miR-500a-3p and
clinicopathological variables. For survival analyses, the medi-
an expression level was used as the cut-off for grouping, and
differences were evaluated using the log-rank test. The propor-
tional hazards assumption and survival model construction
were performed using the survival package (v.3.4-0; https://
cran.r-project.org/web/packages/survival/index.html), and
results were visualized with survminer (v.0.4.9) and ggplot2
(v.3.3.6) (Zhang et al., 2023b).

Cell culture and transfection

The human hepatocyte cell line (THLE-2, CC-Y1833), human
HCC cell lines (HCCLM3, CC-Y1191), (Huh-7, CC-Y1280),
and (MHCC97, CC-Y1613) were all purchased from Enzyme
Research Biotechnology Co., Ltd. (Shanghai, China). All cells
were cultured in DMEM (PM150210, Elabscience, Wuhan,
China), supplemented with 10% FBS (G8003, Servicebio), and
maintained in a 37 °C, 5% CO, incubator (Vios iDx, Thermo,
Waltham, MA, USA).

The mimics-NC, mimics-miR-500a-3p, anti-NC, anti-miR-
500a-3p, SOCS2 overexpression construct (SOCS2, pcDNA3.1
vector), overexpression empty vector control (Vector), si-NC,
si-STATS5, oe-NC, and o0e-STAT5 (pcDNA3.1 vector) used in
this study were all purchased from GenePharma (Shanghai,
China). Transfection was conducted using Lipofectamine 2000
as per the manufacturer’s protocol. Briefly, plasmids or RNAs
were complexed with the reagent for 20 min and then applied
to cells in serum-free medium. After a 4 h incubation at 37 °C,
the medium was replaced with fresh complete medium. Trans-
fection efficiency was evaluated 48 h later. To further inves-
tigate the mechanism, the JAK2/STATS pathway inhibitor
Fedratinib (0.2 pM, HY-10409, MCE) and activator Erythro-
poietin (EPO, 200 U/ml, HY-P73521, MCE) were employed to
treat cells post-transfection.

qRT-PCR

Total RNA was isolated with TRIzol reagent and quantified
spectrophotometrically. cDNA synthesis was performed us-
ing a commercial reverse transcription kit (HY-K0510A, MCE,
Monmouth Junction, NJ, USA) as directed. Quantitative PCR
amplification was conducted with SYBR Green qPCR Mix (TA-
KARA, Tokyo, Japan). The 2722Ct method was applied to cal-
culate relative gene expression, with normalization to B-actin
(mRNA) and U6 (miRNA). The primer sequences used in this
study are listed in Suppl. Table S2.

CCK-8 assay

To determine the optimal experimental concentrations of
the JAK2/STAT5 pathway inhibitor (Fedratinib) and ago-
nist (EPO), cell viability was assessed using the CCK-8 assay.
HCCLM3 and MHCC97 cells were treated with varying con-
centrations of Fedratinib (0-10 pM) and EPO (0-4,000 U/ml)
to calculate their respective ICsq values. Subsequently, under
treatment with 0.2 uM Fedratinib or 200 U/ml EPO, cell vi-
ability was measured at 24, 48, and 72 hours. After the addi-
tion of 10 pl CCK-8 reagent (ABclonal, RM02823) to each well,
and incubation for 2 hours, absorbance (OD) was measured at
450 nm, and cell viability (%) was calculated accordingly. To

further evaluate the effect of STATS on the viability of HCC
cells, OD values were measured at 24, 48, and 72 hours fol-
lowing transfection with si-NC, si-STAT5, oe-NC, or oe-STATS5.

Colony formation assay

HCCLM3 cells were trypsinized during exponential growth,
centrifuged, and resuspended. Cells were plated at 500 cells/
well in 6-well plates and cultured for 10 days. Subsequent-
ly, cells were fixed with 4% PFA for 15 min and stained with
Giemsa stain (50214, Bioss, Beijing, China) for 25 min. After
air-drying, colonies were counted.

Biochemical assays

HCCLMS3 cells were subjected to ultrasonic lysis and subse-
quent centrifugation. The supernatant was retained for meta-
bolic assays. Following the protocols provided with the glucose
(BC2505, Solarbio, Beijing, China), lactate (BC2235, Solarbio),
and ATP (BC0305, Solarbio) assay kits, working solutions
were incubated and absorbance measurements were taken at
505 nm, 570 nm, and 340 nm respectively using a microplate
reader.

Glycolytic capacity was measured via ECAR using a Sea-
horse XFe24 Analyzer. Cells were plated, adhered, and incu-
bated in CO,-free medium for 1 h. ECAR was quantified af-
ter sequential injection of 10 mM glucose (50-99-7, Sigma,
St. Louis, MO, USA), 2 mM oligomycin (495455, Sigma), and
50 mM 2-DG (D8375, Sigma) using standardized measure-
ment cycles (3 min mix, 2 min wait, 3 min measure). After
completing the ECAR kinetic measurements, a parallel CCK-8
assay was immediately performed on the same wells to obtain
OD450 values as an indicator of the final number of viable
cells. The raw ECAR (mpH/min) data from the Seahorse soft-
ware were background-corrected and then normalized to the
corresponding CCK-8 OD450 values. Finally, all ECAR data
were presented as mpH/min/10° cells.

Wound healing assay

We assessed HCC cell migration using a wound healing assay.
Cells were cultured in 6-well plates until they reached 90% con-
fluence. A sterile pipette tip was used to create a linear scratch
in the monolayer. After washing with PBS to remove debris,
serum-free medium was added. Images were taken at 0 h and
24 h under a microscope, and wound closure was quantified
with ImageJ software to calculate the healing rate.

Cell invasion and migration assays

Cell migration and invasion were assessed using Transwell
chambers (8 pum pore size, Corning). For invasion assays,
membranes were pre-coated with Matrigel (C0372, Beyotime,
Shanghai, China). HCC cells (5 x 10% cells/well) were seeded in
the upper chamber, while the lower chamber contained me-
dium with 10% FBS as a chemoattractant. After 24 h incuba-
tion at 37 °C and 5% CO,, non-migrated/invaded cells were re-
moved from the upper membrane surface with a cotton swab.
Membranes were fixed with methanol for 15 min and stained
with 0.1% crystal violet (V5265, Sigma) for 15 min. Cells in
five random fields per membrane were imaged and counted
microscopically.

Dual-luciferase assay

Bioinformatic prediction of miR-500a-3p binding sites within
the SOCS2 3’-UTR was performed using TargetScan Release
8.0. The SOCS2 3-UTR wild-type (WT) and mutant (MUT)
luciferase reporter constructs, based on the pmirGLO back-
bone, were synthesized and provided by GenePharma (the
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3-UTR sequences are shown in Fig. 3C). These plasmids were
co-transfected into cells with miR-500a-3p mimics or negative
control (mimics-NC) via Lipofectamine 2000. Luciferase activ-
ity was quantified 48 h post-transfection using the Dual-Lu-
ciferase Reporter Assay System (E1910, Promega, Madison,
Wisconsin, USA). Working solutions were prepared according
to the manufacturer’s instructions. After removing the old
medium, PLB lysis buffer was added at 100 pl/well and lysed
on a horizontal shaker for 25 min. The lysate was collected
into EP tubes for subsequent use. In clean EP tubes, 50 ul of
LAR II working solution and 10 pl of lysate were added for
firefly luciferase detection using a multifunctional microplate
reader, followed by the addition of Stop & Glo Reagent (50 ul)
for Renilla luciferase detection. Data were statistically analyz-
ed using GraphPad Prism 9.

Flow cytometry

Apoptosis was evaluated by staining cells with the Annexin
V-FITC/PI apoptosis detection kit (HY-K1073, MCE) accord-
ing to the manufacturer’s instructions. Quantification of ap-
optotic cells was performed using a BD Biosciences flow cy-
tometer (Franklin Lake, NJ, USA).

Xenograft mouse model

A xenograft tumor model was established to assess the role of
miR-500a-3p in vivo. 27 male BALB/C nude mice (6-8 weeks
old), sourced from the Experimental Animal Center of Wu-
han University, were maintained under SPF conditions with
free access to food and water. MHCC97 cells transfected with
mimics-miR-500a-3p or mimics-NC were trypsinized and
resuspended at 2 x 107 cells/ml. Mice were randomized into
three groups (n = 9): Control, mimics-NC, and mimics-miR-
500a-3p. Each mouse was administered bilateral subcutane-
ous injections of 0.1 ml cell suspension into the axillae. Gen-
eral health, diet, and activity were monitored throughout the
study. Starting from day 7 of the experiment, tumor volumes
were measured weekly using a digital caliper. Length (L) was
defined as the longest dimension of the tumor, and width (W)
as the longest dimension perpendicular to the length. Tumor
volume was calculated using the formula: volume = (L x W?)/2.
At the end of week 4, mice were euthanized by cervical dis-
location, and tumor tissues were immediately excised on ice
and weighed. A portion of each tumor was fixed in 4% PFA
for histological examination. For RNA-related analyses, fresh
tumor tissue was immediately immersed in RNA stabilization
solution (AM7024, Invitrogen), incubated at 4 °C overnight,
and then transferred to -80 °C for long-term storage. Ethical
approval was granted by Xiantao First People’s Hospital, Affil-
iated Hospital of Hubei University of Science and Technology
(approval number: 2024-01-018).

Immunohistochemistry

Tumor tissues from mice were processed by fixation in 4%
PFA (24 h), dehydration, paraffin embedding, and sectioning
at 4 pm. Deparaffinized and rehydrated sections were washed
with PBS. To quench endogenous peroxidase, 100 pl of 3%
H,0, was applied for 10 min. Antigen retrieval was conducted
in boiling buffer (E673002, Sangon) for 15 min. Non-specif-
ic binding was blocked with 5% BSA (20 min), and sections
were probed with primary antibodies targeting Ki67 (1:1000,
28074-1-AP, Proteintech) and SOCS2 (1:200, bs-1896R, Bioss)
overnight at 4 °C. After PBS washes, sections were incubated
with secondary antibody (1:10000, 31460, Invitrogen) for
50 min. DAB (P0202, Beyotime) was used for visualization,
and hematoxylin was employed for nuclear counterstaining.

Imaging was performed using a microscope (Primo star, Carl
Zeiss AG).

TUNEL staining

Dewaxed and rehydrated tumor tissue sections were subject-
ed to TUNEL assay (T2130, Solarbio) according to the manu-
facturer’s protocol. Briefly, the TUNEL reaction solution was
added and incubated at 37 °C for 1 h. Nuclear counterstaining
was carried out using DAPI (ab285390, Abcam). TUNEL-pos-
itive cells were visualized and quantified under a fluorescence
microscope (LSM 910, Zeiss, Oberkochen, Germany) to deter-
mine apoptotic activity.

Western blot

Cellular or tissue proteins were extracted by ice-cold lysis in
RIPA buffer (R0010, Solabio) for 20 min. Protein concentra-
tions were determined with the BCA protein quantification
kit. After separation by SDS-PAGE, proteins were transferred
to PVDF membranes (88520/88518, Invitrogen) and blocked
(5% BSA; ANT101L, AntGene, Wuhan, China) for 1 h. Mem-
branes were washed with TBST and probed overnight at 4 °C
with specific primary antibodies: p-STAT3 (1:500, PSTAT3-
340AP, Invitrogen), STAT3 (1:2000, MA5-35302, Invitrogen),
Bax (1:1000, MA5-16322, Invitrogen), Bcl-2 (1:1000, PAS5-
27094, Invitrogen), B-actin (1:1000, MA5-33078, Invitrogen),
SOCS2 (1:1000, PA5-17219, Invitrogen), Cleaved-caspase3
(1:500, ab32042, Abcam), caspase3 (1:5000, ab32351, Abcam),
p-STAT5 (1:500, PA5-104920, Invitrogen), STAT5 (1:1000,
71-2500, Invitrogen), p-JAK2 (1:1000, MA5-42424, Invitro-
gen), and JAK2 (1:1000, 702434, Invitrogen). After washing,
membranes were incubated with goat anti-rabbit secondary
antibody (1:10000, 31460, Invitrogen) for 2 h. Detection was
carried out using the Super ECL detection kit (E-IR-R307,
Elabscience), and bands were quantified with ImageJ software.

Statistical analyses

Data are expressed as mean + SD. The Shapiro-Wilk test was
used to assess the distribution of all datasets, and the results
indicated that all data conformed to the criteria for normal dis-
tribution. Student’s t-test was used for comparisons between
two groups, while one-way ANOVA followed by Tukey’s post-
hoc test was applied for analyses involving multiple groups.
A P-value < 0.05 was considered statistically significant.
Graphs were plotted with GraphPad Prism 9.0.

Results

Upregulation of miR-500a-3p expression in HCC cells

Analysis of miR-500a-3p expression via qRT-PCR showed a
significant increase in HCC patient tissues relative to matched
normal adjacent tissues (Fig. 1A). Analysis based on the
TCGA-LIHC database showed that the expression of miR-
500a-3p was significantly higher in primary liver cancer tis-
sues compared to normal tissues (Fig. 1B). In vitro compari-
sons revealed that miR-500a-3p was markedly overexpressed
in HCC cell lines compared to THLE-2 normal hepatocytes,
with HCCLM3 cells showing the most pronounced upregula-
tion (Fig. 1C). Furthermore, Kaplan-Meier survival analysis
using the GEPIA database demonstrated that patients with
high miR-500a-3p expression had significantly lower overall
survival rates compared to those with low expression (Fig. 1D).
In summary, miR-500a-3p is upregulated in HCC cells and is
associated with reduced patient survival, suggesting its poten-
tial as a diagnostic biomarker and therapeutic target for HCC.
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Fig. 1. Upregulation of miR-500a-3p in HCC cells. (A) miR-500a-3p levels in HCC and adjacent normal tissues via gRT-PCR. (B) TCGA-LIHC
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miR-500a-3p promotes proliferation and glycolysis,
and inhibits apoptosis in HCC cells

gRT-PCR analysis confirmed successful transfection, with
miR-500a-3p expression significantly upregulated in the mim-
ics-miR-500a-3p group compared to mimics-NC, and down-
regulated in the anti-miR-500a-3p group relative to anti-NC
(Fig. 2A). Colony formation assays revealed that miR-500a-3p
overexpression enhanced HCCLM3 cell proliferation, while its
inhibition suppressed it (Fig. 2B-C). Wound healing assays
indicated that miR-500a-3p overexpression promoted cell mi-
gration (Fig. 2D-E), and Transwell assays further demonstrat-
ed its role in enhancing invasion and migration (Fig. 2F-H).
Conversely, miR-500a-3p inhibition attenuated these malig-
nant phenotypes.

During glycolysis, high glucose consumption and lactate
production indicate active glycolytic pathways, and glycol-
ysis-derived ATP reflects the energy supply capacity of this
pathway (Tufail et al., 2024). As lactate production and release
acidify the extracellular environment, ECAR is commonly used
as an indirect indicator of glycolytic activity (Zhu et al., 2025).
Overexpression of miR-500a-3p markedly enhanced glycolytic
metabolism, as evidenced by increased glucose consumption,
lactate production (Fig. 2I-J), elevated ECAR (Fig. 2K-L), and
higher ATP levels (Fig. 2M). Conversely, miR-500a-3p inhibi-
tion suppressed glycolysis. Flow cytometry analysis showed
that miR-500a-3p overexpression reduced apoptosis, while
its inhibition promoted cell death (Fig. 2N-0). Western blot
results further demonstrated that miR-500a-3p overexpres-

sion downregulated Bax and Cleaved-caspase3/caspase3 ratio
while upregulating Bcl-2 (Fig. 2P-Q). Inhibition of miR-500a-
3p reversed these effects. Collectively, miR-500a-3p drives
HCC malignancy by enhancing proliferation, migration, inva-
sion, glycolysis, and suppressing apoptosis.

miR-500a-3p targets and regulates SOCS2

In this study, multiple bioinformatics databases including
miRWalk, TargetScanHuman 8.0, miRDB, and UALCAN were
utilized for screening, identifying SOCS2 as a potential target
gene of miR-500a-3p (Fig. 3A). Expression analysis based on
the TCGA-LIHC database revealed that SOCS2 expression was
significantly lower in primary liver cancer tissues compared to
normal liver tissues (Fig. 3B). TargetScanHuman 8.0 predicted
the potential binding sites between miR-500a-3p and SOCS2
(Fig. 3C), which were subsequently validated by dual-luciferase
reporter assays. The results demonstrated that overexpression
of miR-500a-3p significantly suppressed luciferase activity of
SOCS2-3'UTR-WT, whereas the effect on SOCS2-3'UTR-MUT
was negligible (Fig. 3D). Additionally, qRT-PCR analysis showed
that SOCS2 expression in HCC patient tissues was markedly
lower than in adjacent normal tissues (Fig. 3E). Kaplan-Mei-
er survival analysis using the GEPIA database indicated that
low SOCS2 expression correlates with poorer survival in HCC
patients (Fig. 3F). Western blot analysis further demonstrated
inverse regulation, with miR-500a-3p overexpression suppre-
ssing and inhibition enhancing SOCS2 protein levels (Fig. 3G-
H), confirming SOCS2 as a direct target of miR-500a-3p.



Lietal./J Appl Biomed

15

-
°

A E mimics- anti-
cg mimics-NC miR-500a-3p anti-NC miR-500a-3p
S
=K
o E 1
36
s . I ﬁ
Q
€ o
20
A Qg’é' ‘\'\.\"\ (Y
e e
W@ R D mimics- anti-
“\ 360 mimics-NC  miR-500a-3p anti-NC miR-500a-3p
c *x 5 s
o 150 <
o
0
5 100 *
é 50
=
=
z S
0
20
\05‘\ o (\\\":_&“
SR ¥
cﬁ"«\ ‘\\\‘“ mimics- anti-
“\\6\ F mimics-NC miR-500a-3p anti-NC miR-500a-3p
N e i3 =3 R ; Fon ;
E s K
~ (2]
2100 3!
s -y
2
'g 50 E
s |
oy
=
Q (NC 2
N 'A’ o eﬁ
‘6\“\\0 "-,QQ @
PO o™
\Cﬁ' ‘\‘\
o € s
5 300 § 4007 _** S25q e g 25 i
Gi | = H ¢ I3 J:
s Zao 320 g 20
5 200 * s 216 & 15 N
4 @ 200 = s 2
_g - 'é g0 g0
2 210 Sos Z,’o.s
= = Kl =
8 o S o 2 o0 800
] C a0 < < a0 < . N\C a0 = a0
\09";0 AW \cﬁ"\@ AL '\c-‘-'»o@:bvo"‘»e“” 37 c“”w(\“» i
R 'b‘@h R ? @5 R '5.@—6 RS @
S L 6‘& L o "“\* « o ‘“\“ «
& N\ 5" o 2 ‘\\\' S X
& & e @ o @
«\\ “\\ ‘(\\ ‘(\\
-+ mimics-NC I mimics-NC
K -+ anti-NC L @ mimics-miR-500a-3p M b
-+ mimics-miR-500a-3p [ anti-NC 54
=z - anti-miR-500a-3 0 r . 5
% 4i0 P 3 400 [ anti-miR-500a-3p .5 3 o
w Glucose Oligomycin  2-DG P e
e ' : i 2 300 i 2
c : £
£ : £ g
£ ! E 200 <1
s s
E E 100 0
4 14
s ——r—viar— S o \cﬁ@' ‘x@,
D 0 20 40 60 80 100 120 1 e ® o
Time(minutes) 0 W o
N o
N o
— *ok
)
. 2 15 Rk
e
210
; g
* =3
8 s . . . .
< Fig. 2. miR-500a-3p promotes proliferation and
9 glycolysis, and inhibits apoptosis in HCC cells. (A) qRT-
. ‘0\ :“@:59 % s@' PCR confirmed transfection efficiency. (B-C) Colony
\“;‘o"“ \,‘\\‘?‘ formation assays determined the impact of miR-500a-3p
o - . .
& on HCC cell proliferation. (D-E) Wound healing assays

B mimics-NC [E mimics-miR-500a-3p
[ anti-NC E anti-miR-500a-3p

ok

P caspase3@32kD
Bax | . . 26kD

Bolz | W e o [2160
Cl-caspase3 \Elf]kp
B-actin| NS GHED G @S 42kD

Relative protein expression

<
o ac®” 600'3 G \\"x ,ﬁ“’aﬂ’v
o \.«\‘“

3
PR

evaluated migratory ability. Scale bar: 200 pm. (F-H) Cell
migration and invasion were examined using Transwell
assays. Scale bar: 100 pm. (I-J) Glucose consumption
and lactate production were quantified with assay

kits. (K-L) ECAR analysis assessed glycolytic capacity.
(M) ATP content was measured to evaluate energy
metabolism. (N-0) Flow cytometry detected apoptosis
rates. (P-Q) Western blotting measured expression of
apoptosis-related proteins. Data are presented as the
mean + SD from six independent experiments. * P < 0.05,
**P < 0.01,™* P <0.001.



16

Lietal./J Appl Biomed

163

C

B

Expression of SOCS2 in LIHC based on Sample ty|
80

= *%kk
L2
= 60
€
g 40
-
37 ]
5]
2
& 0
fid
-20 T T
Normal Primary tumor
(n=50) (n=371)
TCGA samples

Position 175-181. 2638-2644. 2701-2708 of SOCS2 3' UTR

SOCS2-WT
miR-500a-3p

5'...CACGGGGUGCAAU...AACUGGUGCAAA.. AUACAGGUGCAA...3'
3'—GUCUUAGGAACGGGUCCACGUA—S5'

SOCS2-MUT  5'---CACGGCCGAAUAU...AACUCCGGAUAA...AUACUAAGCGGA...3'
D E F Overall Survival
= — Low SOCS2 TPM
> — High SOCS2 TPM
£ 1.5 SOCS2-WT SOCS2-MUT 60 Logrank p=8.4e-07
5 c *xk o | HR(high)=0.41
8 .g _ S p(HR)=1.9e-06
= n(high)=182
% 1.0 @ 40 E é(lgw;ﬂez
5 g 23
= Ny 7]
S o~ 20 S . . O
E 0.5 g g o
E »n 0 $ a
& 0.0 . . o
Adjacent HCC tumor
. “{\09 tumor tissues tissues o |
« (n=30) ° ————
\\6\"9 0 20 40 60 80 100 120

S0OCs2 = -
B-actin ™= w=» e w 42kD

R
4

H

we === 22kD

Months

0.5

Relative protein expression

0.0

C S\ 20
o g o S
o« @ el

e o
O 2
“\\

Fig. 3. miR-500a-3p targets and regulates SOCS2. (A) Venn diagram of bioinformatics databases showing overlapping miR-500a-3p target
genes. (B) SOCS2 expression in normal and HCC tissues from TCGA-LIHC. (C) TargetScan Release 8.0 predicted SOCS2 3’-UTR binding sites
for miR-500a-3p. (D) Dual-luciferase assay testing miR-500a-3p’s effect on SOCS2. Data are presented as the mean + SD from six independent
experiments. (E) SOCS2 expression in HCC tissues and paired adjacent normal tissues from 30 patients was assessed using qRT-PCR.

(F) Survival analysis of HCC patients with high or low SOCS2 expression. (G-H) Western blot of SOCS2 protein levels after miR-500a-3p

modulation. ** P < 0.01, ** P < 0.001.

Overexpression of SOCS2 reverses the regulatory
effects of miR-500a-3p on proliferation, glycolysis, and
apoptosis in HCC cells

The successful transfection and overexpression of SOCS2 were
confirmed via Western blot analysis (Fig. 4A-B). A significant
reduction in SOCS2 protein was observed in the mimics-miR-
500a-3p+Vector group relative to the mimics-NC+Vector
group, which corroborates that miR-500a-3p directly targets
and inhibits SOCS2. Subsequent SOCS2 overexpression coun-
teracted this miR-500a-3p-mediated suppression (Fig. 4C-D).

Functional assays revealed that miR-500a-3p overexpression
enhanced colony formation, migration, and invasion (Fig.
4E-K). These oncogenic phenotypes were partially rescued by
SOCS2 upregulation. Moreover, miR-500a-3p mimicry pro-
moted glycolytic metabolism, as evidenced by elevated glucose
consumption (Fig. 4L), lactate production (Fig. 4M), ECAR
(Fig. 4N-0), and ATP levels (Fig. 4P). All these metabolic ef-
fects were markedly attenuated by SOCS2 overexpression. At
the molecular level, miR-500a-3p decreased the expression
of the pro-apoptotic protein Bax and the Cleaved-caspase3/
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caspase3 ratio, but increased the anti-apoptotic protein Bcl-2
(Fig. 4Q-R). These alterations in apoptosis-related proteins
were likewise reversed by SOCS2. Collectively, these findings

A B

demonstrate that SOCS2 acts as a key downstream mediator
of miR-500a-3p, able to reverse its effects on cellular prolifera-
tion, motility, glycolytic reprogramming, and apoptosis.
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miR-500a-3p regulates the proliferation, glycolysis,
and apoptosis of HCC cells via the JAK2/STAT5
pathway by suppressing SOCS2

Aberrant activation of the JAK2/STAT5 pathway is strong-
ly linked to HCC pathogenesis (Cong et al., 2020; Guvenir
Celik and Eroglu, 2023; Shires et al., 2023). Western blot
analysis showed that, compared with the mimics-NC group,
overexpression of miR-500a-3p significantly increased the
phosphorylation levels of p-JAK2/JAK?2, p-STAT5/STATS, and
p-STAT3/STAT3 in HCCLM3 and MHCC97 cells (Fig. 5A-D). In
contrast, inhibition of miR-500a-3p reduced the phosphoryla-
tion levels of these proteins. To further validate the regulatory
effect of miR-500a-3p on the JAK2/STATS5 pathway, the JAK2
inhibitor Fedratinib (0.2 uM) and the JAK2/STAT5 agonist
EPO (200 U/ml) were used for intervention (Suppl. Fig. S1).
In HCCLM3 cells, compared with the miR-500a-3p group, the
mimics-miR-500a-3p+SOCS2 group exhibited markedly de-
creased phosphorylation levels of JAK2 and STATS5, markedly
increased SOCS2 protein expression, and no obvious change
in STAT3 phosphorylation (Fig. SE-F). Fedratinib treatment
also reversed miR-500a-3p-induced JAK2/STAT5 activation
and further suppressed STAT3 phosphorylation, but had no
significant effect on SOCS2 expression. Compared with the
mimics-miR-500a-3p+SOCS2 group, additional EPO treat-
ment enhanced JAK2/STATS5 pathway activity, while exerting
no significant effect on SOCS2 expression or STAT3 phospho-
rylation. In MHCC97 cells, SOCS2 overexpression similarly
reduced the phosphorylation levels of JAK2 and STATS, in-
creased SOCS?2 protein expression, and did not affect STAT3
phosphorylation (Fig. 5G-H). Fedratinib treatment produced
effects similar to those of SOCS2 overexpression. Compared
with the mimics-miR-500a-3p+SOCS2 group, additional EPO
treatment not only enhanced JAK2/STATS5 signaling activity,
but also led to a marked decrease in SOCS2 protein expression,
while still showing no obvious impact on STAT3 phosphoryl-
ation. These findings indicate that miR-500a-3p promotes the
phosphorylation of JAK2 and STATS and thereby activates the
JAK2/STATS5 signaling pathway by regulating SOCS2 expres-
sion, whereas SOCS2 upregulation or pharmacological inter-
vention can suppress the activity of this pathway, suggesting
that miR-500a-3p plays an important role in the regulation of
JAK2/STATS5 signaling.

Cellular experiments showed that SOCS2 overexpression
or Fedratinib treatment reversed the miR-500a-3p-induced
enhancement of colony formation (Fig. 5I-J), as well as cell
migration and invasion (Fig. 5K-0). In addition, SOCS2 over-
expression or Fedratinib treatment reduced miR-500a-3p-in-
duced glucose consumption (Fig. 5P), ATP production (Fig.
5Q), lactate generation (Fig. 5R), glycolysis, and glycolytic
capacity (Fig. 5S-T). Western blot analysis further revealed
that SOCS2 overexpression or Fedratinib treatment reversed
the regulatory effects of miR-500a-3p on apoptosis-related
proteins, thereby promoting cell apoptosis (Fig. SU-V). No-
tably, compared with the mimics miR-500a-3p+SOCS2 group,

combined treatment with EPO reversed these changes. These
results demonstrate that SOCS2 overexpression or Fedratinib
treatment can effectively counteract the pro-tumorigenic ef-
fects mediated by miR-500a-3p, whereas combined EPO treat-
ment can further reverse the SOCS2-mediated regulation of
these cellular behaviors.

To further verify the function of STATS5, stable si-STAT5
and o0e-STATS cell lines were generated in HCCLM3 and
MHCC97 cells. Western blot analysis confirmed that si-STAT5
effectively reduced STATS5 and its phosphorylation, while
0e-STATS significantly increased the levels of STAT5 and
p-STATS (Fig. 6A-E). Silencing STAT5 markedly suppressed
the viability of HCC cells, whereas STAT5 overexpression sig-
nificantly enhanced HCC cell viability (Fig. 6F-I). Functional
assays demonstrated that STAT5 knockdown notably inhib-
ited the migratory capacity (Fig. 6J-L) and invasive capacity
(Fig. 6M-0) of HCC cells, reduced glucose uptake (Fig. 6P-Q),
lactate production (Fig. 6R-S), and ATP levels (Fig. 6T-U),
while simultaneously promoting cell apoptosis (Fig. 6V-Y).
In contrast, STATS overexpression produced opposite effects.
These findings demonstrate that STATS5 plays a key promotive
role in the proliferation, migration, invasion, and energy me-
tabolism of HCC cells, serving as a critical downstream effector
of the miR-500a-3p/SOCS2 axis in the regulation of the JAK2/
STATS5 signaling pathway and tumor progression.

miR-500a-3p promotes tumor growth in tumor-bearing
mice

This study validated the pro-tumorigenic role of miR-500a-
3p in vivo using animal experiments. The results demonstrat-
ed a significant increase in tumor volume and final weight in
the miR-500a-3p overexpression group relative to controls
(Fig. 7A-C). Immunohistochemical analysis showed that the
expression level of the proliferation marker Ki67 was signif-
icantly increased in tumor tissues from the miR-500a-3p
overexpression group (Fig. 7D-E), and H&E staining revealed
more pronounced malignant pathological features (including
anisokaryosis and hemorrhage). TUNEL assays demonstrated
that the apoptosis rate of tumor cells was markedly reduced in
the miR-500a-3p overexpression group (Fig. 7F-G). Immuno-
histochemistry further indicated that SOCS2 protein expres-
sion was significantly downregulated in tumor tissues from
the miR-500a-3p overexpression group (Fig. 7H-I). Western
blot analysis confirmed that miR-500a-3p overexpression de-
creased SOCS2 expression while increasing the phosphoryla-
tion levels of p-JAK2/JAK2 and p-STAT5/STATS (Fig. 7J-K).
gPCR results showed that the level of miR-500a-3p in tumor
tissues of mice in the miR-500a-3p overexpression group was
significantly higher than that in the NC group (Fig. 7L). Collec-
tively, these in vivo findings indicate that miR-500a-3p drives
tumor growth by promoting proliferation and suppressing ap-
optosis, mediated through SOCS2 inhibition and subsequent
activation of the JAK2/STATS5 axis.
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Fig. 7. miR-500a-3p promotes tumor growth in tumor-bearing mice. (A) Tumor volume growth curve over 4 weeks. (B) From each group, six
tumors were selected for imaging to observe the gross morphology of the tumor tissues in mice. (C) Final tumor weight at day 28. (D-E) IHC
analysis of Ki67 expression and HE staining showing histopathological features. Scale bar: 50 pm. (F-G) Apoptosis assessed by TUNEL assay.
Scale bar: 50 pm. (H-I) SOCS2 protein expression detected by IHC. (J-K) Western blot analysis of SOCS2 and JAK2/STATS5 pathway proteins.
(L) gPCR analysis of miR-500a-3p expression levels at the experimental endpoint. Data are presented as mean + SD from nine biological

replicates. *** P < 0.001.

Discussion

miRNAs play dual roles in cancer development and progres-
sion, functioning as both oncogenes and tumor suppressors
(Shen et al., 2022). In HCC research, miRNAs such as miR-21,
miR-155, miR-223, and miR-375 have been systematically in-
vestigated and have shown significant value in the diagnosis,
prognostic prediction, and therapeutic response assessment
of HCC, making them relatively “mature” molecular markers
(Aziz et al., 2022; Eldosoky et al., 2023; Li et al., 2021). In
recent years, the oncogenic function and clinical significance
of miR-500a-3p have attracted increasing attention, and it
has been considered a novel miRNA worthy of further explo-

ration in HCC (Long et al., 2022). This study aims to further
elucidate the functional roles and underlying mechanisms of
miR-500a-3p in the development and progression of HCC, and
to provide a theoretical basis for its potential as a biomarker
and therapeutic target. A marked elevation of miR-500a-3p
expression was identified in HCC clinical samples and cultured
cells, and this high expression level was strongly linked to ad-
verse clinical outcomes. This is bolstered by existing literature;
notably, a prior study demonstrated that miR-500a-3p drives
HCC advancement by facilitating the preservation of stem-like
cancer cells (Jiang et al., 2017). Analysis of the TCGA database
further validated elevated miR-500a-3p expression in primary
liver cancer and its association with reduced patient survival.
Our in vitro functional assays demonstrated that miR-500a-3p



Lietal./J Appl Biomed 23

overexpression enhanced HCC cell proliferation, migration, in-
vasion, and glycolytic metabolism, but suppressed apoptosis.
These pro-oncogenic effects were reversed upon miR-500a-3p
inhibition. This aligns with its documented role in other ma-
lignancies; for instance, in colorectal cancer, miR-500a-3p also
facilitates proliferation and migration (Liu et al., 2022). These
data corroborate that miR-500a-3p acts as a potent oncogene
in HCC. We postulate that this discovery has significant trans-
lational clinical value, as miR-500a-3p could serve as a diag-
nostic and prognostic biomarker. Its detection in clinical sam-
ples (e.g., serum or biopsies) may provide a basis for early HCC
screening and refined risk stratification strategies (Khare et
al., 2022; Long et al., 2022). In addition, the potential of miR-
NAs as therapeutic targets is receiving increasing attention.
Inhibition strategies targeting oncogenic miRNAs, such as the
use of antimiRs or antisense oligonucleotides, can effectively
block their function and thereby suppress tumor growth (Reda
El Sayed et al., 2021; Shademan et al., 2025). In the future,
combining miR-500a-3p inhibitors with other conventional
or novel anticancer agents may achieve synergistic effects and
improve the therapeutic efficacy for HCC.

Acting as key suppressors of the JAK/STAT pathway, SOCS
proteins mediate the ubiquitin-dependent degradation of
JAKs or directly block STAT phosphorylation (Keewan and
Matlawska-Wasowska, 2021; Yan et al., 2024). Among them,
SOCS2 is recognized for exerting tumor-suppressive effects
in multiple cancer types. Its reduced expression is frequent-
ly correlated with advanced disease and poorer clinical out-
comes. For instance, SOCS2 overexpression has been shown
to suppress growth and invasion in colorectal and lung cancer
models (Cabrera-Galvan et al., 2023; Wang et al., 2022). The
findings of this investigation confirm SOCS2’s role as a tumor
suppressor in HCC. A correlation was observed between low
SOCS2 expression and poorer patient prognosis. Furthermore,
SOCS2 upregulation effectively reversed the malignant char-
acteristics promoted by miR-500a-3p, indicating its potential
as a therapeutic target for HCC intervention. Critically, the
regulation of SOCS proteins by miRNAs represents a funda-
mental mechanism of oncogenic or tumor-suppressive action.
Our study identified SOCS2 as a direct target of miR-500a-3p
via 3-UTR binding, thereby repressing its expression. This
discovery adds a significant layer of complexity to the onco-
genic miRNA-mRNA network. This regulatory paradigm is not
unique; other miRNAs, such as miR-761 which accelerates HCC
progression by targeting SOCS2 (Zhou et al., 2022), are also
known to modulate the JAK/STAT pathway and tumorigene-
sis through SOCS family regulation (Pang et al., 2025; Rahbar
Farzam et al., 2024). Consequently, elucidating these intricate
miRNA-SOCS interactions is crucial for developing precise
molecular therapies. Correcting abnormal SOCS2 expression
via gene editing technologies (such as CRISPR/Cas9), or de-
veloping small molecule drugs that can block miRNA-SOCS2
interactions, may provide new therapeutic opportunities for
HCC patients (Amjad et al., 2024; Juaid et al., 2021). SOCS2
was verified as a direct target gene of miR-500a-3p through
initial bioinformatic screening and subsequent validation via
dual-luciferase reporter assays. The experimental data demon-
strated that miR-500a-3p post-transcriptionally suppresses
SOCS2 expression. Furthermore, analysis of HCC tissues re-
vealed significant SOCS2 downregulation, and lower SOCS2
levels were associated with poorer patient prognosis, reinforc-
ing its recognized role as a tumor suppressor in HCC.

The JAK/STAT pathway is pivotal for numerous biolog-
ical processes, such as cell proliferation, differentiation, ap-
optosis, and immune regulation. Its aberrant activation is

frequently implicated in the pathogenesis and advancement
of various cancers, including colorectal, cervical, and pancrea-
tic cancer, as well as HCC (Ghasemian et al., 2023; Guo et al.,
2022; Raymant et al., 2024; Valle-Mendiola et al., 2023). This
study found that overexpression of miR-500a-3p significant-
ly increased the phosphorylation levels of JAK2, STAT3, and
STATS5, whereas upregulation of SOCS2 markedly reduced the
ratios of p-JAK2/JAK2 and p-STAT5/STATS, with no notable
impact on p-STAT3/STAT3. These results suggest that the
regulation of STAT3 by miR-500a-3p may not occur primarily
through SOCS2. Instead, the activation of STAT3 may occur via
a bypass pathway of the JAK2/STATS axis (Zhou et al., 2025),
while the negative regulatory role of SOCS2 is mainly focused
on the JAK2/STATS5 branch. This study further demonstrated
that overexpression of miR-500a-3p significantly enhanced
the phosphorylation of JAK2 and STATS5, indicating that miR-
500a-3p can activate the JAK/STAT signaling pathway. Func-
tional experiments showed that si-STAT5 markedly inhibited
HCC cell proliferation, migration, invasion, and glycolysis
while promoting apoptosis, a pattern highly consistent with
the effects mediated by the miR-500a-3p/SOCS2 axis. Togeth-
er, these findings demonstrate that STATS5 is the key down-
stream effector molecule through which the miR-500a-3p/
SOCS2 axis regulates the malignant phenotype of HCC cells,
thereby establishing the specificity of the JAK2/STAT5 axis
in this study. This effect was negated by SOCS2 overexpres-
sion or Fedratinib treatment, and partially rescued by EPO,
demonstrating that miR-500a-3p activates the pathway spe-
cifically through SOCS2 inhibition. The resulting constitutive
JAK2/STATS signaling was sufficient to promote proliferation,
glycolysis, and apoptosis evasion in HCC cells, a conclusion
highly consistent with prior reports on this pathway’s role in
cancer. Consistent with previous reports that JAK2/STAT5
inhibition suppresses colorectal cancer progression (Liu et
al., 2025) and that STATS5 activation can inhibit HCC through
CDYL2 expression (Chen et al., 2022), our functional analyses
demonstrated that SOCS2 overexpression or JAK2 pharmaco-
logical inhibition reversed miR-500a-3p-mediated oncogenic
phenotypes, including enhanced proliferation, migration, in-
vasion, glycolysis, and apoptosis resistance. These results not
only clarify the mechanistic role of the miR-500a-3p/SOCS2/
JAK2/STATS5 axis in HCC but also offer novel perspectives for
therapeutic targeting. Currently, various JAK/STAT inhibitors
are being evaluated in preclinical and clinical studies for HCC
(Park et al., 2023), and the results of this study provide a theo-
retical basis for their rational application.

Tumorigenesis and progression are a complex, multi-step,
and multi-factorial process, in which unlimited cell prolifera-
tion, metabolic reprogramming, and evasion of apoptosis are
the most prominent features (Jiang et al., 2025; Ren, 2024;
Zhang et al., 2024). Our study not only verified the regulato-
ry relationship between miR-500a-3p and the JAK2/STAT5
pathway but also, for the first time, revealed the role of this
pathway in modulating glycolysis, proliferation, and apoptosis
of hepatocellular carcinoma cells from a metabolic perspective.
Ectopic expression of miR-500a-3p significantly augmented
the proliferative, invasive, and migratory capacities of HCC
cells in vitro. Furthermore, it induced a pronounced boost in
glycolysis, evidenced by increased levels of glucose uptake, lac-
tate secretion, ECAR, and intracellular ATP. This rewiring of
cellular metabolism toward glycolytic flux is a hallmark of can-
cer cells, known as the Warburg effect (Fukushi et al., 2022),
which enables them to meet the heightened energetic and an-
abolic demands associated with uncontrolled growth. In this
study, miR-500a-3p significantly enhanced the glycolytic ca-
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pacity of HCC cells, providing sufficient ATP and biosynthetic
precursors for rapid tumor cell growth. Glycolytic intermedi-
ates can fuel nucleotide synthesis via the pentose phosphate
pathway, thereby supporting rapid proliferation (Zhang et al.,
2023a). We found that miR-500a-3p concurrently suppress-
es apoptosis by elevating Bcl-2 and reducing Bax expression
and the Cleaved-caspase3/caspase3 ratio. As Bcl-2 inhibits cy-
tochrome c release and caspase activation, its upregulation po-
tently blocks apoptosis (Qian et al., 2022). Thus, miR-500a-3p
exerts a multi-dimensional oncogenic role by coordinately en-
hancing proliferation, glycolysis, and survival. Importantly, in
vivo studies corroborated these findings, showing miR-500a-
3p promoted tumor growth, increased Ki67, reduced apopto-
sis, downregulated SOCS2, and activated JAK2/STATS signal-
ing. Together, these results validate the miR-500a-3p/SOCS2/
JAK2/STATS axis as a key regulator of HCC progression and a
promising therapeutic target.

Conclusion

The present work establishes miR-500a-3p as a key oncogenic
driver in HCC through its regulation of SOCS2 and the JAK2/
STAT5 axis. By inhibiting SOCS2, miR-500a-3p activates
JAK2/STAT5 signaling, thereby stimulating proliferation,
glycolysis, and cell survival. These findings contribute signif-
icantly to the understanding of HCC biology and suggest nov-
el avenues for diagnosis and treatment. Subsequent research
efforts could prioritize the clinical validation of miR-500a-3p,
particularly its application as a circulating biomarker for ear-
ly HCC detection and risk stratification. Meanwhile, targeted
therapeutic strategies against miR-500a-3p, SOCS2, or the
JAK2/STAT5 pathway, such as the combined use of miRNA
inhibitors, SOCS2 agonists, or JAK2/STATS inhibitors, are ex-
pected to offer more effective treatment options for HCC pa-
tients. In addition, in-depth studies of the specific regulatory
networks of miR-500a-3p in HCC metabolic reprogramming
and its interactions with the tumor microenvironment will
contribute to a comprehensive understanding of its oncogenic
mechanisms and lay the foundation for developing more pre-
cise therapeutic strategies for HCC.
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