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Abstract
Cancer stem cells (CSCs) are key drivers of cancer progression and therapeutic resistance. Long non-coding RNAs 
(lncRNAs) have emerged as critical regulators of CSC properties. The aim of this study was to investigate the 
role of MIR4435-2HG in regulating CSC characteristics, tumorigenesis, and chemoresistance in pancreatic cancer. 
Functional assays were conducted to evaluate CSC self-renewal, tumorigenic potential, and chemoresistance 
in pancreatic cancer cells with altered expression of MIR4435-2HG. RNA interference (RNAi) was employed to 
knock down MIR4435-2HG, and a STAT1 reintroduction model was established to examine downstream signaling 
pathways. The role of miR-1252-5p as a competing endogenous RNA was also explored. Overexpression of 
MIR4435-2HG significantly enhanced CSC self-renewal and tumorigenic potential, whereas silencing MIR4435-2HG 
notably diminished these properties. Mechanistically, MIR4435-2HG promoted STAT1 expression by sponging miR-
1252-5p, thereby enhancing CSC stemness and tumorigenesis. Moreover, depletion of MIR4435-2HG sensitized 
pancreatic cancer cells to gemcitabine-induced growth inhibition and ferroptosis. Reintroduction of STAT1 restored 
gemcitabine resistance in MIR4435-2HG-deficient cells. Our findings demonstrate that MIR4435-2HG plays a critical 
role in pancreatic cancer progression by modulating CSC properties and chemoresistance through the MIR4435-
2HG/miR-1252-5p/STAT1 axis. Targeting MIR4435-2HG presents a promising therapeutic approach to regulate CSCs 
and improve the efficacy of chemotherapy in pancreatic cancer.
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Introduction
The five-year survival rate for pancreatic cancer (PC) 
is less than 10%, making it one of the most aggressive 
gastrointestinal cancers. Typically, the disease remains 
asymptomatic until it has reached an advanced stage, 
which contributes to its poor prognosis. High mortal-
ity in pancreatic cancer primarily stems from its resis-
tance to current therapies and the frequent occurrence 
of metastasis at the time of diagnosis [1]. Therefore, elu-
cidating the mechanisms underlying PC progression is 
essential for developing more effective therapeutic and 
early diagnostic approaches.

Cancer stem cells (CSCs), also known as tumor-initiat-
ing cells, possess remarkable abilities of self-renewal and 
proliferation [2]. CSCs possess stem-like characteristics 
that enable them to sustain tumor growth and contribute 
to long-term tumor maintenance [3]. There is extensive 
evidence that CSCs play a key role in cancer biology, such 
as tumor initiation, recurrence, and resistance to chemo-
therapy. However, the exact mechanisms underlying the 
spread of pancreatic cancer CSCs remain largely elusive.

Long non-coding RNAs (lncRNAs) are RNA molecules 
longer than 200 nucleotides that cannot encode proteins 
[4, 5]. The lncRNA regulator of reprogramming is highly 
expressed in both embryonic stem cells and induced plu-
ripotent stem cells [6]. It has been identified as an essen-
tial factor in pluripotent transcription factors like Sox2, 
Oct4, and Nanog reprogramming differentiated cells into 
iPSCs [7]. MIR4435-2HG has been implicated in multiple 
malignancies as a carcinogenic lncRNA. Its abnormal 
expression is closely associated with critical processes 
in cancer biology [8, 9]. In addition, elevated levels of 
MIR4435-2HG are associated with various clinicopatho-
logical characteristics, including tumor size, TNM stage, 
and lymph node metastasis [10]. By acting as a compet-
ing eddogeneous RNA, MIR4435-2HG promotes cancer 
progression by sponging of specific miRNAs, thereby 
regulating cancer initiation, metastasis and epithelial-to-
mesenchymal transition. However, its exact role in pan-
creatic cancer stem cell remains to be fully elucidated.

The aim of our study was to investigate the role of 
MIR4435-2HG in pancreatic cancer cells and to identify 
its underlying mechanisms. Our findings demonstrate 
that MIR4435-2HG not only modulates the expression 
of miR-1252-5p but also affects the activity of the STAT1 
signaling pathway. Additionally, we found that dysregula-
tion of MIR4435-2HG plays a role in pancreatic cancer 
stem cells and chemoresistance by inhibiting ferroptosis. 
Overall, our study underscores the significance of long 
non-coding RNAs in cancer biology and highlights the 
potential of the MIR4435-2HG/miR-1252-5p/STAT1 axis 
as a novel therapeutic target for pancreatic cancer.

Materials and methods
Ethics statement
Our study was approved by the Tenth Affiliated Hospital 
of Southern Medical University (Dongguan People’s Hos-
pital), and all animal experiments were performed fol-
lowing the guidelines outlined in the Guide for the Care 
and Use of Laboratory Animals.

Gene expression profing
We investigated the expression of MIR4435-2HG and 
STAT1, along with their prognostic implications for 
pancreatic cancer patients in The Cancer Genome Atlas 
(TCGA)(​h​t​t​p​​:​/​/​​b​i​o​i​​n​f​​o​.​l​​i​f​e​​.​h​u​s​​t​.​​e​d​u​.​c​n​/​G​S​C​A​/​#​/). ​P​o​t​e​
n​t​i​a​l target miRNAs for MIR4435-2HG were predicted 
through the starBase 3.0 database ​(​​​h​t​t​p​:​/​/​s​t​a​r​b​a​s​e​.​s​y​s​u​.​e​
d​u​.​c​n​​​​​)​.​​

Cell culture
We obtained normal pancreatic ductal epithelial cells 
(HPNE) and pancreatic ductal adenocarcinoma cell lines 
(BxPC-3 and PANC-1) from the Shanghai Institute of 
Cell Biology, Chinese Academy of Sciences (Shanghai, 
China). Cells were cultured in DMEM (Gibco, USA) 
with 10% FBS, 100 U/mL penicillin, and 0.1  mg/mL 
streptomycin.

Cell transfection
The MIR4435-2HG or STAT1 overexpression plasmids, 
as well as scramble siRNA (NCsi) and siRNAs targeting 
MIR4435-2HG (siMIR4435-2HG), were purchased from 
Igebio (China). For transfection, the target plasmid and 
Lipofectamine 3000 (Invitrogen, USA) were diluted sep-
arately in 250 µL of Opti-MEM (Gibco, USA) and incu-
bated for 5 min. The two solutions were incubated for an 
additional 20 min. After 48 h, the cells were treated with 
5 µg/mL puromycin.

qRT-PCR and western blotting analysis
Reagents used for qRT-PCR were purchased from 
Vazyme (China). The Primer sequences used for per-
forming qRT-PCR assay are shown as Table  1. The pri-
mary and second antibodies used for western blotting 
of CD44, KLF4, OCT4, SOX2, GPX4, SLC7A11, Ki67, 
STAT1 and GAPDH were all purchased from Proteintech 
(China), the dilutio ratio is according to the instructions.

CCK8 assay
Transfected BxPC-3 and PANC-1 cells (5 × 10³ cells/well) 
were seeded into a 96-well plate. Subsequently, 10 µL 
of CCK8 solution was added. After 2  h incubation, the 
absorbance at 450 nm was measured using a microplate 
reader (Thermo, USA).

http://bioinfo.life.hust.edu.cn/GSCA/#/
http://starbase.sysu.edu.cn
http://starbase.sysu.edu.cn
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Cell shpere formation assay
A total of 7 × 10⁵ BxPC-3 or PANC-1 cells were seeded 
into a 10 cm² ultralow-adhesion culture flask containing 
DMEM supplemented with 10 ng/mL bFGF, 20 ng/mL 
EGF, 5 µg/mL insulin, B27, 100 units/mL penicillin, and 
100 µg/mL streptomycin. The cell spheres was counted in 
each visual field, with cell clusters measuring ≥ 50 μm in 
diameter considered as successfully formed spheres.

Colony formation assay
Cells were plated in six-well plates at a density of 800 
cells and incubated at 37 °C with 5% CO₂ for 15 days. Fol-
lowing incubation, the medium was removed, and the 
cells were fixed with 4% paraformaldehyde for 15  min. 
Subsequently, the cells were stained with crystal violet for 
30 min. Clones were imaged and counted.

Immunohistochemistry
The tissues were fixed in 4% paraformaldehyde, embed-
ded in paraffin, and sectioned. Tissue sections were 
incubated with 100 µL of primary antibody at room tem-
perature for 1 h. Then, 50 µL of goat anti-rabbit IgG sec-
ondary antibody (SA00001, 1:5000, Proteintech, China) 
was applied and incubated at room temperature for 1 h. 
Next, the sections were treated with streptavidin peroxi-
dase at 37 °C for 30 min. Afterward, they were incubated 
with diaminobenzidine for 10  min and counterstained 
with hematoxylin for 2  min. The sections were differ-
entiated using hydrochloric ethanol, rinsed in water for 
10 min, and finally observed under a microscope.

RNA-pull down assay
Cells were transfected with 50 nM biotin-labeled miR-
1252-5p-WT and miR-1252-5p-MUT. Cell lysates were 
prepared using polysome buffer containing a protease 
inhibitor cocktail and RNase inhibitor. Separately, cell 
lysates and biotin-labeled RNA were each incubated 
with Streptavidin Dynabeads (Invitrogen) for 1  h. Fol-
lowing this, cell lysates were added to the RNA-bound 
beads, and the mixtures were rotated at 4  °C for 2–4 h. 
The beads were then washed three times with NT2 buf-
fer, twice with high-salt NT2 buffer (NT2 with 500 mM 
NaCl), and once with PBS, each wash lasting 5  min at 
4 °C. Finally, 50 µL of 2× SDS loading buffer was added, 
and the samples were heated at 100  °C for 10  min. The 
enrichment of MIR4435-2HG was subsequently analyzed 
by RT-qPCR.

RNA immunoprecipitation (RIP) assay
The RIP assay was conducted using the Magna RIP RNA 
Binding Protein Immunoprecipitation Kit (Bersinbio, 
China). Cell lysates were prepared and incubated in RIP 
buffer with magnetic beads conjugated to either a human 
anti-Argonaute2 (anti-Ago2) antibody (Proteintech) or 
IgG control. RNA was then extracted from the immuno-
precipitates and analyzed by qRT-PCR.

Dual-luciferase reporter gene assay
Cells were plated in 6-well plates at a density of 5 × 10⁵. 
Designated wells were co-transfected with the respective 
vector and miR-1252-5p mimics. According to the manu-
facturer’s instructions (Ribobio, Guangzhou), cell lysates 
were collected to measure both firefly and Renilla lucif-
erase activities. The relative luciferase activity was then 
normalized to the firefly luciferase control.

Tumor xenogfaft in nude mice
MIR4435-2HG knockdown BxPC-3 cells were subcuta-
neously injected into BALB/c nude mice (female,4 weeks 
old). The mice were weighted weekly and euthanized 7 
weeks after injection.

Measurement of ATP level
Cells were plated in 6-well plates at a density of 5 × 10⁵ 
cells and incubated for 24  h. After a subsequent treat-
ment period of 48  h, the cells were collected and lysed. 
ATP levels were assessed by combining 20 µL of the cell 
supernatant with 100 µL of luciferase reagent, following 
the protocol provided in the ATP Assay Kit (Beyotime, 
China).

Reactive oxygen species fluorometric assay
We employed the Reactive Oxygen Species Fluoromet-
ric Assay Kit (E-BC-F005, Elabscience) to evaluate ROS 
accumulation. In brief, cells were rinsed twice with cold 

Table 1  Primer sequence
Gene Primer sequence
MIR4435-2HG-F 5’- CGGAGCATGGAACTCGACAG -3’
MIR4435-2HG-R 5’- CAAGTCTCACACATCCGGGC -3’
CD44-F 5’- CACACCCTCCCCTCATTCAC -3’
CD44-R 5’- CAGCTGTCCCTGTTGTCGAA -3’
KLF4-F 5’- GTCCCGGGGATTTGTAGCTC-3’
KLF4-R 5’- CGTCTTCCCCTCTTTGGCTT-3’
OCT4-F 5’- AAACCCACACTGCAGCAGATCA -3’
OCT4-R 5’- CCCCTGAGAAAGGAGACCCA -3’ 
SOX2-F 5’- CATGAAGGAGCACCCGGATT -3’
SOX2-R 5’- TTCATGTGCGCGTAACTGTC -3’
miR-1252-5p-RT 5’- gAAAgAAggCgAggAgCAgATC-

gAggAAgAAgACggAAgAATgTgC-
gTCTCgCCTTCTTTCTAAATgAA -3’

miR-1252-5p-F 5’- ggTggAgggAgAAggAAATTgAA -3’
U6-F 5’- CTCgCTTCggCAgCACA -3’
U6-R 5’- AACgCTTCACgAATTTgCgT -3’
STAT1-F 5’- TCTGGAAAACGCCCAGAGATT -3’
STAT1-R 5’- CTACTTCCTCTGTTCTGCAAGG -3’
GAPHD-F 5’- CAAATTCCATGGCACCGTCA -3’
GAPHD-R 5’- TGATGACCCTTTTGGCTCCC -3’
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PBS. A 50 µM working solution was then added to the 
samples, which were incubated for 1 h at 37  °C. Finally, 
the samples were analyzed by flow cytometry.

Intracellular iron assessment
We used the Cell Ferrous Iron Fluorometric Assay 
Kit (E-BC-F101, Elabscience) to assess changes in 
Fe²⁺concentrations. Briefly, cells were washed twice with 
PBS. Then, 1 mL of the Ferro working solution was added 
to the samples and incubated for 60 min at 37 °C. Finally, 
the samples were fixed for immunofluorescence staining.

Statistical analysis
All data are expressed as means ± SD from a minimum of 
three independent experiments. Comparisons between 
groups were conducted using ANOVA or Student’s t-test 
via GraphPad Prism 7 software. Kaplan-Meier curves 
were evaluated using log-rank tests. p < 0.05 was deemed 
statistically significant.

Results
MIR4435-2HG is overexpressed in pancreatic cancer and is 
associated with poor prognosis
To assess the potential clinical relevance of lncRNA 
MIR4435-2HG expression in cancer, we first analyzed 
the pan-cancer gene expression using the TCGA data-
base. MIR4435-2HG was significantly upregulated in 
various cancer types compared to adjacent normal tis-
sues (Fig. 1A). Previous transcriptome sequencing stud-
ies have also shown that MIR4435-2HG is overexpressed 
in tumor tissues [11]. Further analysis of the TCGA data-
base confirmed that MIR4435-2HG levels are elevated in 
pancreatic cancer tissues compared to adjacent normal 
tissues (Fig. 1B).

The relationship between MIR4435-2HG expression 
and the clinicopathological characteristics of pancreatic 
cancer patients was further examined. We found that ele-
vated levels of MIR4435-2HG were positively correlated 
with higher TNM stage, lymph node metastasis, distant 
metastasis, and pathological grade. Additionally, within 
the pancreatic cancer cohort, MIR4435-2HG expression 
significantly increased with histologic grade, particularly 
in poorly differentiated (PD) and G2 tumors (Fig.  1C). 
Kaplan-Meier analysis indicated that pancreatic cancer 
patients with high MIR4435-2HG expression had poorer 
overall survival, disease-free survival, and progression-
free intervals (Fig. 1D). Univariate Cox regression analy-
ses were performed to assess the prognostic significance 
of MIR4435-2HG in these patients (Fig.  1E), revealing 
a significant correlation between MIR4435-2HG risk 
scores and overall survival (OS), thus establishing it as 
an independent prognostic marker. Notably, the area 
under the curve (AUC) of the ROC curves for predict-
ing progression-free survival (PFS) was 0.979 (Fig.  1F), 

highlighting the predictive capability of MIR4435-2HG in 
pancreatic cancer progression.

Additionally, we evaluated the expression of MIR4435-
2HG in pancreatic cancer cell lines, finding that it was 
highly expressed in BxPC-3, PANC-1, and AsPC-1 cells 
compared to normal pancreatic ductal cells (HPNE) 
(Fig. 1G). Furthermore, RNA fluorescence in situ hybrid-
ization (FISH) revealed that MIR4435-2HG was primar-
ily localized in the nucleus and cytoplasm of pancreatic 
cancer (Fig. 1H, Supplementary Figs. 1 and 2). Together, 
these findings indicate that MIR4435-2HG plays a crucial 
role as an oncogene in pancreatic cancer.

MIR4435-2HG enhances the self-renewal capacity of 
pancreatic cancer stem cells
We conducted gene set enrichment analysis (GSEA) to 
explore the functional roles mediated by MIR4435-2HG. 
The results revealed that the most relevant biological 
processes included stem cell differentiation, proliferation, 
and development (Fig.  2A). Given the elevated expres-
sion of MIR4435-2HG in pancreatic cancer and its 
strong association with stem cell characteristics, we first 
assessed spheroid formation in ultra-low attachment 
plates. In our loss-of-function studies, we utilized siRNA 
targeting MIR4435-2HG in BxPC-3 and PANC-1 cells. 
The qRT-PCR results confirmed successful modulation of 
MIR4435-2HG expression in these cells (Fig. 2B). Spher-
oid formation assays demonstrated that knockdown of 
MIR4435-2HG significantly impaired spheroid formation 
capability (Fig.  2C), while overexpression of MIR4435-
2HG markedly enhanced cell sphere formation in both 
BxPC-3 and PANC-1 cells (Fig. 3A and B). These findings 
indicate that MIR4435-2HG plays a crucial role in regu-
lating pancreatic cancer stem cells (CSCs), as evidenced 
by a decrease in the expression of well-established CSC 
marker genes, including CD44, KLF4, OCT4, and Sox2 
(Fig. 2D and E). In contrast, overexpression of MIR4435-
2HG resulted in a significant increase in CSC markers 
(Fig.  3  C-3D). Additionally, the ability to form colonies 
was significantly reduced in MIR4435-2HG knockdown 
cells compared to control shRNA cells (Fig. 2F), whereas 
overexpression of MIR4435-2HG greatly promoted 
colony formation (Fig.  3E). These results suggest that 
MIR4435-2HG is involved in the proliferation of cancer 
stem cells.

MIR4435-2HG promotes the self-renewal and tumorigenic 
properties of pancreatic adenocarcinoma cells by targeting 
miR-1252-5p
To explore the molecular mechanism by which 
MIR4435-2HG promotes pancreatic cancer progression, 
we used StarBase to predict potential microRNAs that 
may directly interact with MIR4435-2HG. miR-1252-5p 
emerged as a candidate. To confirm that MIR4435-2HG 
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Fig. 1  MIR4435-2HG is upregulated in pancreatic cancer and correlates with a poor prognosis (A) Pan-cancer analysis of MIR4435-2HG expression across 
the TCGA dataset. (B) Comparison of MIR4435-2HG expression between pancreatic cancer tissues (n=179) and normal tissues (n=171). (C) Correlation 
between MIR4435-2HG expression and clinical features, including primary therapy outcomes and histologic grade. (D) Kaplan-Meier survival analyses for 
overall survival, disease-free survival, and progression-free interval in relation to MIR4435-2HG expression levels. (E) Univariate Cox regression analysis of 
MIR4435-2HG expression in pancreatic cancer patients. (F) Receiver Operating Characteristic (ROC) curve for MIR4435-2HG in pancreatic cancer patients, 
with Area Under the Curve (AUC) = 0.979. (G) Quantitative PCR analysis of MIR4435-2HG expression levels in HPNE, PANC-1, AsPC-1, and BxPC-3 cell lines. 
(H) RNA fluorescence in situ hybridization (FISH) analysis was performed using a specific probe for MIR4435-2HG in pancreatic cancer samples from dif-
ferent patients. *p<0.05, **p<0.01, ***p<0.001
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specifically targets miR-1252-5p, we examined the 
expression levels of the candidate microRNAs and their 
correlation with MIR4435-2HG in pancreatic adenocar-
cinoma (PAAD). We constructed dual-luciferase report-
ers featuring either a wild-type (MIR4435-2HG-WT) or 
mutated (MIR4435-2HG-Mut) binding site. The lucifer-
ase activity assay demonstrated that co-transfection with 

a miR-1252-5p mimic significantly reduced the relative 
luciferase activity of MIR4435-2HG-WT but did not 
affect the mutant plasmid, confirming that miR-1252-5p 
is a direct target of MIR4435-2HG (Fig. 4A).

Subsequently, we performed RNA pull-down assay 
to determine whether MIR4435-2HG directly interacts 
with miR-1252-5p. qRT-PCR analysis of the RNA pellet 

Fig. 2  Knockdown of MIR4435-2HG suppresses pancreatic cancer stemness.(A) Gene Set Enrichment Analysis (GSEA) showing enrichment of MIR4435-
2HG in stem cell differentiation, proliferation, and development signaling pathways. (B) RT-qPCR analysis of MIR4435-2HG expression in BxPC-3 and PANC-
1 cells following transfection with negative control siRNA or MIR4435-2HG siRNA. (C) Representative images of cancer stem cell (CSC) spheres in control 
and siMIR4435-2HG-transfected cells. (D) RT-qPCR and (E) Western blot analysis of CD44, KLF4, OCT4, and SOX2 expression in control and siMIR4435-2HG-
transfected cells. (F) Colony formation assay and quantification of colony numbers in BxPC-3 and PANC-1 cells with MIR4435-2HG knockdown. *p<0.05, 
**p<0.01, ***p<0.001
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obtained from the MIR4435-2HG pull-down revealed 
a significant presence of miR-1252-5p (Fig.  4B). Addi-
tionally, a RIP assay utilizing a biotinylated MIR4435-
2HG probe demonstrated that MIR4435-2HG binds 
to the AGO2 protein, with miR-1252-5p significantly 
enriched in the RNAs pulled down from the MIR4435-
2HG complex (Fig.  4C). qRT-PCR results indicated 

that miR-1252-5p expression was lower in BxPC-3 and 
PANC-1 cells compared to HPNE cells (Fig. 4D). Collec-
tively, these findings suggest that MIR4435-2HG directly 
binds to miR-1252-5p and acts as a competitive inhibitor.

Further RT-qPCR analysis revealed that the expres-
sion of miR-1252-5p was decreased in pancreatic can-
cer cells upon overexpression of MIR4435-2HG and was 

Fig. 3  Overexpression of MIR4435-2HG enhances pancreatic cancer stemness.(A) RT-qPCR analysis of MIR4435-2HG expression in BxPC-3 and PANC-1 
cells following transfection with either an empty vector (control) or MIR4435-2HG-overexpression vector. (B) Representative images of cancer stem cell 
(CSC) spheres in control and MIR4435-2HG-overexpressing cells. (C) RT-qPCR and (D) Western blot analyses of CD44, KLF4, OCT4, and SOX2 expression 
in control and MIR4435-2HG-overexpressing cells. (E) Colony formation assay and quantification of colony numbers in BxPC-3 and PANC-1 cells with 
MIR4435-2HG overexpression. *p<0.05, **p<0.01, ***p<0.001
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upregulated following the knockdown of MIR4435-2HG 
(Fig. 5A). To investigate the role of miR-1252-5p in pan-
creatic cancer, we transfected BxPC-3 and PANC-1 cells 
with either a miR-1252-5p inhibitor or mimic (Fig.  5B). 
Treatment with the miR-1252-5p mimic inhibited sphere 
formation, whereas the miR-1252-5p inhibitor enhanced 
it (Fig. 5C). qRT-PCR and western blot analyses demon-
strated that inhibition of miR-1252-5p led to the upregu-
lation of cancer stem cell markers, while overexpression 
of miR-1252-5p resulted in their downregulation (Fig. 5D 
and E). Moreover, the colony formation ability was 
decreased with miR-1252-5p mimic treatment and 
increased with miR-1252-5p inhibition (Fig.  5F). These 
results indicate that miR-1252-5p is a direct target of 
MIR4435-2HG, which negatively regulates miR-1252-5p 
expression.

STAT1 is a direct target of miR-1252-5p
To further predict the targets of miR-1252-5p, we used 
starBase and identified a binding site for miR-1252-5p 
in the 3’ UTR of STAT1 (Fig.  6A). Transfection with 
miR-1252-5p mimics resulted in a significant decrease 
in luciferase activity for the wild-type STAT1 3’ UTR 
(STAT1 3’UTR-WT), while no notable changes were 
observed in the luciferase activity of the mutated STAT1 
3’ UTR (STAT1 3’UTR-Mut) (Fig. 6B). We also explored 
the relationship between MIR4435-2HG and STAT1 
using the GEPIA database, which indicated a positive 
correlation(Fig. 6C). Moreover, qRT-PCR assays revealed 
that STAT1 mRNA levels were higher in BxPC-3 and 
PANC-1 cells compared to HPNE cells (Fig.  6D). These 
results are consistent with earlier studies showing that 
STAT1 is overexpressed in pancreatic cancer (Fig.  6E). 

Fig. 4  MIR4435-2HG targets miR-1252-5p in pancreatic cancer cells.(A) Predicted binding sites of MIR4435-2HG on the 3’-UTR of miR-1252-5p, along 
with results from the dual-luciferase reporter assay, showing a significant reduction in luciferase activity in cells transfected with wild-type miR-1252-5p 
luciferase vectors. (B) RNA pull-down assay demonstrating the interaction between MIR4435-2HG and miR-1252-5p in BxPC-3 and PANC-1 cells. (C) RIP 
assay showing the binding efficiency of MIR4435-2HG and miR-1252-5p to AGO2 protein. (D) RT-qPCR analysis of miR-1252-5p expression levels in HPNE, 
BxPC-3, and PANC-1 cells. *p<0.05, **p<0.01, ***p<0.001
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The potential of STAT1 as a diagnostic marker in pan-
creatic cancers was assessed using a receiver operating 
characteristic (ROC) curve, resulting in an area under the 
curve (AUC) value of 0.961, suggesting that STAT1 could 
act as an independent prognostic biomarker in pancre-
atic cancer (Fig. 6F).

Additionally, we evaluated the correlation between 
STAT1 expression and clinicopathological features in 
the TCGA dataset. Our analysis demonstrated a positive 
association between STAT1 expression and tumor stage 
(Fig. 6G). In alignment with the TCGA cohort findings, 
elevated levels of STAT1 expression were significantly 

Fig. 5  MIR4435-2HG targets miR-1252-5p to promote pancreatic cancer stemness.(A) RT-qPCR analysis of miR-1252-5p expression in cells with MIR4435-
2HG knockdown and overexpression. (B) RT-qPCR analysis of miR-1252-5p expression in BxPC-3 and PANC-1 cells transfected with miR-1252-5p inhibitor 
or mimic. (C) Representative images of cancer stem cell (CSC) spheres in cells transfected with miR-1252-5p mimic or inhibitor. (D) RT-qPCR and (E) West-
ern blot analyses of CD44, KLF4, OCT4, and SOX2 expression in cells with miR-1252-5p inhibition. (F) Colony formation assay and quantification of colony 
numbers in BxPC-3 and PANC-1 cells transfected with miR-1252-5p mimic or inhibitor. *p<0.05, **p<0.01, ***p<0.001
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linked to reduced overall survival, disease-specific sur-
vival, and progression-free interval, indicating a poor 
prognosis for patients with pancreatic cancer (Fig. 6H).

Enforced STAT1 expression promote PDDA stemness
The mechanism by which STAT1 mediates the effects of 
the MIR4435-2HG/miR-1252-5p axis remains to be elu-
cidated. To investigate this, we conducted qPCR assays 

to analyze STAT1 expression levels. We found that 
STAT1 was upregulated following the overexpression of 
MIR4435-2HG or the silencing of miR-1252-5p, while 
its expression was repressed when MIR4435-2HG was 
inhibited or miR-1252-5p was overexpressed (Fig. 7A and 
B).

Additionally, we observed that the overexpression of 
STAT1 significantly enhanced both sphere formation 

Fig. 6  STAT1 as a direct target of miR-1252-5p in pancreatic cancer.(A) Predicted binding sites for miR-1252-5p on the 3’-UTR of STAT1. (B) Dual-luciferase 
reporter assay showing a significant reduction in luciferase activity in cells transfected with wild-type miR-1252-5p luciferase vectors. (C) Positive cor-
relation between STAT1 expression and MIR4435-2HG co-expression. (D) RT-qPCR analysis of STAT1 expression in HPNE, BxPC-3, and PANC-1 cells. (E) 
Analysis of STAT1 expression in pancreatic cancer using the TCGA, UALCAN, and Human Protein Atlas databases. (F) ROC curve indicating the diagnostic 
sensitivity and specificity of STAT1 in pancreatic cancer patients. (G) Kaplan-Meier survival analysis of STAT1 expression in pancreatic cancer patients 
based on clinical-pathological features from the TCGA dataset. (H) Kaplan-Meier survival analysis comparing overall survival, disease-specific survival, and 
progression-free interval between STAT1-high and STAT1-low expression groups in pancreatic cancer patients. *p<0.05, **p<0.01, ***p<0.001
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and colony formation abilities in our assays (Fig. 7C and 
D). Western blot analyses further demonstrated that 
knockdown MIR4435-2HG or overexpression of miR-
1252-5p led to a suppression of STAT1 phosphoryla-
tion. Conversely, we detected a significant increase in 
STAT1 phosphorylation in cells transfected with the 

MIR4435-2HG plasmid or treated with a miR-1252-5p 
inhibitor (Fig. 7E).

In addition, qPCR analysis revealed a marked increase 
in the expression of stemness markers, such as CD44, 
KLF4, OCT4, and SOX2, following STAT1 overex-
pression (Fig.  7F). A similar increase in these markers 
was observed in cells overexpressing MIR4435-2HG. 

Fig. 7  Enforced expression of STAT1 promotes pancreatic cancer stemness.(A) RT-qPCR analysis of STAT1 expression in cells transfected with miR-1252-
5p inhibitor or mimic. (B) RT-qPCR analysis of STAT1 expression in cells with MIR4435-2HG knockdown or overexpression. (C) Representative images of 
CSC spheres in cells with STAT1 overexpression. (D) Colony formation assay and quantification in BxPC-3 and PANC-1 cells with STAT1 overexpression. (E) 
Western blot analysis of STAT1 and phospho-STAT1 expression in MIR4435-2HG knockdown cells, miR-1252-5p mimic cells, MIR4435-2HG overexpressing 
cells, and miR-1252-5p inhibitor-transfected cells. (F) RT-qPCR analysis of CD44, KLF4, OCT4, and SOX2 expression in cells with STAT1 overexpression. (G) 
Western blot analysis of phospho-STAT1, CD44, KLF4, OCT4, and SOX2 expression in cells co-transfected with MIR4435-2HG and miR-1252-5p mimic, or 
in MIR4435-2HG-overexpressing cells treated with fludarabine. (H) Western blot analysis of phospho-STAT1, CD44, KLF4, OCT4, and SOX2 expression in 
MIR4435-2HG knockdown cells with enforced STAT1 expression. *p<0.05, **p<0.01, ***p<0.001
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However, when co-transfected with miR-1252-5p mim-
ics or treated with the STAT1 inhibitor Fludarabine, we 
observed a reversal in both STAT1 phosphorylation lev-
els and the expression of CD44, KLF4, OCT4, and SOX2 
(Fig. 7G). Moreover, MIR4435-2HG knockdown resulted 
in decreased STAT1 phosphorylation and reduced 
expression of stem cell markers. Interestingly, this effect 
was reversed upon STAT1 overexpression (Fig.  7H). 
Taken together, these findings indicate that STAT1 is 
essential in regulating the stemness promoted by the 
MIR4435-2HG/miR-1252-5p axis in pancreatic ductal 
adenocarcinoma.

MIR4435-2HG/miR-1252-5p/STAT1 pathway is essential for 
pancreatic cancer stemness in vivo
To further investigate the effects of MIR4435-2HG 
on pancreatic cancer stem cells in vivo, we conducted 
xenograft experiments using mouse models. We sub-
cutaneously injected 1 × 106 BxPC-3 cells, either with 
MIR4435-2HG knockdown or as a control, into the right 
flank of athymic nude mice. Consistent with our previ-
ous in vitro findings, the knockdown the expression of 
MIR4435-2HG significantly inhibited pancreatic cancer 
cell-derived xenografts proliferation, while having no 
notable impact on the body weight of the mice (Fig. 8A 
and B).

Further measurements revealed that xenografts derived 
from BxPC-3 cells with MIR4435-2HG inhibition dis-
played reduced tumor volumes and lower weights com-
pared to those in the control group (Fig. 8C and D). Flow 
cytometry analysis indicated that the knockdown of 
MIR4435-2HG resulted in a significant reduction in the 
proportion of CD44 + cells, which are indicative of cancer 
stem cell populations (Fig. 88E).

Immunohistochemistry assays of the xenografts 
derived from MIR4435-2HG knockdown pancreatic can-
cer cells demonstrated a decrease in the expression of the 
proliferation marker Ki67, suggesting reduced cell pro-
liferation within the tumors. Furthermore, we observed 
that the MIR4435-2HG/miR-1252-5p/STAT1 axis con-
tributed to the regulating of cancer stem cell proper-
ties, as indicated by decreased levels of KLF4, CD44, 
and phosphorylated STAT1 (p-STAT1) in the xenografts 
tumors (Fig. 8F). Collectively, our results clearly demon-
strate that MIR4435-2HG plays a key role in modulating 
pancreatic cancer stemness both in vitro and in vivo.

MIR4435-2HG sensitized pancreatic cancer stem cell to 
ferroptoisis
Due to the dysregulation of iron metabolism in cancer 
stem cells (CSCs), we investigated whether MIR4435-
2HG could sensitize CSC-like cells to ferroptosis. As 
illustrated in Fig.  9A, key regulators of ferroptosis, 
SLC7A11 and GPX4, exhibited high involvement, with 

their protein expression levels positively correlating 
with MIR4435-2HG (Fig.  9B). Therefore, we conducted 
CCK8 assay to elucidate the role of MIR4435-2HG in 
gemcitabine resistance in pancreatic cancer. The results 
showed that silencing MIR4435-2HG significantly 
decreased the IC50 of gemcitabine, suggesting increased 
sensitivity. In contrast, overexpression of MIR4435-2HG 
partially countered this effect, suggesting its involvement 
in promoting gemcitabine resistance (Fig.  9C). To vali-
date the role of the MIR4435-2HG/miR-1252-5p/STAT1 
axis in this resistance mechanism, we upregulated STAT1 
in cells with MIR4435-2HG knockdown, which restored 
cell viability (Fig. 9C). To confirm the regulatory role of 
the MIR4435-2HG/miR-1252-5p/STAT1 axis in gem-
citabine resistance, we upregulated STAT1 expression 
in cells with MIR4435-2HG knockdown, leading to a 
reversal in cell viability (Fig. 9D). Moreover, when treated 
with RSL3, a known ferroptosis inducer, cell viability sig-
nificantly decreased compared to treatment with gem-
citabine alone (Fig.  9E), suggesting that ferroptosis may 
play a critical role in overcoming gemcitabine resistance.

To investigate this further, we utilized the DHE probe 
to measure lipid reactive oxygen species (ROS) levels 
and analyzed the data using flow cytometry. Interest-
ingly, the flow cytometry results demonstrated that 
STAT1 restored lipid peroxidation levels in MIR4435-
2HG knockdown cells (Fig.  9F). Additionally, in gem-
citabine-treated cells, knockdown of MIR4435-2HG 
resulted in decreased release of extracellular ATP, an 
effect that was reversed by STAT1 transfection. This 
indicates that STAT1 is involved in modulating the gem-
citabine response in relation to MIR4435-2HG expres-
sion (Fig. 9G).

Since lipid peroxidation is a key indicator of ferrop-
tosis, we measured lipid peroxidation levels in BxPC-3 
and PANC-1 cells with MIR4435-2HG knockdown and 
STAT1 overexpression. Results showed that MIR4435-
2HG knockdown cells had a lower GSH/GSSG ratio, indi-
cating elevated lipid peroxidation (Fig. 9G). Furthermore, 
given that iron overload is another hallmark of ferropto-
sis, we measured cytosolic Fe²⁺levels using iron-specific 
probes. We found that Fe²⁺content was increased in 
MIR4435-2HG knockdown cells, correlating with height-
ened radiosensitivity, though this effect was reversed in 
cells stably overexpressing STAT1.

In summary, these findings suggest that MIR4435-2HG 
knockdown enhances sensitivity to ferroptosis in pancre-
atic cancer cells, indicating that modulating ferroptosis 
could presents a promising therapeutic strategy to over-
come chemoresistance in pancreatic cancer (Fig. 10).
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Discussion
Emerging evidence identified the critical role of lncRNAs 
in controlling cell fate and driving cancer progression, 
positioning them as key regulators in pancreatic can-
cer development and potential therapeutic targets [12, 
13]. In our study, we identified a marked upregulation 

of lncRNA MIR4435-2HG, which functions as an onco-
genic driver promoting self-renewal and tumorigenesis 
in pancreatic cancer. Mechanistic investigations revealed 
a novel regulatory axis comprising lncRNA MIR4435-
2HG, miR-1252-5p, and STAT1 in pancreatic cancer. 
Importantly, MIR4435-2HG overexpression conferred 

Fig. 8  The MIR4435-2HG/miR-1252-5p/STAT1 pathway is critical for pancreatic cancer stemness in vivo. (A) Representative images of subcutaneous 
xenografts from BxPC-3 cells with MIR4435-2HG knockdown (n=6). (B) Body weight of mice bearing subcutaneous xenografts. (C) Tumor volume and (D) 
tumor weight of xenografts. (E) Flow cytometry plots showing the percentage of CD44+ cells in MIR4435-2HG knockdown xenograft tumors. (F) Repre-
sentative immunohistochemistry (IHC) images of Ki67, KLF4, CD44, and phosphorylated STAT1 (p-STAT1) in xenograft tumor tissues. *p<0.05, **p<0.01, 
***p<0.001
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resistance to gemcitabine, which induced cell death 
partly through ferroptosis.

Recent research has emphasized the critical role 
of MIR4435-2HG in a range of biological processes.

demonstrating its oncogenic functions across multiple 
cancer types [14]. It has been consistently found to be 
upregulated in hepatocellular carcinoma [15, 16], gastric 
cancer [17], esophageal squamous cell carcinoma [18], 

Fig. 9  MIR4435-2HG sensitizes pancreatic cancer stem cells to ferroptosis.(A) The expression levels of GPX4 and SLC7A11 positively correlate with the 
co-expression of MIR4435-2HG. (B) Western blot analysis of GPX4 and SLC7A11 in cells with MIR4435-2HG knockdown and overexpression. (C) Relative 
cell viability and IC50 values for MIR4435-2HG knockdown and overexpressing cells following gemcitabine (GEM) treatment. (D) Relative cell viability of 
MIR4435-2HG knockdown cells co-transfected with STAT1 after gemcitabine (GEM) therapy. (E) Relative OD450 values for BxPC-3 control and MIR4435-
2HG overexpressing cells treated with GEM, GEM + 0.1 μM RSL3, and GEM + 1 μM RSL3. Corresponding OD450 values for PANC-1 control and MIR4435-
2HG overexpressing cells treated with GEM, GEM + 10 nM RSL3, and GEM + 100 nM RSL3. (F) Representative flow cytometry plots showing ROS levels 
and percentages in MIR4435-2HG knockdown cells and those co-transfected with STAT1. (G) Measurement of ATP levels, GSH levels, and iron content in 
MIR4435-2HG knockdown cells and MIR4435-2HG co-transfected with STAT1 cells *p<0.05, **p<0.01, ***p<0.001
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colorectal cancer [19] and pancreatic cancer, where its 
overexpression associated with advanced tumor stages, 
larger tumor sizes, lymph node metastasis, and poor 
overall survival [20]. Knock down MIR4435-2HG sig-
nificantly inhibited the progression of pancreatic cancer 
by miR-128-3p/ABHD17C. Functionally, MIR4435-2HG 
promotes cancer cell proliferation by influencing cell 
cycle regulation and altering metabolic pathways, includ-
ing glucose and glutamine metabolism. It interacts with 
key cell cycle regulators, such as BRCA2 and CCND1, 
and plays a crucial role in remodeling glutamine metab-
olism to meet the biosynthetic demands of rapidly pro-
liferating cancer cells [21]. The oncogenic effects of 
MIR4435-2HG are partially mediated through epigen-
etic modifications and its involvement in critical signal-
ing pathways, including TGF-β [22], Wnt/β-catenin, and 
mTOR [23], which promote cancer cell migration, inva-
sion, and maintenance of stemness, contributing to drug 
resistance. In the present study, we found that MIR4435-
2HG sustain stemness and promote chemoresistance, 
which were in consistency with the researches.

To investigate the potential mechanism by which 
MIR4435-2HG contributes to the development of pan-
creatic adenocarcinoma, our functional assays revealed 
that MIR4435-2HG acts as an upstream regulator of 
miR-1252-5p. Additionally, the luciferase reporter assay 
confirmed that miR-1252-5p directly interacts with 
MIR4435-2HG. Notably, miR-1252-5p is known to func-
tion as an antitumor miRNA in various human cancers, 

including non-small cell lung cancer and papillary thy-
roid cancer [24], and is associated with ovarian cance 
rdrug resistance. Notably, miR-1252-5p is significantly 
downregulated in pancreatic cancer tissues and cell 
lines, where it plays a critical role in inhibiting the pro-
liferation, migration, invasion, and epithelial-mesenchy-
mal transition of pancreatic cells [25]. In line with these 
findings, our current study demonstrated through gain- 
and loss-of-function experiments that overexpression 
of miR-1252-5p effectively inhibited cell stemness and 
proliferation, while its knockdown promoted aggressive 
behaviors. Furthermore, analyses using TargetScan and 
StarBase databases identified STAT1 as a direct target 
gene of miR-1252-5p. Public databases have also con-
firmed a positive correlation between MIR4435-2HG and 
STAT1 expression. Additionally, previous research has 
shown that STAT1 typically functions as a transcription 
factor within the tumor immune response via the NF-κB 
signaling pathway, playing a key role in mediating can-
cer progression and tumorigenesis [26, 27]. In addition, 
the oncogenic role of STAT1 on pancreatic cancer has 
been studies as well. PD-L1 was transcriptional regulated 
by STAT1 and lncRNA PSMB8-AS1 in PC cells [28]. In 
fumarate hydratase (FH)-deficient renal cell carcinoma 
(RCC), the accumulation of fumarate leads to the upreg-
ulation of MIR4435-2HG expression through H3K4me3 
histone modification, which is mediated by the activation 
of the STAT1/GLS1 signaling pathway [29].

Fig. 10  A proposed model illustrating how MIR4435-2HG targets the miR-1252-5p/STAT1 axis to regulate pancreatic cancer stem cell and gemcitabine 
sensitivity
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MIR4435-2HG has been implicated in drug resis-
tance across multiple cancer types, including resistance 
to resveratrol in lung cancer [30], cisplatin in non-small 
cell lung cancer and colorectal cancer [31, 32], and car-
boplatin in triple-negative breast cancer [33]. In pancre-
atic cancer, gemcitabine combined with nab-paclitaxel 
remains the standard first-line chemotherapy regimen, 
underscoring the critical role of gemcitabine in treating 
advanced and metastatic disease [34]. However, despite 
its clinical efficacy, chemoresistance to gemcitabine is 
a significant challenge, compromising its therapeutic 
potential and contributing to poor outcomes [35]. Recent 
studies have highlighted that enhancing ferroptosis could 
offer a promising strategy to improve the clinical effec-
tiveness of chemotherapy, including pancreatic cancer 
[36]. Mechanistically, gemcitabine induces the generation 
of reactive oxygen species (ROS), which contributes to its 
cytotoxic effects. However, this accumulation of ROS can 
paradoxically activate antioxidant defense mechanisms, 
thereby promoting chemoresistance [37]. Specifically, 
ROS activates NRF2, a key regulator of the cellular anti-
oxidant response, which drives the expression of genes 
involved in glutathione (GSH) synthesis [38]. The NRF2/
KEAP1 axis, therefore, plays a pivotal role in regulating 
both ferroptosis sensitivity and gemcitabine resistance, 
making it an important therapeutic target. In parallel, 
recent studies have elucidated the role of the glutamine 
transporter SLC38A5 in gemcitabine resistance in pan-
creatic cancer. Specifically, SLC38A5 is overexpressed in 
gemcitabine-resistant pancreatic ductal adenocarcinoma 
(PDAC) cells, and its inhibition sensitizes these cells to 
gemcitabine by triggering ferroptosis [39]. Inhibition of 
SLC38A5 results in decreased glutamine uptake, reduced 
GSH levels, and the downregulation of GSH-related 
genes, including NRF2 and GPX4. This mechanism aligns 
with the findings in our study, where MIR4435-2HG reg-
ulates ferroptosis through modulate antioxidant defenses 
and lipid metabolism. Additionally, studies investigating 
ferroptosis-related long non-coding RNAs (lncRNAs) 
in colon cancer and papillary renal cell carcinoma have 
suggested that MIR4435-2HG may act as a biomarker 
linked to immune infiltration, tumor progression, and 
chemoresistance [40, 41], These findings further support 
the hypothesis that MIR4435-2HG could play a crucial 
role in modulating ferroptosis, enhancing chemoresis-
tance, and contributing to tumor progression. Targeting 
MIR4435-2HG may, therefore, represent a novel thera-
peutic strategy to modulate ferroptosis and potentially 
overcome chemoresistance in pancreatic cancer.

Conclusion
In conclusion, this study emphasizes the oncogenic 
role of MIR4435-2HG in promoting cancer stem cell 
properties, tumor progression, and chemoresistance in 

pancreatic cancer via the miR-1252-5p/STAT1 axis. Fur-
thermore, the MIR4435-2HG-mediated inhibition of fer-
roptosis presents a potential therapeutic target to address 
chemoresistance in pancreatic cancer.
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