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Abstract
Background Intrahepatic cholangiocarcinoma (ICC) is the second most common primary hepatocellular cancer. This 
study investigated whether ETV4, ALYREF, and PKM2 affect glycolytic metabolism and ferroptosis, thereby potentially 
influencing ICC.

Methods Bioinformatic analysis was used to explore the expression levels and prognosis of ETV4, ALYREF, and PKM2 
in ICC and their regulatory relationships were confirmed using in vitro experiments. Glycolytic metabolism and 
ferroptosis were examined, and chromatin immunoprecipitation and RNA immunoprecipitation experiments were 
performed to verify whether the ETV4, PKM2, and ALYREF could bind. The effect of ETV4/ALYREF on ICC was further 
confirmed by in vivo experiments.

Results ETV4, ALYREF, and PKM2 were highly expressed in ICC. Overexpressed (oe)-ETV4 and oe-PKM2 promoted 
cell migration and increased glucose (GLU) utilization and lactate and intracellular adenosine triphosphate (ATP) 
production. Addition of the ferroptosis inducer Erastin to the above groups revealed that sh-ETV4 and sh-ALYREF 
increased lipid reactive oxygen species (ROS), malondialdehyde (MDA), and Fe2+ levels, and oe-PKM2 reversed 
these effects in the sh-ETV4 and sh-ALYREF groups. Oe-ETV4 promoted the expression of PKM2, whereas sh-ALYREF 
inhibited the same. ETV4 could bind to ALYREF and PKM2 promoter, and ALYREF could promote the stability of PKM2 in 
an m5C-dependent manner. In vivo, ETV4 promotes tumor growth and the expression of proteins related to glycolytic 
metabolism by regulating ALYREF.

Conclusion ETV4 promotes ICC development and ferroptosis resistance by facilitating glycolytic metabolism, and 
regulating PKM2 transcription by directly binding to the PKM2 promoter. Additionally, it mediates m5C-dependent 
PKM2 stabilization by directly binding to ALYREF. This study identified a new potential therapeutic target for ICC.
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Introduction
Cholangiocarcinoma (CCA) is a primary malignant 
tumor that is classified into two types, i.e., intrahepatic 
and extrahepatic [1]. Intrahepatic cholangiocarcinoma 
(ICC) is the second most common primary hepatic car-
cinoma with an increasing incidence rate [2]. It originates 
from the epithelial cells of the intrahepatic bile ducts and 
typically presents no symptoms in its early stages. ICC 
is frequently diagnosed in advanced stages, contributing 
to a low survival rate [3–5]. The treatment modalities for 
ICC include targeted therapy, immunotherapy, and sur-
gical intervention [6]. Among these, surgery remains the 
primary treatment method for ICC; this is especially con-
cerning because ICC is associated with a poor prognosis 
and a high recurrence rate [6, 7]. Only a small proportion 
of the patients are eligible for the operation [5]. There-
fore, identifying novel therapeutic targets that can pro-
long the survival of patients with ICC is crucial.

One of the most common biochemical characteristics 
of cancer cells is aberrant metabolism of glucose (GLU), 
with glycolysis being the first step in GLU degradation 
[1, 8]. Cancer cells have a vigorous glycolytic pathway 
that produces lactate (LD) and adenosine triphosphate 
(ATP) [8, 9]. LD also promotes cancer development [8, 
9]. Pyruvate kinase M2 (PKM2), a key enzyme in glycoly-
sis, is highly expressed in ICC, resulting in unfavorable 
outcomes [10]. In bladder cancer, HIF-1α can indirectly 
upregulate PKM2 by activating Aly/REF nuclear export 
factor (ALYREF), thereby promoting GLU metabolism 
[11]. ALYREF is a nuclear RNA-binding protein that rec-
ognizes and binds 5-methylcytosine (m5C) [12]. High 
ALYREF levels promote the development of bladder can-
cer and hepatocellular carcinoma [11, 13]. However, the 
regulatory relationship between ALYREF and PKM2 in 
the ICC remains unclear.

Ferroptosis, an area of focus in cancer therapy, is an 
iron-dependent form of cell death that is distinct in terms 
of morphology and genetics from other types of regula-
tory cell death [14]. It occurs through both exogenous 
and transporter protein-dependent pathways as well as 
through endogenous or enzyme regulation pathways 
[15]. Ferroptosis is characterized by the production of 
reactive oxygen species (ROS) and accumulation of lipid 
peroxides and iron [16–18]. It is crucial for maintaining 
balance within the body, and its dysregulation has been 
shown to play a critical role in cancer [19]. Previous stud-
ies have demonstrated that PKM2 suppresses ferroptosis 
in pancreatic cancer [20]. Therefore, we hypothesized 
that ALYREF and PKM2 are involved in glycolytic metab-
olism and ferroptosis in ICC.

E26 transformation-specific variant 4 (ETV4), a 
member of the polyomavirus enhancer activator 3 
(PEA3) subfamily, is activated in various types of can-
cers [21, 22]. Enhanced ETV4 expression promotes 

cholangiocarcinoma cell proliferation and invasiveness 
[23]. α-Ketoglutarate has the potential to enhance ETV4 
expression and prevent iron-induced cell death [24]. 
Moreover, our prediction using the JASPAR database 
suggests that ETV4 might bind to the ALYREF/PKM2 
promoter. Therefore, we postulated that the ETV4/
ALYREF/PKM2 axis may have an impact on ICC pro-
gression and could potentially exert influence through 
glycolytic metabolism and ferroptosis.

Materials and methods
Cell lines
Human intrahepatic cholangiocarcinoma cells (HCCC-
9810; AW-CCH049; Abiowell, China) and human intra-
hepatic cholangiocarcinoma cells (RBE cells; iCell-h265; 
iCell, China) were cultured in RPMI-1640 medium 
(iCell-0002; iCell) supplemented with 10% fetal bovine 
serum (FBS; 10099141; Gibco, USA) and dual antibodies 
(AWH0529a; Abiowell). The cells were then incubated at 
37 ℃ in an atmosphere of 5% CO2.

Cell transfection
The synthetic shRNA plasmids targeting ETV4, ALYREF, 
and NSUN2, overexpression plasmids for ETV4, 
ALYREF, and PKM2, and their respective negative con-
trols (NC) were obtained from HonorGene, Shanghai, 
China. Following the manufacturer’s instructions, plas-
mids were transfected separately into HCCC-9810 and 
RBE cells using Lipofectamine 2000 (11668500; Invitro-
gen, USA).

Western blotting (WB)
The expression of ETV4, PKM2, ALYREF, PDK1, LDHA, 
GLUT1, and NSUN2 in HCCC-9810 and RBE cells, 
as well as in subcutaneous xenografts, was detected 
using WB. Total protein from cells and xenografts was 
extracted using RIPA lysis buffer (CW2333S; CWBIO, 
China), and the protein concentration was determined 
using a BCA assay kit (P0010S; Beyotime, China). Sub-
sequently, the proteins were separated by SDS-PAGE, 
transferred onto nitrocellulose (NC) membranes 
(IB23001; Invitrogen), and then incubated with primary 
and secondary antibodies at room temperature. After 
washing with TBST, the membranes were incubated 
with an ECL Plus ultrasensitive chemiluminescence sub-
strate (K-12045-D50; Advantsa, Japan) for 1  min, fol-
lowed by imaging using a chemiluminescence imaging 
system (ChemiScope6100; Clinx Science, China). Origi-
nal images for WB bands are shown in Figure S3. β-Actin 
was used as the internal control, and the information on 
the primary and secondary antibodies used is provided in 
Table 1.
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Cell counting kit-8 (CCK-8) assay
To evaluate cell viability, the cells were seeded in 24-well 
plates and allowed to adhere, followed by transfection 
according to the experimental group for a specified dura-
tion. A CCK-8 working solution was prepared by adding 
CCK-8 reagent (CK04;DOJINDO) to a complete culture 
medium (the final complete medium contained 10% 
CCK-8 reagent). Next, the culture medium in the wells 
was aspirated and replaced with 300 µL CCK-8 work-
ing solution per well, followed by incubation at 37 ℃ in 
an atmosphere of 5% CO2 for 4 h. Finally, the plate was 
placed in a multifunctional microplate reader (MB-530; 
HEALES, China) to measure optical density (OD) at 
450 nm.

Transwell
Approximately, 500 µL complete culture medium was 
added to the lower compartment of a Transwell chamber, 
while the upper compartment received 100 µL HCCC-
9810 and RBE cells suspended in serum-free medium. 
The cells were incubated at 37 ℃ for 48  h and washed 
by adding phosphate-buffered saline (PBS) to the upper 
compartment. Cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet. Finally, the 
cells in the upper compartment were rinsed with water 
and observed under an inverted microscope (DSZ2000X; 
Zhongxian Hengye, China).

Biochemical analysis of GLU, LD, and ATP content
To assess glycolytic metabolism in cells and tumor tissues 
in mice, the GLU, LD, and ATP assay kits were used to 
measure the levels of GLU, LD, ATP, malondialdehyde 
(MDA) and Fe2+ (A154-1-1; A019-2-1; A095-1-1; A003-
1; JL-T1255; Njjcbio, China) in cells, and LD in tumor 
tissues.

The cell supernatant (2.5 µL/well) was added into a 
96-well plate containing working solution and standards, 
mixed well, and incubated at 37 ℃ for 10  min. Then 
absorbance value was measured at 505  nm by a multi-
functional microplate reader and GLU uptake efficiency 
was calculated.

The collected cells and tumor tissue samples were bro-
ken into homogenate and then centrifuged. The super-
natant (0.02 mL/ well) was added to a 96-well plate 
containing enzyme working solution and color developer, 
mixed well, and incubated at 37 ℃ for 10 min. Then the 
termination solution (2 mL/ well) was added to a 96-well 
plate and mixed well. The absorbance value was mea-
sured at 530 nm and the LD content was calculated.

After centrifugation of the collected cells, the cell pre-
cipitate was homogenized and broken in an ice bath. The 
cell suspension was heated in a boiling water bath, then 
vortexed and mixed. The mixed sample (30 µL/well) was 
added into a 96-well plate containing substrate solution 
and promoter, then incubated in a water bath at 37 ℃ 
for 30  min. Precipitant (50 µL/well) was added into the 
plate, mixed well, and centrifuged. The supernatant (300 
µL/well) was taken, and the color development solution 
was added and mixed well, incubated at room tempera-
ture for 2 min, then the terminator was added. The absor-
bance value was measured at 636 nm and 0.5 cm aperture 
and the ATP content was calculated.

The cell homogenate, anhydrous ethanol, and MDA 
reagent were added to the centrifuge tube, vortexed and 
mixed well, and incubated in a water bath at 95 ℃ for 
40  min. The tube was then cooled with running water 
and centrifuged. The supernatant was taken to measure 
absorbance at 532  nm and 1  cm aperture and calculate 
the MDA content.

The cell homogenate was centrifuged after ultrasonic 
crushing. The supernatant (120 µL) was added into the 
centrifugal tube containing the assay reagent, mixed well, 
and placed at room temperature for 15 min. 200 µL of the 
supernatant was taken to measure absorbance at 562 nm, 
and the Fe2+ content was calculated.

Chromatin Immunoprecipitation (ChIP)
To validate whether ETV4 interacts with PKM2 and 
ALYREF separately, cell pellets were collected. Following 
the instructions provided by the ChIP assay kit (ab500; 
Abcam), sequential steps were performed, including 
cross-linking, sonication, detection of DNA fragment 

Table 1 The information on antibody
Name Dilution rate Cat number Source Company Country
ETV4 1:1000 AWA45623 Rabbit Abiowel China
PKM2 1:2000 AWA43705 Rabbit Abiowell China
ALYREF 1:1000 AWA51025 Rabbit Abiowell China
PDK1 1:1000 ab202468 Rabbit Abcam USA
LDHA 1:1000 19987-1-AP Rabbit Proteintech USA
GLUT1 1:1000 ab115730 Rabbit Abcam USA
NSUN2 1:1000 ab259941 Rabbit Abcam USA
β-actin 1:5000 60008-1-Ig Mouse Proteintech USA
HRP goat anti- mouse IgG (H + L) 1:5000 SA00001-1 / Proteintech USA
HRP goat anti- Rabbit IgG (H + L) 1:5000 SA00001-2 / Proteintech USA
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lengths, immunoprecipitation, de-crosslinking, and 
DNA purification. Finally, the purified DNA was used for 
RT-qPCR.

Flow cytometry (FCM)
To detect intracellular levels of ROS, two cell types 
were first collected and incubated with C11-BODIPY 
(MX5211-1MG; MKBio, China) at 37 ℃. After incuba-
tion, the cells were washed twice with PBS and the super-
natant was discarded after centrifugation. Finally, the cell 
pellets were resuspended in 300 µL PBS and analyzed 
using a flow cytometer (A00-1102; Beckman, USA).

Real-time quantitative polymerase chain reaction 
(RT-qPCR)
To evaluate the expression levels of PKM2, ALYREF, 
and NSUN2 in the cells, total RNA was extracted using 
TRIzol reagent (15596026; Thermo, USA). The extracted 
RNA was reverse-transcribed into cDNA using an 
mRNA reverse transcription kit (CW2569; Cowin Bio), 
followed by mixing with Ultra SYBR Mixture (CW2601; 
Cowin Bio). β-Actin was used as the internal reference 
gene, and relative gene expression was calculated using 
the 2−ΔΔCt method. Primer sequences used in the experi-
ments are listed in Table 2.

Enzyme-linked immunosorbent assay (ELISA)
The levels of malondialdehyde (MDA) and Fe2+ in the 
cells were measured using MDA and Fe2+ assay kits 
(A003-1; JL-T1255; Njjcbio) respectively. The OD values 
of the samples were measured at 532  nm and 562  nm 
using a multifunctional microplate reader.

RNA Immunoprecipitation (RIP)
The cell pellets were mixed with RIPA Lysis Buffer (RIP-
12RXN, Sigma, USA) and incubated them. Subsequently, 
the instructions of the RIP kit (RIP-12RXN; Sigma) and 
m5C MeRIP Kit (GS-ET-003; cloud-seq, China) were fol-
lowed for magnetic bead preparation and immunopre-
cipitation experiments. Total RNA was purified using 
TRIzol (15596026; Sigma), and cDNA was synthesized 
using a reverse transcription kit (CW2569; Cowin Bio). 
Finally, the cDNA was used for RT-qPCR experiments.

RNA stability assay
Approximately, 2  µg/mL Actinomycin D (SBR00013, 
Sigma-Aldrich, USA) was added to the transfected cells 
to inhibit mRNA synthesis. Cells were then collected at 
designated time points according to the grouping, and 
total RNA was extracted. Finally, the transcript-level 
expression of PKM2 was determined by RT-qPCR, and 
the half-life was calculated.

Bioinformatic analysis
The expression of ETV4, PKM2, and ALYREF were ana-
lyzed in both normal tissues and cholangiocarcinoma 
using the TCGA database ( h t t p  s : /  / c a n  c e  r g e n o m e . n i h . g o v 
/), from which the relevant data were downloaded. Sub-
sequently, survival and correlation analyses for ETV4, 
PKM2, and ALYREF were performed. Concurrently, by 
utilizing PROMO and JASPAR, ETV4’s association with 
PKM2 and ALYREF was predicted.

5-Ethynyl-2’-deoxyuridine (EdU)
To detect the proliferation of ICC cells, according to the 
instructions of the EdU detection kit (C10310, RiboBio, 
China), an EdU medium (50 µM) was first prepared by 
mixing EdU solution with cell culture medium. Subse-
quently, the cells were incubated with 100 µL/well of the 
EdU medium. On the second day, the culture medium 
was removed, and cells were washed with PBS before 
adding 4% paraformaldehyde (50 µL/well). Subsequently, 
glycine (2 mg/mL) was added to the cells and incubated 
on a shaker for 5  min, after which the solution was 
removed. Then, the cells were washed with PBS, and the 
permeabilization solution was added. After washing with 
PBS, the cells were stained with Apollo and DNA.

Terminal Deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL)
To detect apoptosis, the ICC cells immobilized on slides 
were sequentially fixed with 4% paraformaldehyde, per-
meabilized with Triton X-100 (P0096-100 mL; Beyotime), 
rinsed with PBS, and incubated with 1× Equilibration 
Buffer (40306ES50; YeasenBio, China). Subsequently, the 
cells were incubated with the TdT reaction buffer at 37 ℃ 
in the dark. This was followed by rinsing with PBS, stain-
ing the nuclei with DAPI working solution, rinsing again 
with PBS, mounting the slides using Fluoromount-G® 
(0100-01; SouthernBiotech, China), and observing under 
a microscope.

In vivo studies
A total of 24 four-week-old male nude mice (purchased 
from SJA Laboratory Animal Co., Ltd., Hunan, China) 
weighing approximately 20  g were acclimatized for one 
week. Subsequently, 3 × 106/0.1 mL HCCC-9810 cells 
were injected subcutaneously into the left axillary region 

Table 2 Primer sequences
Gene Sequence Length
PKM2 F CGTCATTCATCCGCAAGGCAT

R CACGAGCCACCATGATCCCA
159 bp

ALYREF F GGCAGCACGATCTTTTCGAC 186 bp
R CTGTTCCTAAGCTGCGACCA

NSUN2 F GCTACCCCGAGATCGTCAAG
R TCAGGATACCTTTTGTAACCAGT

154 bp

β-actin F ACCCTGAAGTACCCCATCGAG 224 bp
R AGCACAGCCTGGATAGCAAC

https://cancergenome.nih.gov/
https://cancergenome.nih.gov/
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of the forelimb of each mouse [25]. Then, the mice bear-
ing tumors were randomly divided into four groups 
(n = 6): oe-NC-1 + sh-NC group (HCCC-9810 cells trans-
fected with empty vector), oe-ETV4 + sh-NC group 
(HCCC-9810 cells transfected with oe-ETV4 + sh-NC), 
oe-NC + sh-ALYREF group (HCCC-9810 cells trans-
fected with oe-NC + sh-ALYREF), and oe-ETV4 + sh-
ALYREF group (HCCC-9810 cells transfected with 
oe-ETV4 + sh-ALYREF). After injection, tumor size was 
measured every 7 d. Tumor volume was calculated using 
the following formula: (length axis × width axis2)/2. On 
the 28th d, mice were euthanized by cervical dislocation 
following the administration of sodium pentobarbital. 
The subcutaneous xenografts were photographed and 
collected.

Statistical analysis
Data were analyzed using GraphPad Prism9.0. Data 
are presented as mean ± standard deviation (SD). After 
checking for homogeneity of variance and normality, the 
data were compared. Comparisons between two groups 
were performed using unpaired t-tests, whereas com-
parisons among multiple groups were performed using 
a one-way ANOVA and Tukey’s post-hoc test. Two-way 
ANOVA was used to evaluate the differences between 
different time points and among multiple groups. P < 0.05 
indicates significance.

Results
ETV4 and PKM2 enhance ICC cell proliferation and 
glycolytic metabolism
To explore the impact of ETV4 and PKM2 on ICC, we 
initially analyzed their expression in ICC samples. The 
results showed that both ETV4 and PKM2 were highly 
expressed in ICC, and high expression of ETV4 and 
PKM2 resulted in shorter survival (compared to what is 
observed when their expression is low) (Fig.  1A-B). For 
overexpression experiments, HCCC-9810 and RBE were 
transfected with overexpression plasmids for ETV4 and 
PKM2. NC-1 and NC-2 were control plasmids for the 
overexpression of ETV4 and PKM2, respectively, and 
the overexpression efficiency of ETV4 and PKM2 was 
232% and 258%, and 852% and 403% in RBE cells. The 
expression of PKM2 increased with elevated expression 
of ETV4, and no significant change in the expression of 
ETV4 was observed when the expression of PKM2 was 
elevated (Fig.  1C). Furthermore, ETV4 and PKM2 were 
observed to enhance cell proliferation and migration 
(Fig. 1D-F), improve GLU utilization, LD production, and 
intracellular ATP generation (Fig. 1G-I), and promote the 
expression of glycolysis-related proteins (PDK1, LDHA, 
and GLUT1) (Fig. 1J). The results of PROMO and JAS-
PAR predictions indicated that ETV4 may interact with 
two sites on PKM2, and ChIP experiments confirmed 

that ETV4 binds to the PKM2 promoter (Fig.  1K-L). 
Additionally, studies have reported the presence of PKM2 
in tetrameric and dimeric forms [9]. Our results showed 
that the content of dimeric form of PKM2 increased after 
transfection of oe-ETV4 plasmid, while the content of 
dimeric form of PKM2 decreased after transfection of 
sh-ETV4 plasmid. There was no significant change in the 
content of the tetrameric form in the above four groups 
(Figure. S1A). These results suggest that ETV4 stimulates 
PKM2 expression and that both ETV4 and PKM2 pro-
mote ICC cell proliferation and glycolytic metabolism.

ETV4 promotes the resistance of ICC cells to ferroptosis 
through PKM2-mediated glycolytic metabolism
To investigate whether ETV4 affects the proliferation 
and glycolytic metabolism of ICC cells by regulating 
PKM2, we first transfected cells with ETV4-interfering 
and PKM2-overexpressing plasmids. The knockdown 
efficiency of ETV4 in the protein bands was 73% and 
88% in HCC-9810 and RBE cells, separately. A signifi-
cant decrease in the expression of ETV4 and PKM2 was 
observed after sh-ETV4 treatment. Conversely, after oe-
PKM2 treatment, PKM2 expression was elevated, while 
the ETV4 expression remained unaffected (Fig.  2A). In 
sh-ETV4 cells, the proliferation, migration, GLU utiliza-
tion, LD production, and intracellular ATP generation 
were decreased; these results were contradictory to those 
observed in case of oe-PKM2. Cell proliferation, migra-
tion, and glycolysis in the oe-PKM2 + sh-ETV4 group 
were significantly higher than those in the oe-NC-1 + sh-
ETV4 group, indicating that oe-PKM2 reversed the 
inhibition effect of sh-ETV4 (Fig.  2B-G). Additionally, 
oe-PKM2 reversed the inhibition effect of sh-ETV4 on 
the expression of glycolysis-related proteins (Fig.  2H). 
TUNEL assay showed that ETV4 knockdown led to an 
increase in apoptosis rate. In addition, oe-PKM2 reversed 
the effect of sh-ETV4 (Figure S2A). These results indi-
cated that ETV4 regulates the glycolytic metabolism in 
ICC cells by modulating the expression of PKM2. Stud-
ies have demonstrated that LD present in the extracel-
lular environment, resulting from cellular glycolytic 
metabolism, can contribute to the resistance against 
ferroptosis in cancer cells [26]. In previous experi-
ments, we demonstrated that ETV4 positively regulates 
the expression of PKM2. Therefore, we speculated that 
ETV4 mediates the development of resistance against 
ferroptosis in ICC cells via PKM2. To further probe the 
effects of ETV4 and PKM2 on ICC cell ferroptosis, we 
treated HCCC-9810 and RBE cells with the ferroptosis 
inducer Erastin. An optimal concentration of Erastin, 
which caused half-maximal cell death, was then used 
in later experiments (Fig.  2I). The experimental results 
showed that compared with oe-NC-1 + sh-NC + Eras-
tin, the oe-PKM2 + sh-NC + Erastin group promoted the 
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Fig. 1 ETV4 and PKM2 enhance ICC cell proliferation and glycolytic metabolism. (A) High expression levels of ETV4 and PKM2 in ICC were analyzed using 
the TCGA database. (B) The analysis of the survival rate in the presence of ETV4 and PKM2. (C) The expression levels of ETV4 and PKM2 were detected by 
WB. (D) Cell proliferation was measured by CCK-8 assay. (E) ICC cell proliferation was detected by the EdU assay (Magnification: ×50, scale bar = 200 μm). 
(F) Cell migration of ICC cells was assessed by Transwell assay (Magnification: ×100, scale bar = 100 μm). (G-I) Measurement of the GLU, LD, and ATP con-
tent in ICC cells. (J) Expression of PDK1, LDHA, and GLUT1 was assessed by WB. (K) Bioinformatics prediction of binding sites between ETV4 and PKM2. (L) 
ChIP validation of the binding of ETV4 and the promoter of ALYREF. *P < 0.05; **P < 0.01; ***P < 0.001; n = 3
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proliferation and migration of ICC cells (Fig. 2J-K), while 
simultaneously reducing lipid ROS, MDA, and Fe2+ levels 
(Fig. 2L-M), and the oe-NC-1 + sh-ETV4 + Erastin group 
showed the opposite results. sh-ETV4 could attenu-
ate the cellular resistance to ferroptosis, while oe-PKM2 
could reverse this effect. Notably, ETV4 may boost glyco-
lytic metabolism by regulating PKM2 expression, subse-
quently facilitating resistance to ferroptosis in ICC cells.

ALYREF contributes to the resistance of ICC cells to 
ferroptosis through PKM2-mediated glycolytic metabolism
To investigate the potential role of ALYREF in modu-
lating PKM2 expression and its effect on ICC cells, the 
expression of ALYREF in ICC was analyzed. Nota-
bly, ALYREF was highly expressed in ICC, and patients 
with high ALYREF expression had a reduced survival 

period and probability (Fig.  3A-B). Subsequently, the 
ALYREF knockdown plasmid was transfected into two 
types of ICC cells, which led to a significant reduction 
in ALYREF expression, indicating successful knockdown 
of ALYREF. The knockdown efficiency of ALYREF was 
74% and 80% in HCC-9810 and RBE cells, separately. 
With reduced ALYREF expression, the expression lev-
els of PKM2 decreased (Fig.  3C-D), and dimeric PKM2 
decreased with no significant change in the tetrameric 
form (Figure S1B). Subsequent experiments showed 
that with reduced ALYREF expression, the levels of cell 
proliferation, migration, GLU utilization, LD produc-
tion, and intracellular ATP generation decreased, which 
was contrary to the results obtained upon PKM2 over-
expression. oe-PKM2 reversed the promoting effect 
of sh-ALYREF (Fig.  3E-J). Additionally, the expression 

Fig. 1 (continued)
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Fig. 2 ETV4 promotes ICC cell resistance to ferroptosis through PKM2-mediated glycolytic metabolism. (A) The expression levels of ETV4 and PKM2 were 
detected by WB. (B) ICC cell proliferation was assessed by CCK-8 assay. (C) ICC cell proliferation was detected by the EdU assay (Magnification: ×50, scale 
bar = 200 μm). (D) ICC cell migration was examined by Transwell assay (Magnification: ×100, scale bar = 100 μm). (E-G) Measurement of GLU, LD, and ATP 
content in ICC cells. (H) The expression of PDK1, LDHA, and GLUT1 assessed by WB. (I) CCK-8 assay was used to screen Erastin concentration. (J) ICC cell 
proliferation was assessed by CCK-8 assay. (K) Transwell assay was used to evaluate ICC cell migration after erastin induction (Magnification: ×100, scale 
bar = 100 μm). (L) FCM was used to measure ICC cell lipid ROS levels. (M) ELISA was used to detect MDA and Fe2+ levels in ICC cells. *P < 0.05; **P < 0.01; 
***P < 0.001; n = 3
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of glycolysis-related proteins decreased with a reduc-
tion in ALYREF expression (Fig.  3K). ALYREF knock-
down increased the rate of apoptosis, and oe-PKM2 
reversed the effect of sh-ALYREF (Figure S2B). Follow-
ing the induction of ferroptosis with Erastin, the results 
showed that compared with oe-NC-1 + sh-NC + Erastin, 
sh-ALYREF + oe-NC-2 + Erastin decreased cell prolif-
eration and migration, while simultaneously promoting 
lipid ROS, MDA, and Fe2+ levels, which was contrary 
to the results obtained with oe-PKM2. Moreover, oe-
PKM2 reversed the promotional effects of sh-ALYREF 

on ferroptosis resistance (Fig. 3L-P). These findings sug-
gest that ALYREF promotes the expression of PKM2 and 
contributes to the resistance of ICC cells to ferroptosis 
through PKM2-mediated glycolytic metabolism.

ALYREF stabilizes PKM2 mRNA through an m5C-dependent 
mechanism
m5C, a post-transcriptional RNA modification, is regu-
lated by various factors, including the “reader” pro-
tein ALYREF [27]. The study reported that ALYREF 
stabilizes PKM2 mRNA in bladder cancer [11]. We 

Fig. 2 (continued)
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Fig. 3 ALYREF contributes to ICC cell resistance to ferroptosis through PKM2-mediated glycolytic metabolism. (A) High expression level of ALYREF in ICC 
was analyzed using the TCGA database. (B) The analysis of the survival rate in the presence of ALYREF and PKM2. (C-D) The expression levels of ALYREF and 
PKM2 were analyzed by RT-qPCR and WB. (E) ICC cell proliferation was assessed by CCK-8 assay. (F) ICC cell proliferation detected by Edu assay (Magnifica-
tion: ×50, scale bar = 200 μm). (G) ICC cell migration was examined by Transwell assay (Magnification: ×100, scale bar = 100 μm). (H-J) Measurement of 
GLU, LD, and ATP content in ICC cells. (K) The expression levels of PDK1, LDHA, and GLUT1 assessed by WB. (L) ICC cell proliferation was assessed by CCK-8 
assay. (M) Transwell assay was used to evaluate ICC cell migration after Erastin induction (Magnification: ×100, scale bar = 100 μm). (N) FCM was used to 
measure ICC cell lipid ROS levels. (O) ELISA was used to detect MDA and Fe2+ levels in ICC cells. *<0.05 vs. sh-NC-1; *P < 0.05; **P < 0.01; ***P < 0.001; n = 3
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hypothesized that ALYREF could bind to PKM2 mRNA, and first verified the binding between ALYREF and 

Fig. 3 (continued)
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PKM2 (Fig.  4A). Concurrently, the expression levels of 
PKM2 decreased with a reduction in ALYREF (Fig.  4B-
C). After treating the cells with actinomycin D, the sta-
bility of PKM2 mRNA was evaluated. The degradation 
of PKM2 mRNA accelerated following the down-reg-
ulation of ALYREF (Fig.  4D). The formation of m5C in 
mRNA is primarily catalyzed by the RNA methyltrans-
ferase NSUN2 [27, 28]. ETV4 stabilizes PKM2 expression 
upon binding to the NSUN2 promoter [29]. Therefore, 
we selected NSUN2 as the m5C-dependent mechanism. 
We transfected the cells with NSUN2 interference plas-
mids, which led to a reduced expression of NSUN2. The 
knockdown efficiency of NSUN2 was 72% and 78% in 
HCC-9810 and RBE cells, separately (Fig.  4E-F). Using 
m5C-RIP to detect the enrichment of PKM2, the m5C 
writer NSUN2 knockdown resulted in a decrease in the 
enrichment of PKM2 (Fig.  4G). Based on these data, 
we deduce that ALYREF stabilizes PKM2 mRNA via an 
m5C-dependent pathway.

ETV4 targets and regulates ALYREF to promote ICC cell 
proliferation
To investigate whether ETV4 targets and regulates 
ALYREF, we first discovered a positive correlation 
between ETV4 and ALYREF (Fig. 5A). When the expres-
sion of ALYREF was reduced, the promoting effects of 
ETV4 on PKM2 expression levels as well as on cell pro-
liferation and migration in ICC were attenuated (Fig. 5B-
E). Furthermore, the results of PROMO and JASPAR 
predictions indicated two binding sites may be between 
ETV4 and ALYREF. We further validated that ETV4 
can bind to the ALYREF promoter using a ChIP assay 
(Fig. 5F-G). Based on these data, ETV4 could be said to 
target and regulate ALYREF, thereby promoting ICC cell 
proliferation.

The ETV4/ALYREF axis promotes tumor proliferation and 
glycolytic metabolism in mice
To investigate the effects of ETV4 and ALYREF on ICC, 
we conducted in vivo experiments using mice. After 
transfection with oe-ETV4, the volume and weight of the 
tumors in mice increased. However, when transfected 

Fig. 4 ALYREF stabilizes PKM2 mRNA through an m5C-dependent mechanism. (A) RIP assay revealed the binding between ALYREF and PKM2 in ICC cells. 
(B) The expression of ALYREF and PKM2 in ICC cells detected by RT-qPCR. (C) The expression of ALYREF and PKM2 in ICC cells detected by WB. (D) Follow-
ing treatment with Actinomycin D, the degradation condition of PKM2 mRNA was detected. (E) The expression of NSUN2 in ICC cells analyzed by RT-qPCR. 
(F) The expression of NSUN2 in ICC cells examined by WB. (G) The enrichment level of PKM2 detected using m5C-RIP. *P < 0.05; **P < 0.01; ***P < 0.001; n = 3
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Fig. 5 (See legend on next page.)
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with si-ALYREF, tumor volume and weight decreased. 
Moreover, si-ALYREF reversed the effect of oe-ETV4, 
resulting in decreased tumor volume and weight (Fig. 6A-
C). Following transfection with oe-ETV4, the levels of 
LD in the tumor cells of the mice increased. Conversely, 
transfection with si-ALYREF led to a decrease in LD lev-
els in tumor cells, and si-ALYREF reversed the effect of 
oe-ETV4, causing a decrease in LD levels (Fig. 6D). Fur-
thermore, after transfection with oe-ETV4, the expres-
sion of proteins downstream of PKM2 increased, whereas 
transfection with si-ALYREF decreased the expression 
of these proteins. This effect of si-ALYREF was reversed 
by oe-ETV4 treatment (Fig. 6E). Based on these data, we 
concluded that ETV4/ALYREF could regulate the expres-
sion of PKM2 and promote ICC proliferation and glyco-
lytic metabolism.

Discussion
ICC is a malignant tumor with a high fatality rate, mak-
ing it a focal point of clinical research [30]. However, 
studies on the pathogenesis of ICC are scarce. Therefore, 
to improve the survival rate of patients with ICC, we 
aimed to identify new molecular targets for treatment. 
ETV4 is a gene associated with ferroptosis [31]. ETV4 has 
been studied in cancer research, and its overexpression 
has been observed in various cancers such as esophageal 
and gastric cancers; however, reports of its involvement 
in ICC are rare [32–34]. In the present study, we explored 
the effects of ETV4 on ICC to elucidate its potential 
mechanisms of action.

PKM2 is one of the important targets in cancer, which 
can regulate glycolytic metabolism [35]. Yu et al. found 
that PKM2 is highly expressed in ICC, and knockdown 
of PKM2 can inhibit the value-added of ICC cells [36]. 
Ubiquitin-specific protease 28 (USP28) can promote 
glycolysis through mediating PKM2, which in turn pro-
motes the progression of Cholangiocarcinoma [37]. 
DDX39B can promote glycolysis in colon cancer cells and 
enhance the stabilization of PKM2 [38]. Ding et al. found 
that ETV4/NSUN2 regulated the expression of PKM2 
[39]. ETV4 promotes the growth of cholangiocarcinoma 
[23, 40] and also promotes glycolysis in breast cancer 
cells [41]. Our results showed that ETV4 and PKM2 were 
highly expressed in ICC, overall survival (OS) in ICC 
patients decreased with elevated expression of ETV4 and 
PKM2, and ETV4 and PKM2 promoted the prolifera-
tion, migration, and glycolytic metabolism of ICC cells. 
PKM2 plays a role in promoting aerobic glycolysis and 

can switch between a highly active tetrameric form and 
a less active dimeric form in healthy tissues but gener-
ally exists in a dimeric form in tumor cells [42]. Dimeric 
PKM2 translocates to the nucleus and acts as a co-acti-
vator of transcription factors [43]. Additionally, Orido-
nin can reduce the expression of PKM2 dimer in cancer 
to reverse the Warburg effect, ultimately inhibiting the 
development of colorectal cancer [44]. Therefore the level 
of dimerization expression of PKM2 is important in can-
cer growth. Our results showed that ETV4 could bind to 
the promoter of PKM2, and PKM2 dimer was elevated 
after the elevation of ETV4 expression, while PKM2 tet-
ramer did not change significantly. Knockdown of ETV4 
reversed the promotion of PKM2 on glycolytic metabo-
lism. The above results suggested that ETV4 promotes 
glycolytic metabolism and ICC cell proliferation by pro-
moting PKM2 dimer expression.

Ferroptosis plays an important role in tumor devel-
opment, and elevated levels of ferroptosis can inhibit 
the proliferation of ICC cells [45]. Ferroptosis is usually 
accompanied by iron accumulation and lipid peroxida-
tion, with MDA being a product of lipid peroxidation 
[46]. The reduction of ETV4 encourages ferroptosis by 
inhibiting the production of SLC7A11 [47]. Melatonin 
can inhibit ferroptosis by activating PKM2 [48]. Further-
more, in hepatocellular carcinoma, PD-L1 mitochondrial 
translocation enhances glycolytic metabolism, which 
mediates GPX4-dependent resistance to ferroptosis [49]. 
Elevated lactate levels in the extracellular environment 
of hepatocellular carcinoma cells promote ferroptosis 
resistance in cancer cells due to the onset of glycolysis 
[26]. Our results showed that ETV4 and PKM2 promote 
ferroptosis resistance in ICC cells, and knockdown of 
ETV4 reversed the promotion of ferroptosis resistance by 
PKM2.

Previous studies have shown that ALYREF promotes 
neuroblastoma growth and ETV4 promotes hepatocel-
lular carcinoma growth, which aligns with our findings 
[50, 51]. Aberrant PKM2 expression can promote the 
occurrence of malignant tumors, and the expression of 
PKM2 is regulated by ALYREF [11, 52]. We found that 
ETV4 and ALYREF were able to bind, ALYREF expres-
sion was reduced, PKM2 monomer and PKM2 dimer 
were reduced, tetrameric forms were not significantly 
changed, and knockdown of ALYREF reversed the pro-
motion of PKM2 on glycolytic metabolism and ferropto-
sis resistance. Therefore, we could conclude that ETV4 
and ALYREF may promote glycolytic metabolism by 

(See figure on previous page.)
Fig. 5 ETV4 targets and regulates ALYREF to promote ICC cell proliferation. (A) ETV4 was positively correlated with ALYREF. (B) The expression of ETV4, 
ALYREF, and PKM2 in ICC cells detected by WB. (C) ICC cell proliferation assessed by CCK-8 assay. (D) ICC cell proliferation detected by EdU assay (Magnifi-
cation: ×50, scale bar = 200 μm). (E) ICC cell migration examined by Transwell assay (Magnification: ×100, scale bar = 100 μm). (F) Bioinformatic prediction 
of binding sites between ETV4 and ALYREF, and ALYREF’s motif diagram. (G) ChIP validation of the binding of ETV4 and ALYREF to the promoter. *P < 0.05; 
**P < 0.01; ***P < 0.001; n = 3
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facilitating PKM2, leading to elevated lactate levels in 
the cells, which in turn enhances ferroptosis resistance in 
ICC cells.

m5C is a post-transcriptional RNA modification that 
regulates various biological processes, including mRNA 
stability [27, 28]. m5C is also regulated by various fac-
tors, including the “reader” protein ALYREF [27]. The 
formation of m5C in mRNA is primarily catalyzed by the 
RNA methyltransferase, NSUN2 [27, 28]. Our study con-
firmed that there is an interaction between ALYREF and 
PKM2 and that the half-life of PKM2 mRNA is short-
ened when ALYREF expression is reduced. Addition-
ally, when the expression of NSUN2 is reduced, PKM2 
mRNA enrichment decreases. Therefore, we could con-
clude that ALYREF stabilizes PKM2 mRNA through an 

m5C-dependent mechanism, which is consistent with 
the findings of Jingzi et al. [11]. However, there are some 
limitations to our study, as we only validated our results 
through in vitro cell culture experiments and mouse 
models. Additionally, we have not yet investigated spe-
cific strategies to address glycolytic dysregulation, which 
we plan to study in future experiments.

Conclusion
In our research, we found that ETV4, ALYREF, and PKM2 
were highly expressed, and ETV4 and ALYREF facilitated 
the progression of ICC by enhancing ferroptosis resis-
tance through PKM2-mediated glycolytic metabolism. 
Our results highlighted the potential of ETV4, ALYREF, 
and PKM2 as biomarkers and therapeutic targets for 

Fig. 6 The ETV4/ALYREF axis promotes tumor proliferation and glycolytic metabolism in mice. (A) Images of subcutaneous xenograft in mice. (B) The 
effect of ETV4/ALYREF axis on subcutaneous xenograft volume. (C) The effect of ETV4/ALYREF axis on subcutaneous xenografts weight. (D) The effect 
of ETV4/ALYREF axis on the concentration of LD in subcutaneous xenografts. (E) WB analysis of the expression of PKM2 and its downstream targets in 
subcutaneous xenografts. *P < 0.05; **P < 0.01; ***P < 0.001; n = 6
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ICC, unveiling for the first time the regulatory interplay 
among these genes. Furthermore, these findings offer a 
novel approach and theoretical foundation for ICC treat-
ment by specifically targeting ferroptosis resistance and 
glycolytic metabolic pathways.
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