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Abstract. Colorectal cancer (CRC) is a highly prevalent malignant tumor of the 

digestive tract worldwide. Although there is indirect evidence suggesting that 

Eukaryotic translation initiation factor 4A1 (EIF4A1) may be involved in the 

progression of CRC, its specific regulatory role in the proliferation and migration of 

CRC cells and the related molecular mechanisms remain unclear at present. This 

study found that knockdown of EIF4A1 significantly inhibited the proliferation and 

migration of CRC cells; knockdown of EIF4A1 significantly reduced the intracellular 

total cholesterol content and the protein expression level of CYP51A1 in CRC cells, 

and the recombinant protein of CYP51A1 could reverse the reduction effect of 

knockdown of EIF4A1 on the intracellular total cholesterol content and the inhibition 

effect on the proliferation and migration of CRC cells; knockdown of RAD51 

significantly reduced the expression level of EIF4A1 in CRC cells and there was a 

RAD51 binding site in the EIF4A1 promoter region, that is, EIF4A1 could be 

transcribed and activated by RAD51. In summary, this study found that EIF4A1 could 

promote the proliferation and migration of CRC cells through the 

CYP51A1/cholesterol metabolic homeostasis pathway under the transcriptional 

activation effect of RAD51. 
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Introduction 

Colorectal cancer (CRC) is one of the most common malignant tumors of the 

digestive system in clinical practice. It originates from colorectal mucosal epith

elial cells and develops from the malignant transformation of adenomatous poly

ps[1,2]. It ranks as the third most commonly diagnosed cancer and the second l

eading cause of cancer-related death worldwide, with approximately 1.8 million

 new cases and 900,000 deaths annually[3]. Although significant progress has b

een made in therapeutic approaches including surgery, radiotherapy, chemothera

py, immunotherapy, and targeted therapy, the clinical efficacy of CRC treatment

 remains relatively limited due to the complexity of its pathogenic mechanisms
[4-7]. Therefore, elucidating the molecular mechanisms underlying CRC and iden

tifying its potential therapeutic targets are of great theoretical and practical sign

ificance. 

Dysregulation of translation initiation is a key driver for the occurrence and pr

ogression of multiple malignancies including CRC[8]. As a crucial component o

f the translation initiation complex EIF4F, eukaryotic translation initiation factor

 4A1 (EIF4A1) plays an essential role in tumor progression by controlling the 

selective translation of various oncogenes[9]. EIF4A1 is commonly overexpresse

d in a variety of malignant tumors and is positively correlated with poor patie

nt prognosis[10]. High expression of EIF4A1 is associated with tumor growth an

d reduced overall survival in hepatocellular carcinoma, and EIF4A1-targeted inh

ibitors significantly suppress the growth of liver cancer cells[11]. EIF4A1 can be

 recruited by IGF2BP2 to drive G1/S phase transition in tumor cells, thereby p

romoting the proliferation of triple-negative breast cancer cells[12]. EIF4A1 also 

accelerates cell proliferation and tumor growth in prostate cancer by enhancing

 the translation of BRD2[13]. In addition, the long non-coding RNA MAPKAPK

5-AS1 has been reported to promote CRC cell migration and invasion by recru

iting EIF4A1 to enhance MK5 translation[14]. Bioinformatic analyses have show

n that EIF4A1 is upregulated in CRC and is significantly associated with poor



 prognosis of CRC patients[15,16]. 

Cholesterol is an essential component of cell membranes. The rapid proliferatio

n of tumor cells typically leads to an increased demand for cholesterol synthesi

s[17,18]. High levels of cholesterol in turn promote CRC progression. For exampl

e, NUDT21 promotes cholesterol biosynthesis and thereby enhances CRC cell p

roliferation[19]; Clostridium symbiosum strengthens the stemness of CRC cells b

y elevating intracellular cholesterol synthesis[20]; lanosterol, an intermediate of c

holesterol biosynthesis accumulated in CRC cells, suppresses CD8⁺ T-cell activa

tion to mediate immune evasion[21]. However, whether EIF4A1 regulates CRC c

ell proliferation and migration by modulating cholesterol metabolism remains un

clear. Cytochrome P450 family 51 subfamily A member 1 (CYP51A1) is one 

of the key enzymes in the de novo cholesterol synthesis pathway[22]. CYP51A1

 is significantly overexpressed in CRC, and its inhibition reduces the accumulat

ion of cholesterol precursors and suppresses CRC progression[23]. Simvastatin an

d lovastatin have been shown to exert anti-CRC effects by targeting CYP51A1
[24]. Given the preliminary evidence supporting the regulatory role of CYP51A1

 in CRC progression, together with dataset (GSE58111) analysis showing that 

CYP51A1 is among the most significantly downregulated differentially expresse

d genes under EIF4A1 knockdown, we therefore asked: can EIF4A1 regulate C

RC cell proliferation and migration through the CYP51A1/cholesterol metabolic

 homeostasis pathway? 

RAD51 recombinase (RAD51), a transcription factor, is one of the key factors 

maintaining genomic stability in eukaryotes. However, abnormally high expressi

on of RAD51 is closely associated with malignant progression and therapeutic 

resistance in various tumor[25,26]. RAD51 is significantly overexpressed in CRC 

tissues and positively correlated with poor patient prognosis[27,28]. Genetic susce

ptibility studies have also revealed a positive association between RAD51 gene

 polymorphisms and the risk of CRC in human populations[29]. Bioinformatic a

nalysis showed a significant positive correlation between RAD51 and EIF4A1 e

xpression, and predicted potential binding sites of RAD51 in the EIF4A1 prom



oter region. It is therefore speculated that EIF4A1 might be transcriptionally ac

tivated by RAD51 and thereby participate in regulating the proliferation and mi

gration of CRC cells. The present study demonstrated that EIF4A1, transcriptio

nally activated by RAD51, promotes cholesterol synthesis by upregulating CYP

51A1 expression, thereby enhancing the proliferation and migration of CRC cel

ls. These findings suggest that EIF4A1 represents a promising therapeutic target

 for CRC. 

 

Materials and Methods 

1. Bioinformatics Analysis 

The differential expression of EIF4A1 across pan-cancer was analyzed using th

e SangerBox database (http://sangerbox.com/tool.html)； The correlation between 

EIF4A1 and RAD51 was evaluated via the CHIP-base database (https://rna.sysu.

edu.cn/chipbase/)； The binding sites of RAD51 in the EIF4A1 promoter region

 were predicted with the GTRD database (https://gtrd20-06.biouml.org/)；The co

mparison groups were set as the EIF4A1 control group and the knockdown gro

up, all genes were ranked based on the log2 FC of differentially expressed gen

es to generate a ranked gene list. The analysis parameters were set as follows:

 number of permutations=1000, permutation type="gene-set", enrichment statistic

="weighted", and the significance threshold was set at FDR<0.001. The directio

n and statistical significance of pathway enrichment were assessed by calculatin

g the NES, P-value, and FDR. Finally, the enrichment score curve were genera

ted using the built-in plotting function of GSEA. 

2. Cell Culture and Treatment 

RKO cells were cultured in DMEM supplemented with 10% FBS, and HCT-11

6 cells were maintained in McCoy’s 5A medium containing 10% FBS. Both ce

ll lines were incubated at 37 °C in a 5% CO₂ humidified incubator. (RKO and

 HCT-116 cells were obtained from the Cell Bank of the Medical Experimenta

l Research Center, Yan’an University) CRC cells at the logarithmic growth pha



se were seeded into cell culture plates and cultured for 24 h before transfection

 with siRNAs. EIF4A1-siRNA, RAD51-siRNA, and negative control siRNA (si-

NC) were purchased from GenePharma Co., Ltd.The si-RNA sequences were as

 follows:si-EIF4A1: forward(5’-3’): GAGUAACUGGAAUGAGAUUTT, reverse

(5’-3’): AAUCUCAUUCCAGUUACUCTT; si-RAD51: forward(5’-3’): CCCUUU

ACAGAACAGACUATT，reverse(5’-3’): UAGUCUGUUCUGUAAAGGGCG; si-

NC: forward(5’-3’): UUCUCCGAACGUGUCACGUTT, reverse(5’-3’)： ACGUG

ACACGUUCGGAGAATT. 

3. CCK-8 Assay and Colony Formation Assay 

CCK-8 Assay: CRC cells were seeded into 96-well plates at a density of 3×10

³ cells per well. After 24 h of incubation at 37 °C in a 5% CO₂ atmosphere, c

ells were transfected with corresponding siRNAs. At 0 h, 24 h, 48 h, and 72 h, 

10 μL of CCK-8 solution was added to each well, followed by incubation at 3

7 °C for 2 h. The absorbance at 450 nm was measured using a microplate reade

r.Colony Formation Assay: Transfected CRC cells were seeded into 12-well pla

tes at 1×10³ cells per well and cultured for 7-10 days at 37 °C in a 5% CO₂ i

ncubator. Cells were washed with PBS, fixed with 4% paraformaldehyde for 30

 min, stained with 0.1% crystal violet for 30 min, then rinsed, air-dried, and ph

otographed. 

4. Transwell Assay 

Transfected CRC cells (15×10⁴) were seeded into the upper chamber containing

 medium supplemented with 1% FBS, while the lower chamber was filled with

 800 μL medium containing 10% FBS. Cells were incubated for 48 h at 37 °C 

in a 5% CO₂ atmosphere. Subsequently, cells were fixed with 4% paraformalde

hyde for 30 min, stained with 0.1% crystal violet for 30 min, and photographe

d. 

5. ChIP 

Cells were processed according to the manufacturer’s instructions (ChIP Assay 

Kit, purchased from Boxin Biotechnology Co., Ltd., Guangzhou, Cat. No. Bes5

001). A total of 2×10⁷ CRC cells were collected and subjected to cross-linking,



 nuclear isolation, sonication, washing, immunoprecipitation (IP), and elution. A

fter reverse cross-linking of the enriched target protein–DNA complexes, qRT-P

CR was performed to detect the binding sites between the target protein (RAD

51) and DNA (EIF4A1 promoter). The primer sequences for the EIF4A1 prom

oter binding site were as follows: forward(5’-3’): ACGGAGCCACATGACCAA

GG, reverse(5’-3’): CGCAGGCACCATTGGATAACTC; β-actin: forward(5’-3’): 

CCAACCGCGAGA AGATGA, reverse(5’-3’): CCAGAGGCGTACAGGGATAG. 

6. Western blot 

Total protein was extracted from transfected CRC cells, followed by BCA quan

tification, SDS-PAGE electrophoresis, membrane transfer, incubation with primar

y antibodies overnight at 4 °C, incubation with secondary antibodies at room te

mperature for 1.5 h, and subsequent chemiluminescent imaging. Primary antibo

dies used were as follows: MMP2, MMP9 and CYP51A1 antibodies were purc

hased from ProteinTech Group, Inc. (10373-2-AP, 10375-2-AP, 13431-1-AP); β-

actin antibody was purchased from Servicebio (ZB15001-HRP-100); EIF4A1 ant

ibody was purchased from Abcam (ab31217). 

7. qRT-PCR 

Total RNA was extracted from CRC cells, and the RNA was reverse-transcribe

d into cDNA, followed by quantitative real-time PCR detection. The primer se

quences were as follows: EIF4A1: forward(5’-3’): TCATCAACACCCGGAGGA

AG, reverse(5’-3’): TGCACATCAATGCCTCTGGC; HMGCR: forward(5’-3’): T

TCTTGCCAACTACTTCGTG, reverse(5’-3’)：CATAATCATCTTGACCCTCTG; S

QLE: forward(5’-3’): ATAAGAAATGCGGGGATGTCAC, reverse(5’-3’): ATATC

CGAGAAGGCAGCGAAC; SREBF2: forward(5’-3’): GCAGCAACGGGACCAT

TCT, reverse(5’-3’): CCCCATGACTAAGTCCTTCAACT; LDLR: forward(5’-3’):

 TGACTCAGACGAACAAGGCTG, reverse(5’-3’): ATCTAGGCAATCTCGGTC

TCC; ABCA1: forward(5’-3’): TATAATGCGACAGGAGATAGG, reverse(5’-3’): 

TTGCCATTGACTGAAAGAAC; CYP51A1: forward(5’-3’): GAAACGCAGACA

GTCTCAAGA, reverse(5’-3’): ACGCCCATCCTTGTATGTAGC, β-actin: forward

(5’-3’): AAACTGGGACCAAACTAGCTG, reverse(5’-3’): AAACTGGGACCAA



ACTAGCTG. 

8. Detection of Intracellular Total Cholesterol Content 

Transfected CRC cells were extracted with cholesterol lysis buffer, lysed on ice

 for 10 min, centrifuged at 2000 g for 5 min, and the supernatant was collect

ed. Working solution was added and incubated at 25℃ for 20 min, and the ab

sorbance at 550 nm was measured. Meanwhile, BCA quantification was used f

or normalization. The enzymatic assay kit for total cholesterol content in tissue

 and cells was purchased from Applygen Technologies Inc. (E1015). 

9. Bioinformatics Analysis 

Using the EIF4A1 control group and knockdown group as comparative groups,

 all genes were ranked based on the log2 fold change (log2 FC) of differential

ly expressed genes to generate a ranked gene list. The analysis parameters wer

e set as follows: number of permutations=1000, permutation type="gene-set", en

richment statistic="weighted", and the significance threshold was set at FDR<0.

001. The direction and statistical significance of pathway enrichment were asse

ssed by calculating the normalized enrichment score (NES), P-value, and false 

discovery rate (FDR). Finally, the enrichment score curve and gene distribution

 map were generated using the built-in plotting function of GSEA. 

10. Statistical Analysis 

Data analysis was performed using SPSS 26.0 software, and all data were pres

ented as mean ± standard deviation (mean ± SD). Independent-samples t-test w

as used for comparison between two groups, and one-way ANOVA was used f

or comparison among multiple groups. A value of P<0.05 was considered statis

tically significant. 

 

Results 

1. EIF4A1 can promote the proliferation and migration of CRC cells 

The differential expression of EIF4A1 across pan-cancer was analyzed using th

e SangerBox database, and the results showed that EIF4A1 was significantly hi



ghly expressed in CRC (Figure 1A). CRC cells were transfected with EIF4A1-

siRNA to investigate the regulatory role of EIF4A1 in the proliferation and mi

gration of CRC cells. The effects of EIF4A1 knockdown on CRC cell prolifera

tion were examined by CCK-8 and colony formation assays, which revealed th

at the proliferative capacity of CRC cells in the EIF4A1-siRNA group was sig

nificantly lower than that in the control group (Figure 1B-E). Transwell assay r

esults demonstrated that the migratory ability of CRC cells was markedly decre

ased in the EIF4A1-siRNA group compared with the control group (Figure 1F-

G). Furthermore, Western blot was performed to detect the expression levels of

 migration marker proteins MMP9 and MMP2 in CRC cells of each treatment 

group. The results showed that the protein expression levels of MMP9 and M

MP2 were significantly lower in CRC cells treated with EIF4A1-siRNA than in

 the control group (Figure 1H-I). These findings indicate that EIF4A1 significa

ntly enhances the proliferation and migration of CRC cells, suggesting that EIF

4A1 promotes CRC cell proliferation and migration. 

2. EIF4A1 can promotes CRC cell proliferation and migration by regulatin

g the homeostasis of cholesterol metabolism. 

GSEA enrichment analysis results showed that EIF4A1 was significantly positiv

ely correlated with the cholesterol metabolism pathway (Figure 2A). To investi

gate whether EIF4A1 could regulate the proliferation and migration of CRC cel

ls by modulating cholesterol metabolism homeostasis, we detected and analyzed

 the effects of EIF4A1 knockdown on the intracellular total cholesterol content

 and the relative mRNA expression levels of cholesterol metabolism-related gen

es in CRC cells. The results revealed that the intracellular total cholesterol con

tent in CRC cells of the EIF4A1 knockdown group was significantly lower co

mpared with the control group (Figure 2B-C). qRT-PCR assay results demonstr

ated that, compared with the control group, EIF4A1 knockdown significantly de

creased the relative mRNA expression levels of cholesterol synthesis-related gen

es (SREBF2, HMGCR, SQLE) and cholesterol uptake-related gene (LDLR), wh

ile significantly increasing the relative mRNA expression level of the cholestero



l efflux-related gene (ABCA1) (Figure 2D-E). These findings indicate that EIF4

A1 knockdown reduces intracellular total cholesterol content, promotes cholester

ol synthesis and uptake, and inhibits cholesterol efflux in CRC cells, suggestin

g that EIF4A1 may promote the proliferation and migration of CRC cells by p

ositively regulating cholesterol metabolism homeostasis. 

3. EIF4A1 can promotes CRC cell proliferation and migration by regulatin

g cholesterol metabolism via upregulating CYP51A1 expression. 

Given the important regulatory role of CYP51A1 in cholesterol metabolism and

 CRC progression, together with the results from the dataset (GSE58111) analy

sis indicating that CYP51A1 is one of the significantly downregulated genes un

der EIF4A1 knockdown conditions. Could EIF4A1 participate in the regulation 

of cholesterol metabolism homeostasis by modulating the expression level of C

YP51A1, thereby exerting a promotional effect on CRC proliferation and migra

tion? The results of qRT-PCR and Western blot assays showed that EIF4A1 kn

ockdown significantly decreased the relative mRNA and protein expression leve

ls of CYP51A1 in CRC cells (Figure 3A-D). To further investigate the specific

 mechanism by which EIF4A1 regulates cholesterol metabolism homeostasis an

d thereby promotes CRC cell proliferation and migration via upregulating CYP

51A1 expression, we treated CRC cells with exogenous CYP51A1 recombinant

 protein. As shown in Figure 3E-F, the intracellular total cholesterol content in

 CRC cells of the EIF4A1 siRNA group was significantly lower than that of t

he control group, while the intracellular total cholesterol content in CRC cells 

of the EIF4A1 siRNA+exogenous CYP51A1 recombinant protein group was sig

nificantly higher than that of the cells in the EIF4A1 siRNA group; that is, tre

atment with exogenous CYP51A1 recombinant protein could reverse the effect 

of EIF4A1 knockdown on reducing the intracellular cholesterol content of CRC

 cells. The results of CCK-8 and colony formation assays showed that the prol

iferative capacity of CRC cells in the EIF4A1 siRNA group was significantly l

ower than that of the control group, whereas the proliferative capacity of CRC

 cells in the EIF4A1 siRNA+exogenous CYP51A1 recombinant protein group 



was significantly higher than that of the cells in the EIF4A1 siRNA group; tha

t is, treatment with exogenous CYP51A1 recombinant protein could reverse the

 inhibitory effect of EIF4A1 knockdown on CRC cell proliferation (Figure 3G-

J). Similarly, the results of Transwell assays indicated that treatment with exog

enous CYP51A1 recombinant protein could reverse the inhibitory effect of EIF

4A1 knockdown on CRC cell migration (Figure 3K-L). The above research fin

dings suggest that EIF4A1 can positively regulate cholesterol metabolism home

ostasis by upregulating the expression level of CYP51A1, thereby playing a rol

e in promoting the proliferation and migration of CRC cells. 

4. EIF4A1 can promotes CRC cell proliferation and migration under the tr

anscriptional activation of RAD51. 

Bioinformatics analysis showed that RAD51 may be a transcription factor of E

IF4A1, and the expression levels of RAD51 and EIF4A1 were significantly pos

itively correlated in CRC (r=0.851, P=0) (Figure 4A). Given that evidence sug

gests RAD51 may act as an oncogene to regulate the development and progres

sion of CRC, we hypothesized that EIF4A1 may be involved in regulating CR

C proliferation and migration under the transcriptional activation of RAD51. It 

was found that the relative mRNA and protein expression levels of EIF4A1 in

 CRC cells of the RAD51 siRNA group were significantly lower than those in

 the control group, indicating that RAD51 knockdown significantly reduced EIF

4A1 expression in CRC cells (Figure 4B-E). ChIP-qPCR results demonstrated t

he presence of RAD51 binding sites in the promoter region of EIF4A1 (Figure

 4F-G). These findings suggest that EIF4A1 promotes CRC proliferation and m

igration under the transcriptional activation of RAD51. In summary, EIF4A1 pr

omotes CRC proliferation and migration by positively regulating the CYP51A1/

cholesterol metabolism pathway under the transcriptional activation of RAD51 

(Figure 5). 

Discussion 

CRC ranks among the most prevalent and lethal malignancies worldwide, posin



g a severe threat to human health[30,31]. Elucidating the molecular pathogenesis 

of CRC and identifying potential therapeutic targets is of great significance for

 targeted therapy of CRC. Studies have shown that EIF4A1 can cooperate with

 RBM4 to promote the translation of MK5, thereby enhancing migration and i

nvasion of CRC cells[14]; miR-133a can inhibit CRC cell proliferation, migratio

n and invasion by targeting EIF4A1[32]. Consistent with these reports, the prese

nt study found that EIF4A1 was significantly upregulated in CRC, and EIF4A1

 knockdown effectively suppressed the proliferation and migration of CRC cells.

 These findings indicate that EIF4A1 functions as an oncogenic factor in regul

ating the initiation and progression of CRC. In addition, it has been reported t

hat zotatifin, a specific inhibitor of EIF4A1, promotes apoptosis and reduces tu

mor invasiveness in cholangiocarcinoma cells, thereby improving the prognosis 

of patients with cholangiocarcinoma[33]; EIF4A1 inhibitors RBF197, RBF203 an

d RBF208 significantly reduce the viability of diffuse large B-cell lymphoma c

ells[34]. Compared with the non-specific cytotoxicity of conventional chemothera

peutic agents, EIF4A1 inhibitors can precisely target the dysregulated translatio

n processes on which tumor growth depends, thus exerting prominent anti-tumo

r effects in various malignancies. Developing specific EIF4A1-targeted inhibitors

 for CRC holds important clinical translational value and provides a novel strat

egy for targeted therapy of CRC. 

The results of the present study showed that, compared with the control group,

 the total cholesterol content in CRC cells of the EIF4A1 knockdown group w

as significantly decreased, and the relative mRNA expression levels of cholester

ol synthesis-related genes (SREBF2, HMGCR, SQLE) were markedly downregu

lated, suggesting that EIF4A1 may increase intracellular total cholesterol conten

t by promoting cholesterol biosynthesis, thereby enhancing the proliferative and

 migratory capacities of CRC cells. Consistent with this, studies have reported 

that circINSIG1 promotes CRC cell proliferation and migration by inducing cho

lesterol biosynthesis[35]; crosstalk exists between SREBP2 and dysregulated sign

aling pathways including PI3K/AKT/mTORC1 and TGF-β, which can drive col



orectal carcinogenesis[36]; upregulated HMGCR expression and elevated cholester

ol levels are closely associated with poor prognosis in CRC patients[37]; SQLE 

is overexpressed in CRC and promotes CRC cell proliferation while inhibiting 

apoptosis[38]. On the other hand, the present study found that, compared with t

he control group, the expression of LDLR, a cholesterol uptake-related gene, w

as significantly downregulated, whereas the expression of ABCA1, a cholesterol

 efflux-related gene, was remarkably upregulated in CRC cells of the EIF4A1 

knockdown group, which may represent another mechanism underlying the redu

ced intracellular total cholesterol content induced by EIF4A1 knockdown. In lin

e with our findings, EFNB2/EPHB4 has been reported to promote CRC liver 

metastasis by enhancing LDLR-mediated cholesterol uptake[39]; ABCA1 facilitate

s cellular cholesterol efflux and thereby suppresses CRC cell growth[40]. Interest

ingly, other studies have suggested that high ABCA1 expression increases chole

sterol efflux, enhances the fluidity of CRC cell membranes, and ultimately pro

motes CRC metastasis[41,42]. These findings indicate that the role of ABCA1 in

 regulating CRC progression may vary under different conditions. 

CYP51A1 is a key enzyme in the cholesterol synthesis pathway. It not only re

gulates homeostasis of cholesterol metabolism but also controls cell death throu

gh non-cholesterol-dependent mechanisms, thereby participating in tumor progres

sion[43]. For example, BHLHA15 can transcriptionally activate CYP51A1 to ind

uce cholesterol synthesis and thus promote cervical cancer progression[44]; CYP

51A1 suppresses pancreatic cancer progression by inhibiting pH-dependent alkal

iptosis[45]. These findings suggest that CYP51A1 functions as an oncogenic driv

er in the progression of tumors such as cervical cancer and pancreatic cancer. 

Similarly, the present study is the first to verify the tumor-promoting role of C

YP51A1 in CRC progression. Our results showed that EIF4A1 knockdown sign

ificantly reduced CYP51A1 expression in CRC cells, and recombinant CYP51A

1 protein reversed the EIF4A1 knockdown-mediated reduction in intracellular c

holesterol content and inhibition of CRC cell proliferation and migration. We d

emonstrate for the first time that EIF4A1 promotes CRC cell proliferation and 



migration by upregulating CYP51A1 expression to positively maintain cholester

ol metabolism homeostasis, and that the regulatory role of CYP51A1 in CRC 

cell proliferation and migration is achieved in a cholesterol-dependent manner. 

In addition, the present study found that RAD51 knockdown resulted in decrea

sed expression of EIF4A1. ChIP-qPCR results indicated that potential RAD51-b

inding sites exist in the promoter region of EIF4A1, suggesting that RAD51 ac

ts as a transcriptional activator of EIF4A1. This study reveals for the first time

 that EIF4A1 promotes CRC cell proliferation and migration under the transcri

ptional activation of RAD51. Consistent with this, studies have shown that RA

D51 promotes mitosis of CRC stem cells[46]; VCP recruits RPA and RAD51 to

 DNA damage sites, enhancing homologous recombination repair and ultimately

 promoting radioresistance in CRC[47]. In summary, EIF4A1, under the transcrip

tional activation of RAD51, upregulates CYP51A1 expression to positively mai

ntain cholesterol metabolism homeostasis, ultimately promoting CRC cell prolife

ration and migration. EIF4A1 represents a promising therapeutic target for CRC,

 and the completion of this study provides a novel perspective for investigating

 the pathogenesis and targeted therapy of CRC. 
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SangerBox: The operation steps are as follows: 1) Click "Pan-Cancer Analysis" - click 

"Gene Expression Differential Analysis" - in the "Please enter gene" dialog box, select 
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select the "Co-Expression" co-expression analysis module; 2) From the "Select a 

project (study) of gene expression data" drop-down menu, select the "TCGA 

Pan-Cancer (PANCAN)" pan-cancer dataset; 3) In the "Search Terms" search box, 

simultaneously enter the target genes "EIF4A1" and "RAD51"; 4) Select the 

"Co-Expression statistics" module to view the co-expression statistical results; 5) In 

the "Diseases or Studies" option, filter for "Colorectal cancer" CRC-related data. 

GTRD: The operation steps are as follows: 1) On the GTRD homepage, click the 

"Start" button and select "GTRD" on the left side; 2) Locate the "Advanced search" 

module, enter "EIF4A1" in the "Gene symbol or ID" search box under "Binding sites 

near the specifies gene," and enter "RAD51" in the "Transcription factor" search box; 

3) In the "Data set" checkbox, select the dataset "macs2 peaks"; 4) In the 
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factor," select "RAD51" and click "Run"; 5) Obtain the predicted binding sites 

between the transcription factor and the target gene. 

Gene Set Enrichment Analysis (GSEA): The specific dataset analyzed was GSE58111, 

which is publicly available in the NCBI Gene Expression Omnibus (GEO) database 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58111). 

Authors' contribution 

LXS and MQG performed the experiments. HQY and SBT analysed and interp

reted the data. MNC and HYB contributed to the conception and design of the

 study and participated in data interpretation. LXS wrote the original draft. LX

S, MQG, HQY, SBT, MNC, HYB and FL revised the original draft. FL secure

d funding. All authors read and approved the final manuscript. LXS and FL c



onfirm the authenticity of all the raw data. 

Declarations 

Ethical Approval and Accordance: Not applicable. This study did not involve human 

participants or animal models. All cell lines used were obtained from Experimental 

Research Center, Yan’an Medical College, Yan’an University, and all in vitro 

experiments were conducted in accordance with standard laboratory guidelines. 

Consent to participate: Not applicable. 

Consent to publish: Not applicable. 

Competing interests 

The authors declare that they have no competing interests. 

References: 
1. Jayakrishnan T and Ng K: Early-Onset Gastrointestinal Cancers: A Review. JAMA. 33
    4:1373-1385.2025. 
2. Dunne PD and Arends MJ: Molecular pathological classification of colorectal cancer-a
    n update. Virchows Arch. 484:273-285. 2024. 
3. Abedizadeh R, Majidi F, Khorasani HR, Abedi H and Sabour D: Colorectal cancer: a
    comprehensive review of carcinogenesis, diagnosis, and novel strategies for classified t
    reatments. Cancer Metastasis Rev. 43:729-753. 2024. 
4. Steup C, Kennel KB, Neurath MF, Fichtner-Feigl S and Greten FR: Current and emer
    ging concepts for systemic treatment of metastatic colorectal cancer. Gut. 74:2070-209
    5. 2025. 
5. Cañellas-Socias A, Sancho E and Batlle E: Mechanisms of metastatic colorectal cance
r.    Nat Rev Gastroenterol Hepatol. 21:609-625. 2024. 
6. Martínez-Castedo B, Camblor DG, Martín-Arana J, Carbonell-Asins JA, García-Micó  
    B, Gambardella V, Huerta M, Roselló S, Roda D, Gimeno-Valiente F, et al: Minimal 
    residual disease in colorectal cancer. Tumor-informed versus tumor-agnostic approaches:
    unraveling the optimal strategy. Ann Oncol. 36:263-276. 2025. 
7. Kennel KB and Greten FR: The immune microenvironment of colorectal cancer. Nat 
    Rev Cancer. 25:945-964. 2025. 
8. Emma M and William James F: Translation initiation and its relevance in colorectal c
    ancer. The FEBS Journal. 288:6635-6651. 2021. 
9. Li DY, Hu XX, Tian ZR, Ning QW, Liu JQ, Yue Y, Yuan W, Meng B, Li JL, Zhan
    g Y, et al: eIF4A1 exacerbates myocardial ischemia-reperfusion injury in mice by pro
    moting nuclear translocation of transgelin/p53. Acta Pharmacol Sin. 46:1236-1249. 202
5. 
10. Huang J, Zhang L, Yang R, Yao L, Gou J, Cao D, Pan Z, Li D, Pan Y and Zhang 
    W: Eukaryotic translation initiation factor 4A1 in the pathogenesis and treatment of c
ancers. Front Mol Biosci. 10:1289650. 2023. 
11. Steinmann SM, Sánchez-Martín A, Tanzer E, Cigliano A, Pes GM, Simile MM, Desa



    ubry L, Marin JJG, Evert M and Calvisi DF: eIF4A1 Is a Prognostic Marker and Ac
t    ionable Target in Human Hepatocellular Carcinoma. Int J Mol Sci. 24:2055. 2023. 
12. Xia T, Dai XY, Sang MY, Zhang X, Xu F, Wu J, Shi L, Wei JF and Ding Q: IGF2
    BP2 Drives Cell Cycle Progression in Triple-Negative Breast Cancer by Recruiting EI
    F4A1 to Promote the m6A-Modified CDK6 Translation Initiation Process. Adv Sci. 11:
    e2305142. 2024. 
13. Wang C, Leavenworth J, Zhang C, Liu Z, Yuan KY, Wang Y, Zhang G, Wang S, Cu
    i X, Zhang Y, et al: Epigenetic regulation of EIF4A1 through DNA methylation and 
    an oncogenic role of eIF4A1 through BRD2 signaling in prostate cancer. Oncogene. 4
    1:2778-2785. 2022. 
14. Yang T, Chen WC, Shi PC, Liu MR, Jiang T, Song H, Wang JQ, Fan RZ, Pei DS a
    nd Song J: Long noncoding RNA MAPKAPK5-AS1 promotes colorectal cancer progre
    ssion by cis-regulating the nearby gene MK5 and acting as a let-7f-1-3p sponge. Jour
    nal of Experimental & Clinical Cancer Research.39:139. 2020. 
15. Zhu Z, Wang P, Hou C, Xiao J, Yan F, Liu S, Wang X, Zhi X, Xue J, Xu D, et al:
    Translation element EIF4A1 is a potential divergent immune biomarker between colon
    cancer and rectal cancer. Int J Immunopathol Pharmacol. 2025; 39:3946320251379175. 
16. Yuan Z, Wang Y, Xu S, Zhang M and Tang J: Construction of a prognostic model f
    or colon cancer by combining endoplasmic reticulum stress responsive genes. Journal 
    of Proteomics. 309:105284. 2024. 
17. Chen F, Lu Y, Lin J, Kang R and Liu J: Cholesterol Metabolism in Cancer and Cell
    Death. Antioxid Redox Signal. 39:102-140. 2023. 
18. Erazo-Oliveras A, Muñoz-Vega M and Chapkin RS: Targeting plasma membrane chole
    sterol as a novel anticancer therapy. Trends Pharmacol Sci. 46:700-702. 2025. 
19. Yu Y, Ma J, Zhou M, Gu X, Zhou Y, Li Z, Zhang T, Gong W, Huang C and Xiang
    J: NUDT21-mediated Alternative Polyadenylation of CDK19 Reprograms Cholesterol B
    iosynthesis to Drive Colorectal Cancer Progression. Adv Sci. 13:e18346. 2026. 
20. Ren YM, Zhuang ZY, Xie YH, Yang PJ, Xia TX, Xie YL, Liu ZH, Kang ZR, Leng
     XX, Lu SY, et al: BCAA-producing Clostridium symbiosum promotes colorectal tum
o    rigenesis through the modulation of host cholesterol metabolism. Cell Host Microbe. 
3    2:1519-1535.e7. 2024. 
21. Zhou X, Wang G, Tian C, Du L, Prochownik EV and Li Y: Inhibition of DUSP18 i
    mpairs cholesterol biosynthesis and promotes anti-tumor immunity in colorectal cancer.
    Nat Commun. 15:5851. 2024. 
22. Chen F, Liang R, Zhang J, Kang R, Tang D and Liu J: CYP51A1 in health and dise
ase: from sterol metabolism to regulated cell death. Cell Death Discov. 11:322. 2025. 
23. Bai Y, Li T, Wang Q, You W, Yang H, Xu X, Li Z, Zhang Y, Yan C, Yang L, et a
l:    Shaping immune landscape of colorectal cancer by cholesterol metabolites. EMBO M
o    l Med. 16:334-360. 2024. 
24. Manjunath K, H. Fayek F, Sadik S, Nagaraja S, Prasad Chaudhary Kurmi S and Tha
    pa S: Repurposing Simvastatin and Lovastatin for Colorectal Cancer: An Integrated in
-    Silico and in-Vitro Study. Natural Product Communications. 20. 2025. 
25. Sassi L, Martinez Marroquin A, Waked S, Ardizzoia A and Costanzo V: The expandi
n    g roles of homologous recombination proteins in genome stability. EMBO J. 45:637-



6    54. 2026. 
26. Lopez BS: RAD51-mediated homologous recombination is a pro-tumour driver pathwa
    y. Oncogene. 44:4006-4016. 2025. 
27. Xu W, Shen M, Ma J, Peng C, Wu S, Yang X, Wu J, Yan Y, Lin N, Gao J, et al: 
    The cytoskeletal protein smoothelin maintains homologous recombination repair by sta
    bilizing RAD51 in an HUWE1-dependent manner in colorectal cancer. Acta Pharm Si
    n B. 15:6444-6460. 2025. 
28. Zhang X, Ma D, Xuan B, Shi D, He J, Yu M, Xiong H, Ma Y, Shen C, Guo F, et 
    al: LncRNA CACClnc promotes chemoresistance of colorectal cancer by modulating a
    lternative splicing of RAD51. Oncogene. 42:1374-1391. 2023. 
29. Zhong J, Liu SQ and Tang JC: Genetic polymorphism of RAD51 influences susceptib
    ility to colorectal cancer in Chinese population. Eur Rev Med Pharmacol Sci. 27:4865
    -4875. 2023. 
30. Wang Z, Dan W, Zhang N, Fang J and Yang Y: Colorectal cancer and gut microbiot
a     studies in China. Gut Microbes. 15:2236364. 2023. 
31. Kanani A, Veen T and Søreide K: Neoadjuvant immunotherapy in primary and metast
    atic colorectal cancer. Br J Surg. 108:1417-1425. 2021. 
32. Li W, Chen A, Xiong L, Chen T, Tao F, Lu Y, He Q, Zhao L, Ou R and Xu Y: m
i    R-133a acts as a tumor suppressor in colorectal cancer by targeting eIF4A1. Tumour
     Biol. 39:1010428317698389. 2017. 
33. Mi W, Cigliano A, Galleri G, Gigante I, Steinmann SM, Cibali E, Serra M, Pes GM,
    Schloesser D, Pizzuto E, et al: Targeting EIF4A1 is effective against human intrahepa
    tic cholangiocarcinoma. JHEP Rep. 7:101416. 2025. 
34. Kayastha F, Herrington NB, Kapadia B, Roychowdhury A, Nanaji N, Kellogg GE and
    Gartenhaus RB: Novel eIF4A1 inhibitors with anti-tumor activity in lymphoma. Mol  
    Med. 28:101. 2022. 
35. Xiong L, Liu HS, Zhou C, Yang X, Huang L, Jie HQ, Zeng ZW, Zheng XB, Li W 
    X, Liu ZZ, et al: A novel protein encoded by circINSIG1 reprograms cholesterol met
    abolism by promoting the ubiquitin-dependent degradation of INSIG1 in colorectal can
    cer. Mol Cancer. 22:72. 2023. 
36. Rasmi RR, Kovatich R, Farley A, Sakthivel KM, Takiar V and Sertorio M: Targeting
    SREBP2 in cancer progression: Molecular mechanisms, oncogenic crosstalk, and therap
    eutic interventions. Cell Signal. 135:112044. 2025. 
37. Zhu L, Tang Z, Jiang W, Dong Y, Li X, Huang K, Wu T, Xu L, Guo W and Gu Y:
    Cholesterol biosynthesis induced by radiotherapy inhibits cGAS-STING activation and 
    contributes to colorectal cancer treatment resistance. Exp Mol Med. 57:1089-1105. 202
5. 
38. Li C, Wang Y, Liu D, Wong CC, Coker OO, Zhang X, Liu C, Zhou Y, Liu Y, Kan
g    W, et al: Squalene epoxidase drives cancer cell proliferation and promotes gut dysbi
os    is to accelerate colorectal carcinogenesis. Gut. 71:2253-2265. 2022. 
39. Xu C, Gu L, Kuerbanjiang M, Jiang C, Hu L, Liu Y, Xue H, Li J, Zhang Z and X
    u Q: Adaptive activation of EFNB2/EPHB4 axis promotes post-metastatic growth of c
    olorectal cancer liver metastases by LDLR-mediated cholesterol uptake. Oncogene. 42:
    99-112. 2023. 



40. Nyul TE, Beyries K, Hojnacki T, Glynn R, Paulosky KE, Gedela A, Majer A, Altma
    n L, Buckley KH, Feng Z, et al: Menin Maintains Cholesterol Content in Colorectal 
    Cancer via Repression of LXR-Mediated Transcription. Cancers. 15:4126. 2023. 
41. Chen W, Zhou M, Guan B, Xie B, Liu Y, He J, Zhao J, Zhao Q and Yan D: Tumo
    ur-associated macrophage-derived DOCK7-enriched extracellular vesicles drive tumour 
    metastasis in colorectal cancer via the RAC1/ABCA1 axis. Clin Transl Med. 14:e1591.
    2024. 
42. Chen W, Zhang Q, Dai X, Chen X, Zhang C, Bai R, Chen Y, Zhang K, Duan X, Q
    iao Y, et al: PGC-1α promotes colorectal carcinoma metastasis through regulating AB
     CA1 transcription. Oncogene. 42:2456-2470. 2023. 
43. Chen F, Liang R, Zhang J, Kang R, Tang D and Liu J: CYP51A1 in health and dise
    ase: from sterol metabolism to regulated cell death. Cell Death Discov. 11:322. 2025. 
44. Ye H, Li S, Bai J, Wan FZ, Wang H, Hu XY, Chen L, Zeng SH, Qin XL, Zou XX,
     et al: BHLHA15 promotes cervical cancer cholesterol synthesis and tumor progressio
     n. Cell Signal. 134:111966. 2025. 
45. Chen F, Tang H, Li C, Kang R, Tang D and Liu J: CYP51A1 drives resistance to p
    H-dependent cell death in pancreatic cancer. Nat Commun. 16:2278. 2025. 
46. Manic G, Musella M, Corradi F, Sistigu A, Vitale S, Soliman Abdel Rehim S, Mattie
    llo L, Malacaria E, Galassi C, Signore M, et al: Control of replication stress and mit
    osis in colorectal cancer stem cells through the interplay of PARP1, MRE11 and RA 
    D51. Cell Death Differ. 28:2060-2082. 2021. 
47. Meng Y, Li S, Lu DS, Chen X, Li L, Duan YF, Wang GY, Huang W and Liu RY: 
    Salt-inducible kinase 2 confers radioresistance in colorectal cancer by facilitating homo
    logous recombination repair. MedComm. 6:e70083. 2025. 
 

Figure legends 

Fig.1 Knockdown of EIF4A1 inhibits the proliferation and migration of CRC cells 

Note: (A) Expression level analysis of EIF4A1 in pan-cancer; (B-C) Effect of EIF4A1 kno

ckdown on the proliferative ability of RKO cells; (D-E) Effect of EIF4A1 knockdown on 

the proliferative ability of HCT116 cells; (F-G) Effect of EIF4A1 knockdown on the migr

atory ability of CRC cells; (H-I) Effect of EIF4A1 knockdown on the protein expression l

evels of MMP2 and MMP9 in CRC cells. *P<0.05，**P<0.01，***P<0.001. 

Fig.2 The effect of EIF4A1 knockdown on the cholesterol metabolism 

Note: (A) EIF4A1 is positively correlated with the cholesterol metabolism pathway. (B-C) 

Effect of EIF4A1 knockdown on intracellular total cholesterol content in CRC cells. (D-E)

 Effect of EIF4A1 knockdown on the relative mRNA expression levels of cholesterol meta

bolism-related genes (SREBF2, HMGCR, SQLE, LDLR, ABCA1). *P<0.05，**P<0.01，**

*P<0.001. 



Fig.3 EIF4A1 regulates cholesterol metabolism by upregulating CYP51A1 expression, thus 

regulating the proliferation and migration of CRC cells 

Note: (A-B) Effect of EIF4A1 knockdown on the relative mRNA expression level of CYP

51A1; (C-D) Effect of EIF4A1 knockdown on the protein expression level of CYP51A1. 

(E-F) Treatment with CYP51A1 recombinant protein (150 ng/ml) reverses the effect of EI

F4A1 knockdown on intracellular total cholesterol content in CRC cells; (G-J) CYP51A1 r

ecombinant protein treatment reverses the inhibitory effect of EIF4A1 knockdown on CRC

 cell proliferation; (K-L) CYP51A1 recombinant protein treatment reverses the inhibitory ef

fect of EIF4A1 knockdown on CRC cell migration. *P<0.05，**P<0.01，***P<0.001. 

Fig.4 EIF4A1 can promotes the proliferation and migration of CRC cells under the transcr

iptional activation of RAD51 

Note: (A) Correlation analysis between EIF4A1 and RAD51; (B-C) Effect of RAD51 knoc

kdown on the relative mRNA expression level of EIF4A1; (D-E) Effect of RAD51 knockd

own on the protein expression level of EIF4A1; (F-G) ChIP-qPCR assay for the presence 

of RAD51 binding sites in the EIF4A1 promoter region. *P<0.05，**P<0.01，***P<0.001. 

Fig.5 Schematic diagram of molecular mechanism of EIF4A1 regulating CRC cell prolifera

tion and migration 
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