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Abstract
The efficacy of 5-fluorouracil treatment for colorectal cancer (CRC) is substantially compromised by drug resistance, although 
the underlying mechanisms remain unclear. In this research, we aimed to explore the role and mechanism of action of CXC 
motif chemokine ligand 5 (CXCL5) in 5-fluorouracil resistance. RNA sequencing was conducted to detect abnormally 
expressed genes in the 5-fluorouracil-resistant colon cancer cell line, HCT8-5FU. CXCL5 expression in CRC tissues and 
cell lines was evaluated using RT-qPCR, western blotting, and immunohistochemistry. In vivo and in vitro assays were con-
ducted to evaluate the role of CXCL5 in the promotion of CRC progression. Mass spectrometry and co-immunoprecipitation 
were employed to investigate the role of CXCL5 in CRC development and 5-fluorouracil resistance. Immunofluorescence 
and western blot analyses were employed to determine the subcellular localization of CXCL5 and its associated signaling 
pathways. CXCL5 expression was elevated in both CRC tissues and cell lines. CXCL5 promoted CRC cell growth and resist-
ance to 5-fluorouracil in both in vitro and in vivo settings. Mechanistically, CXCL5 may modulate the MDM2/p53 axis to 
inhibit p21 by binding to RALY. In this study, CXCL5 accelerated CRC progression and increased CRC cell resistance to 
5-fluorouracil via the inhibition of p21 expression. Thus, CXCL5 is a potential target for CRC therapeutic strategies.
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Abbreviations
CRC​	� Colorectal cancer
Co-IP	� Coimmunoprecipitation
CXCL5	� C-X-C motif chemokine ligand 5
siRNA	� Small interfering RNA
CCK-8	� Cell™ Counting Kit-8
shRNA	� Short hairpin RNA

IHC	� Immunohistochemistry
IF	� Immunofluorescence
MS	� Mass spectrometry
RT-qPCR	� Real-time quantitative polymerase chain 

reaction
5-FU	� 5-Fluorouracil

Introduction

As the second most common malignant solid tumor world-
wide, colorectal cancer (CRC) is also responsible for the 
third highest tumor-related death rate in the world [1, 2]. 
Therefore, further research on this disease is required. Sur-
gery combined with chemoradiotherapy remains the first-
line treatment for CRC [3]. 5-Fluorouracil (5-FU) is one of 
the drugs of choice for chemotherapy. However, drug resist-
ance limits its therapeutic benefits. To improve the prognosis 
of patients with CRC, the molecular mechanisms underlying 
chemotherapy resistance during CRC development must be 
investigated.

Chemokines are small signaling proteins that help 
immune cells migrate to damaged tissues or diseased organs, 
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especially in the presence of inflammation. Chemokines 
are categorized into four conserved groups (C, CC, CXC, 
and CX3C) based on the NH2-terminal cysteine residues. 
Chemokines and their receptors regulate the transcription 
of various genes. This facilitates various cellular physio-
logical activities such as growth, development, differentia-
tion, and apoptosis [4]. Recent evidence increasingly sug-
gests that chemokines are crucial for tumor development. 
Chemokines produced by tumor and stromal cells contribute 
to the recruitment of tumor-associated white blood cells, 
promote angiogenesis, facilitate malignant cell proliferation 
and metastasis, and induce fibroblast activation. Chemokines 
and their receptors play crucial roles in the inflammatory 
microenvironment, which has been identified as the seventh 
hallmark of cancer. The dysregulation of chemokines has 
been observed in numerous tumors, and certain chemokines 
are associated with unfavorable prognoses in patients with 
cancer [5–10].

CXC motif chemokine ligand 5 (CXCL5), also referred 
to as epithelial-derived neutrophil-activating peptide 78 
(ENA-78), was initially identified as a strong chemokine 
and activator of neutrophil function [11]. When bound to 
its receptor, CXC motif chemokine receptor 2 (CXCR2), 
CXCL5 is involved in various biological activities, including 
the promotion of angiogenesis, remodeling of connective tis-
sue, and neutrophil chemotaxis [12–14]. Increasing evidence 
suggests that CXCL5 plays a role in cancer-related inflam-
mation and various malignant processes in cancer biology. 
In addition, CXCL5 is abnormally expressed in various 
tumors. Elevated CXCL5 expression has been noted in gas-
tric, prostate, squamous cell, hepatocellular, and pancreatic 
cancers and correlates with tumor stage, local invasion, neu-
trophil infiltration, and metastatic potential [15–19]. Recent 
research suggests that CXCL5 may serve as a prognostic 
biomarker of cancer [20]. However, most studies to date 
have been small and yielded inconsistent results, leaving its 
prognostic value uncertain.

In previous studies, high-throughput sequencing has been 
used to identify elevated CXCL5 expression in 5-FU-resist-
ant colon cancer cell lines. However, the association between 
CXCL5 and 5-FU resistance in CRC has not been reported. 
Therefore, in this study, we aimed to explore the role and 
mechanism of action of CXCL5 in 5-FU resistance.

Methods

Cell culture

Human CRC cell line HCT8 and its 5-FU-resistant cell line 
HCT8-5FU were obtained from the Chinese Tissue Culture 
Collections (MeisenCTCC, Hangzhou, China). Human colo-
rectal cancer cell lines (HT29, SW480, SW620, HCT-116, 

Ls174t) and normal colon mucosal epithelial cell line (FHC) 
were sourced from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). HCT8-5FU cells were main-
tained at 37 °C in a 5% CO2 humidified atmosphere using 
RPMI 1640 medium supplemented with 10% fetal bovine 
serum and 0.5 μg/ml 5-FU (H31020593, Shanghai Xudong 
Haipu Pharmaceutical Co., Ltd., China). The other cells 
were all cultured in RPMI 1640 medium supplemented with 
10% fetal bovine serum (3032A, Umedium, Hefei, China) at 
37 °C under 5% CO2 in a humidified environment.

RNA extraction, library construction, 
BioProject accession and bioinformatics 
analysis of RNA‑seq

RNA extraction

Total RNA was isolated and purified using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) following the manufac-
turer’s procedure. The RNA amount and purity of each sam-
ple were quantified using NanoDrop ND-1000 (NanoDrop, 
Wilmington, DE, USA). The RNA integrity was assessed 
by Bioanalyzer 2100 (Agilent, CA, USA) with RIN num-
ber > 7.0, and confirmed by electrophoresis with denaturing 
agarose gel. Approximately 2 μg of total RNA was used to 
remove ribosomal RNA according to the manuscript of the 
Epicentre Ribo-Zero Gold Kit (Illumina, San Diego, USA).  

Library construction

Following purification, the ribo-minus RNA was fragmented 
into small pieces using Magnesium RNA Fragmentation 
Module (NEB, cat.e6150, USA) under 94  °C 5–7 min. 
Then the cleaved RNA fragments were reverse-transcribed 
to create the cDNA by SuperScript™ II Reverse Tran-
scriptase (Invitrogen, cat. 1896649, USA), which were next 
used to synthesise U-labeled second-stranded DNAs with 
E. coli DNA polymerase I (NEB, cat.m0209, USA), RNase 
H (NEB, cat.m0297, USA) and dUTP Solution (Thermo 
Fisher, cat.R0133, USA). An A-base was then added to the 
blunt ends of each strand, preparing them for ligation to the 
indexed adapters. Each adapter contains a T-base overhang 
for ligating the adapter to the A-tailed fragmented DNA. 
Single- or dual-index adapters are ligated to the fragments, 
and size selection was performed with AMPureXP beads. 
After the heat-labile UDG enzyme (NEB, cat.m0280, USA) 
treatment of the U-labeled second-stranded DNAs, the 
ligated products are amplified with PCR by the following 
conditions: initial denaturation at 95 °C for 3 min; 8 cycles 
of denaturation at 98 °C for 15 s, annealing at 60 °C for 15 s, 
and extension at 72 °C for 30 s; and then final extension at 
72 °C for 5 min. The average insert size for the final cDNA 
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library was 300 ± 50 bp. At last, we performed the 2 × 150 bp 
paired-end sequencing (PE150) on an illumina Novaseq™ 
6000 (LC-Bio Technology CO., Ltd., Hangzhou, China) fol-
lowing the vendor’s recommended protocol.

BioProject accession

The raw RNA-seq data have been submitted to the NCBI 
Sequence Read Archive (SRA) database: 1. https://​www.​
ncbi.​nlm.​nih.​gov/​sra/​PRJNA​11892​55; 2. https://​www.​ncbi.​
nlm.​nih.​gov/​sra/​PRJNA​11901​60.

Bioinformatics analysis of RNA‑seq

Fastp was used to remove the reads that contained adaptor 
contamination, low quality bases and undetermined bases. 
Then sequence quality was also verified using fastp. We used 
Bowtie2 and Tophat2 to map reads to the genome of Homo 
sapiens GRCh38. The mapped reads of each sample were 
assembled using StringTie. Then, all transcriptome from 
all samples were merged to reconstruct a comprehensive 
transcriptome using gffcompare (https://​github.​com/​gpert​ea/​
gffco​mpare/). After the final transcriptome was generated, 
StringTie was used to estimate the expression levels of all 
transcripts. Transcripts were annotated with known mRNAs, 
known long non-coding RNAs (lncRNAs) and transcripts 
shorter than 200 nt were discarded. Then we utilized CPC 
and CNCI to predict transcripts with coding potential. 
All transcripts with CPC score < − 1 and CNCI score < 0 
were removed. The remaining transcripts with class code 
(I, j, o, u, x) were considered as lncRNAs. StringTie was 
used to perform expression level for mRNAs and lncRNAs 
by calculating FPKM {FPKM = [total_exon_fragments/
mapped_reads(millions) × exon_length(kB)]}. The dif-
ferentially expressed mRNAs and lncRNAs were selected 
with log2 (fold change) > 1 or log2 (fold change) < − 1 and 
with parametric F-test comparing nested linear models (P 
value < 0.05) by R package edgeR.

CRC tissues

Thirty-five pairs of colorectal cancer (CRC) and adjacent 
noncancerous tissues were collected from The Affiliated 
Hospital of Xuzhou Medical University in Xuzhou, China. 
We extracted RNA from 26 pairs of colorectal carcinoma 
and para-carcinoma tissues. The study was approved by the 
Ethics Committee of Xuzhou Medical University, and all 
patients gave their consent for the use of clinical materi-
als in research. CRC tissues were obtained from surgically 
resected specimens, while adjacent non-cancerous tissues 
were collected near the tumor margins. Specimens were 

rapidly frozen in liquid nitrogen until needed. Pathologists 
diagnosed all samples as adenocarcinoma.

Construction and transfection of small 
interfering RNA (siRNA), lentivirus, 
and vectors

All siRNAs were designed and synthesized by GenePharma 
(Suzhou, China) (Table S1). GenePharma also constructed 
and packaged sh-CXCL5 lentivirus vectors into lentivirus 
particles. Ruibiotech constructed all the vectors utilized in 
the study (Guangzhou, China). siRNAs or vectors were used 
to transfect CRC cells with using the Lipo8000™ Transfec-
tion Reagent (C0533-1.5 ml, Beyotime, China) following the 
manufacturer’s protocol.  

RNA extraction, reverse transcription, 
polymerase chain reaction (PCR), 
and real‑time quantitative PCR (RT‑qPCR)

Total RNA extraction was performed with RNAiso Plus 
(9108, TaKaRa, Japan) as per the manufacturer’s instruc-
tions. Total RNA was quantified using a Nanophotometer 
(Implen, Germany) and reverse-transcribed into cDNA 
with PrimeScript™ RT Master Mix (Perfect Real Time) 
(RR036A, TaKaRa, Japan). cDNA detection was performed 
using a mixture of 1μL cDNA, 0.8μL gene-specific primers, 
9.2 μL nuclease-free water, and 10μL SYBR Green qPCR 
Master Mix (G3322-05, Servicebio, Wuhan, China) on an 
Applied Biosystems instrument (Thermo Fisher Scientific, 
USA). Relative mRNA quantification was performed by 
the ΔΔCt method and GAPDH was the internal reference 
used in the RT-qPCR procedure. All primers utilized in the 
study were synthesized by Sangon Biotech, Shanghai, China 
(Table S2).

CCK‑8

To assess CXCL5’s impact on cell proliferation, 2 × 103 cells 
were seeded into each well of 96-well plates. Cell prolifera-
tion was assessed using the Cell Counting Kit-8 (CCK-8) 
(E1CK-000208, EnoGene, China) by measuring the absorb-
ance at 450 nm at specified time intervals.

Colony formation

After seeding cells at a density of 1 × 103 per well in 6-well 
plates, they were treated with 5-FU (0.5 μg/ml) for 14 days. 
The cell culture medium with or without 5-FU was changed 

https://www.ncbi.nlm.nih.gov/sra/PRJNA1189255
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every three days. Colonies were treated with 4% para-
formaldehyde (PFA) (G1101, Servicebio, Wuhan, China) 
and stained using 0.1% crystal violet (VS1003, VICMED, 
China) to evaluate growth. Finally, the cell colonies were 
imaged and counted.

EdU cell proliferation detection

Cell proliferation was assessed using the BeyoClick™ EdU 
Cell Proliferation Kit with Alexa Fluor 594 (C0078S, Beyo-
time China) following the manufacturer’s guidelines. Briefly, 
cells were incubated with a 1 × EdU working solution for 
2 h. Subsequently, the cells underwent fixation, washing, and 
incubation with the reaction solution at room temperature as 
per the provided instructions. The nucleus was stained using 
DAPI (KGA512, KeyGen Biotech, China). The positive cell 
count was determined and computed.

Flow cytometry

Cells were harvested following treatment with 5-FU.Cells 
were exposed to 70% ethanol and stored overnight at 4 °C. 
Sample cells were incubated using the Cell Cycle Detec-
tion Kit (KGA512, KeyGen Biotech, China) following the 
provided instructions. Cell cycle progression was analyzed 
using a BD FACSVerse flow cytometer (Becton, Dickinson 
and Company, USA).

Subcutaneous tumor model

All animal experimental protocols were approved by the 
Animal Care and Use Committee of Xuzhou Medical Uni-
versity. Male BALB/C nude mice, aged three to four weeks, 
were obtained from GemPharmatech Co., Ltd.

ELISA

Cell culture supernatants were obtained, and the human 
CXCL5 content was evaluated using the Human ENA-
78/CXCL5 ELISA kit (JM-04667H1, JINGMEI, China) 
according to the instruction and the value of absorption was 
assessed at 450 nm.

In vitro and in vivo treatment with 5‑FU

SW620 and HCT-8 cells were exposed to 0.5 μg/ml 5-FU, 
while HCT8-5FU cells received either 3 μg/ml or 0.5 μg/
ml 5-FU for 24 h, for subsequent CCK8, EdU, and colony 

formation assays. We also created subcutaneous tumor 
models using HCT8-5FU cells with either stable CXCL5 
knockdown or control cells in the vivo experiment. Nude 
mice with subcutaneous tumors measuring 0.5 cm were 
administered 20 μg of 5-FU per gram of body weight via 
intraperitoneal injection, whereas the control group received 
saline, three times per week.

Immunofluorescence (IF)

To confirm the expression and localization of CXCL5 in 
HCT8-5FU, IF was performed in confocal dishes. In the 
IF assays, the antibody (1:200, R389303, Zenbio, China) 
and DyLight 594-labeled goat anti-rabbit IgG (1:1000, 
RS23420, ImmunoWay, USA) were utilized. Images were 
obtained under a confocal microscope. Fluorescent images 
were captured using a laser scanning confocal microscope 
(Leica STELLARIS 5, Germany).

Mass spectrometry (MS) 
and Co‑immunoprecipitation (Co‑IP)

Proteins interacting with CXCL5 were isolated and sub-
jected to SDS-PAGE, then visualized using the Fast Silver 
Stain Kit (#P00175, Beyotime, Shanghai, China). The dis-
tinct protein band was then cut out and identified using MS. 
The Co-IP assays utilized rabbit control IgG (30000–0-AP) 
from Proteintech (USA). The enrichment of RALY was con-
firmed using Western blot analysis (1:2000, BD-PT3997, 
Biodragon, China).

Western blot

One-Step PAGE Gel Fast Preparation Kit (PG212, PG214, 
Shanghai, China) was used to prepare gel. Total protein 
was separated by SDS-PAGE and transferred onto PVDF 
membranes. The membranes were blocked for 10 min using 
a fast-blocking buffer (P30500, NCM Biotech, Suzhou, 
China). Subsequently, the PVDF membranes were incubated 
overnight at 4 °C with the following primary antibodies: 
anti-CXCL5 (1:1000, R389303, Zenbio, China), anti-p21 
(1:1000, 381102, Zenbio, China), anti-GAPDH (1:2000, 
10094–1-AP, Proteintech, USA), anti-RALY (1:2000, 
BD-PT3997, Biodragon, China), anti-MDM2 (1:2000, 
BD-PT2692, Biodragon, China), and anti-P53 (1:2000, 
60283–2-lg, Proteintech, USA).The next day, membranes 
were incubated with Peroxidase Conjugated secondary 
antibodies (1:10000, FDR007 or FDM007, FDbio, China) 
for two hours at room temperature. The protein bands were 
observed using FDBio-Dura ECL Kit (FD8020, FDbio, 
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China). All antibodies were diluted with antibody diluent 
(WB500D, NCM Biotech, Suzhou, China).

Immunohistochemistry (IHC)

Samples were submitted to Biossic Biotechnologies Com-
pany Limited in Hubei, China, for immunohistochemistry 
(IHC) staining. H-Score calculations were conducted to 
assess IHC staining in our study. The assay utilized anti-
CXCL5 primary antibodies (1:100, 252002, Zenbio, China).

Separation of cytoplasm and nucleus 
fraction

Separation of cytoplasm and nucleus fraction was performed 
using the Minute nuclear plasma separation kit (#SC-003, 
Invent Biotechnologies, USA) according to the instruction. 
Then, the extracts were suffered from Western blotting 
detection. GAPDH was used as cytoplasmic internal refer-
ence and H3 was used as nuclear internal reference.

Statistical analyses

GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, 
USA) was used for statistical analysis. Data are expressed 
as mean ± standard deviation. A two-sample Student’s T-test 
was employed to compare the two groups. Using the paired 
t-test, the study analyzed CXCL5 expression in CRC tis-
sues versus matched noncancerous tissues. Significance 
levels were set at *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0. 0001. NS: not significant.

Results

CXCL5 is elevated in 5‑FU‑resistant colon cancer cell 
line HCT8‑5FU

We confirmed the drug resistance of HCT8-5FU using 
the Cell Counting Kit (CCK)-8 assay. Compared with 
the 5-FU-sensitive HCT-8 cell line, the half-maximal 
inhibitory concentration of 5-FU was significantly upreg-
ulated in HCT8-5FU cells (Fig. 1A). To investigate the 
5-FU resistance mechanism of HCT8-5FU cells, we con-
ducted RNA sequencing of HCT8-5FU and HCT8 cells. 
This identified several differentially expressed genes in 
HCT8-5FU cells, among which CXCL5 was the most 
upregulated gene (Fig. 1B–D). RT-qPCR confirmed the 
upregulation of CXCL5 expression in HCT8-5FU cells 
(Fig.  1E). Western blotting and immunofluorescence 

assays further demonstrated that the CXCL5 protein was 
highly expressed in HCT8-5FU cells (Fig. 1F–H). Taken 
together, we confirmed the high expression of CXCL5 in 
HCT8-5FUcells.

CXCL5 is upregulated in CRC tissues and cell lines

We investigated the expression levels of CXCL5 in CRC 
tissues and cells. Using the Gene Expression Profiling 
Interactive Analysis database, we discovered that CXCL5 
was upregulated in CRC (colon and rectum adenocarci-
noma) tissues (Fig. 2A). Our analysis of 26 pairs of CRC 
and adjacent tissues also revealed the upregulation of 
CXCL5 in CRC tissues (Fig. 2B). Immunohistochemical 
assays confirmed the high level of CXCL5 expression in 
CRC tissues (Fig. 2C). Subsequently we used RT-qPCR 
and western blotting to compare CXCL5 expression in 
normal colonic mucosal epithelial cells (FHC) with that 
in six CRC cell lines. The expression level of CXCL5 was 
elevated in CRC cells (Fig. 2D–F). These findings suggest 
that CXCL5 is significantly overexpressed in CRC tissues 
and cells.

Knockdown of CXCL5 enhances the sensitivity 
of CRC cells to 5‑FU

To investigate the role of CXCL5 in CRC, the gene in HCT8-
5FU and HCT8 cells was downregulated via siRNAs or shR-
NAs (Fig. 3A and B). Given that 5-FU induces apoptosis and 
suppresses tumor cell proliferation, we investigated whether 
CXCL5 contributes to cancer progression by enhancing 
tumor cell proliferation or reducing apoptosis. We first 
investigated the effect of CXCL5 knockdown on apoptosis; 
however, no significant effect was observed. Subsequently, 
we focused on whether CXCL5 promoted cell proliferation. 
A CCK-8 assay revealed that downregulation of CXCL5 
enhanced the growth inhibition of HCT8-5FU and HCT8 
cells by 5-FU (Fig. 3C and D). 5-Ethynyl-2′-deoxyuridine 
(EdU) assays indicated that CXCL5 knockdown suppressed 
the proliferation of HCT8-5FU and HCT8 cells upon 5-FU 
treatment (Fig. 3E, F, and I). Through colony formation 
assays, we also discovered that downregulation of CXCL5 
inhibited the clonogenesis of HCT8-5FU and HCT8 cells 
(Fig. 3G, H, and J).

For vivo experiments, we constructed subcutaneous 
tumor models in nude mice. In alignment with the in vitro 
functional experiments, these indicated that CXCL5 knock-
down in HCT8-5FU cells increased their sensitivity to 5-FU 
in vivo (Fig. 3K, L and S1). Thus, both in vitro and in vivo 
experiments revealed that CXCL5 knockdown increased the 
sensitivity of CRC cells to 5-FU.
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Overexpression of CXCL5 promotes resistance 
of CRC cells to 5‑FU

To confirm the role of CXCL5 in CRC, we increased 
its expression in SW620 and HCT8 cells using an 

overexpression vector (Figs. 4A, B, S2A, and S2B). Simi-
larly, CCK-8 and EdU assays were conducted to evaluate 
the impact of CXCL5 expression on cellular functions. 
The CCK-8 assays indicated that elevated CXCL5 levels 
decreased the sensitivity of CRC cells to 5-FU (Fig. 4C 

Fig. 1   CXCL5 is elevated in CRC 5-FU resistant cell line HCT8-
5FU. A CCK-8 assays identified the 5-FU IC50 of HCT8-5FU cells. 
B RNA-seq identified differentially expressed genes in the 5-FU-
resistant cell line HCT8-5FU. C and D Volcano plot and heat map 
displaying that the expression of CXCL5 was the highest among 
the differentially expressed genes in HCT8-5FU cells. E RT-qPCR 

showed that the expression of CXCL5 was higher in HCT8-5FU cells 
than that in HCT8 cells. **P < 0.01. F and G Western blotting dem-
onstrated that CXCL5 was more highly expressed in HCT8-5FU cells 
than that in HCT8 cells. ***P < 0.001. H Immunofluorescence assays 
showed that CXCL5 expression was higher in HCT8-5FU cells than 
that in HCT8. Scale bar: 20 μm
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and D). The EdU assays indicated that overexpression of 
CXCL5 promoted the proliferation of SW620 and HCT8 
cells treated with 5-FU (Fig. 4E–G). Colony formation 
assays revealed that CXCL5 overexpression improved 
the colony formation ability of SW620 and HCT8 cells 
treated with 5-FU (Fig. 4H–J). These assays demonstrated 
that CXCL5 overexpression promotes 5-FU resistance in 
CRC cells.

Expression of cell cycle suppressor gene CDKN1A 
(p21) is downregulated by CXCL5

Upon RNA sequencing and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis of HCT8-5FU cells, we 
noticed the enrichment of differentially expressed genes 
in cell cycle pathways (Fig. 5A). Upon downregulation 
of CXCL5 in HCT8-5FU cells and RNA sequencing, we 

Fig. 2   CXCL5 is upregulated in CRC tissues and cell lines. A In the 
GEPIA database, CXCL5 was upregulated in COAD and READ. B 
RT-qPCR revealed that the expression levels of CXCL5 were higher 
in the cancer tissues of 26 patients with colon cancer than those in 
the matched adjacent tissues. **P < 0.01. C Representative immuno-
histochemistry images show that CXCL5 was more highly expressed 
in CRC tissues than in the adjacent tissues. Scale bar: 200  μm. 

****P < 0.0001. D RT-qPCR displayed a higher expression level of 
CXCL5 in CRC cells than that in normal colonic mucosal epithelial 
cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS not 
significant. E and F Western blot assays indicated that the CXCL5 
protein was overexpressed in CRC cells compared with that in normal 
colonic mucosal epithelial cells. *P < 0.05, **P < 0.01



	 Medical Oncology          (2025) 42:257   257   Page 8 of 15

also discovered the enrichment of differentially expressed 
genes in cell cycle pathways. Flow cytometry assays were 
used to explore whether CXCL5 promotes the cell cycle of 

CRC cells. We discovered that a decrease in the CXCL5 
level enhanced the cell cycle arrest of CRC cells, whereas 
an increase in the CXCL5 level accelerated the cell cycle 
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of CRC cells (Figure S3A–D). We analyzed the intersec-
tion between the two sets of enriched genes in the cell cycle 
pathways, revealing three genes: CDC25A, CDKN1A, and 
CDKN1C (Fig. 5B and C). The abovementioned cell cycle-
related genes were verified and screened using RT-qPCR 
assays, and changes in CDKN1A expression attracted our 
attention. CDKN1A (p21) was downregulated in HCT8-5FU 
cells, whereas its expression was restored after CXCL5 was 
downregulated (Fig. 5D and E). We also discovered that 
CDKN1A expression was downregulated following CXCL5 
overexpression in HCT8 and SW620 cells (Fig. 5F and G). 
We observed the same results in western blot assays: pro-
tein levels of p21 were downregulated in HCT8-5FU cells 
(Fig. 5H and S3E). Lower levels of CXCL5 resulted in 
upregulation of p21 expression, whereas higher levels of 
CXCL5 had the opposite effect (Fig. 5I, J, S3F and S3G). 
CCK-8 assay demonstrated that overexpression of CDKN1A 
(p21) had an inhibitory effect on the proliferation capac-
ity of HCT8-5FU cells with high expression of CXCL5 
(Figure S3H).

CXCL5 modulates MDM2/p53 axis to inhibit p21 
by binding to RALY

Given that CXCL5 was previously revealed as a secretory 
protein, we hypothesized that its extracellular secretion 
would suppress p21. We used an enzyme-linked immuno-
sorbent assay kit to detect the secretion of CXCL5, which 
revealed no difference in CXCL5 secretion between HCT8 
and HCT8-5FU cells (Fig. 6A). Hence, we investigated 
whether CXCL5 plays an intracellular inhibitory role on 
p21. To explore the mechanism by which CXCL5 sup-
presses p21, we attempted to identify the protein to which 
CXCL5 binds by using a co-immunoprecipitation (Co-IP) 
assay. After Co-IP, SDS-PAGE of IgG and anti-CXCL5 
groups at the same position were selected, followed by a 
silver staining assay. Subsequently, mass spectrometry 
(MS) was performed for identification. Based on the MS 
results, we analyzed and screened the binding proteins 

identified as highly reliable in the two sets of data tables 
and excluded non-specific binding proteins (those that also 
bound to IgG; Fig. 6B). Ultimately, we identified four pro-
teins of the expected size that bound specifically to CXCL5. 
Most of these were nuclear proteins. Immunofluorescence 
assays revealed that CXCL5 was expressed in the nuclei of 
HCT8-5FU cells (Fig. 6C). Western blot of cytoplasmic and 
nuclear fractions also confirmed that CXCL5 was expressed 
in the nucleus (Figure S4A). According to a previous study, 
RALY, one of the four predicted binding proteins, promotes 
tumor progression by increasing the stability of MDM2 and 
inhibiting p53 activity [21]. Upon KEGG network analysis, 
we discovered that p53 is upstream of p21. Therefore, we 
speculated that CXCL5 inhibits the p53 pathway by influ-
encing RALY expression. The specific binding of CXCL5 to 
RALY was confirmed using a Co-IP assay (Fig. 6D and E). 
We compared RALY expression in HCT8 and HCT8-5FU 
cells and discovered that RALY was highly expressed in 
HCT8-5FU cells (Figs. 6F and S4B). Thus, overexpression 
of CXCL5 in HCT8 cells promoted the expression of RALY, 
which subsequently regulated the expression of MDM2 and 
inhibited the expression of p53 and p21. Downregulation 
of CXCL5 expression in HCT8-5FU cells resulted in the 
opposite changes in protein expression (Figs. 6G, H, S4C 
and S4D).

Discussion

Recent research on the role of chemokines in tumor pro-
gression has identified abnormal CXCL5 expression in vari-
ous cancers. Our study demonstrates that CXCL5 is highly 
expressed in CRC. Our results align with those of previ-
ous studies in which CXCL5 was upregulated in various 
cancers, including glioblastoma; liver, non-small cell lung, 
breast, penile, melanoma, cervical, gastric, pancreatic, blad-
der, prostate, esophageal, nasopharyngeal, and thyroid can-
cer; clear cell carcinoma of the kidney; osteosarcoma; head 
and neck squamous cell carcinoma; bile duct carcinoma; 
and laryngeal squamous cell carcinoma [15, 16, 18, 19, 
22–35]. Growing evidence has demonstrated that CXCL5 
exerts cancer-promoting effects by mediating various cell 
behaviors during tumor development, including tumor pro-
liferation, invasion and migration, angiogenesis, changes to 
the tumor microenvironment, and chemotherapy resistance. 
However, few reports on the correlation between CXCL5 
expression and drug resistance in tumors have been pub-
lished. In pancreatic cancer, elevated CXCL5 levels con-
tribute to gemcitabine resistance by influencing both cancer 
and stromal cells [36]; Similarly, CXCL5 is upregulated in 
the mitomycin-C-resistant bladder cancer cell line M-RT4, 
and the reduction of CXCL5 expression in that cell line can 
decrease mitomycin-C resistance [37]. Similarly, CXCL5 

Fig. 3   Knockdown of CXCL5 enhances the sensitivity of CRC 
cells to 5-FU. A and B RT-qPCR assays revealed the expression of 
CXCL5 in HCT8-5FU and HCT8 cells after transfection with siR-
NAs or lentiviruses. ****P < 0.0001. C and D CCK-8 assays indi-
cated that lower CXCL5 levels suppressed the 5-FU resistance of 
CRC cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS 
not significant. E and F EdU assays revealed that CXCL5 knockdown 
suppressed the 5-FU resistance of CRC cells. Scale bar: 200  µm. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS not signifi-
cant. G—J Colony formation assay demonstrated that knockdown of 
CXCL5 expression inhibited clone formation ability of HCT8-5FU 
and HCT8. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
NS not significant. K and L subcutaneous tumors with stable CXCL5 
silencing had higher 5-FU sensitivity than control cells. *P < 0.05, 
**P < 0.01, NS not significant

◂
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expression is significantly upregulated in sunitinib-resistant 
cells [38]. Evidence that the expression level of CXCL5 
is connected with tumor malignancy and metastasis is 

mounting [39–41]. Thus, CXCL5 is potentially a novel tar-
get for tumor therapy [42–44].

CXCL5, a CXC-type chemokine with an ELR motif, is 
secreted by various immune cells and primarily acts as a 

Fig. 4   Overexpression of CXCL5 promotes the resistance of CRC 
cells to 5-FU. A and B RT-qPCR and western blot assays confirmed 
the expression of CXCL5 in SW620 and HCT8 cells after transfection 
with a CXCL5 overexpression vector. ***P < 0.001, ****P < 0.0001. 
C and D CCK-8 assays indicated that higher CXCL5 levels enhanced 
the 5-FU resistance of CRC cells. **P < 0.01, ***P < 0.001, 
****P < 0.0001, NS not significant. E–G EdU assays revealed that 

higher CXCL5 levels increased the 5-FU resistance of CRC cells. 
Scale bar: 200 µm. *P < 0.05, **P < 0.01, ***P < 0.001. NS not sig-
nificant. H–J Colony formation assays demonstrated that upregula-
tion of CXCL5 strengthened the colony formation ability of SW620 
and HCT8 cells. *P < 0.05, **P < 0.01, ***P < 0.001, NS not signifi-
cant
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Fig. 5   Cell cycle suppressor gene CDKN1A (p21) is downregu-
lated by CXCL5. A KEGG analysis of sequencing results of 5-FU-
resistant cells showed differentially expressed genes enriched in cell 
cycle pathways. B RNA-seq revealed differentially expressed genes 
in HCT8-5FU cells in which CXCL5 was downregulated. C Intersec-
tion of differentially expressed genes enriched in cell cycle pathways 
upon KEGG analysis of the two RNA-seq results. D RT-qPCR assays 
of cell cycle pathway-related genes in HCT8 and HCT8-5FU cells. 
****P < 0.0001. E RT-qPCR assays of cell cycle pathway-related 
genes in HCT8-5FU cells with downregulation of CXCL5. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001, NS not significant. F and 
G RT-qPCR assays were used to detect the effect of overexpression 
of CXCL5 in HCT8 and SW620 cells on cell cycle pathway-related 
genes. *P < 0.05, **P < 0.01, NS not significant. H Western blot 
assays revealed that protein levels of p21 was lower in HCT8-5FU 
cells than that in HCT8 cells. I Western blot assays revealed the 
increased expression of p21 in HCT8-5FU and HCT8 cells which 
were transfected with shRNAs. J Western blot assays revealed the 
decreased expression of p21 in HCT8 and SW620 cells which were 
transfected with CXCL5 vectors. See also Figure S3
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ligand for CXCR2 [45]. CXCL5 contributes significantly to 
angiogenesis through the activation of CXCR2 [12]. CXCL5 
recruits T/B lymphocytes, neutrophils, eosinophils, and 

other immune cells to specific regions during the immune 
response, contributing to anti-infection and antiviral activi-
ties [13]. It also enhances the adhesion and remodeling of 

Fig. 6   CXCL5 modulates MDM2/p53 axis to inhibit p21 by binding 
to RALY. A ELISA assays showed that the secretion of CXCL5 did 
not differ between HCT8 and HCT8-5FU cells. NS not significant. 
B Silver staining and mass spectrometry assays revealed the identity 
of the specific binding protein of CXCL5. C Immunofluorescence 
showed that CXCL5 was expressed in the nuclei of HCT8-5FU cells. 

D and E Co-immunoprecipitation confirmed the specific binding of 
CXCL5 to RALY in HCT8-5FU and HCT8 cells. F Western blotting 
revealed that the expression of RALY was higher in HCT8-5FU cells 
than that in HCT8 cells. G and H Western blotting verified the effects 
of overexpression and downregulation of CXCL5 on the expression 
of RALY, MDM2, p53 and p21. See also Figure S4
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connective tissues [14]. Studies focused on CXCL5 and 
tumor progression have indicated that the CXCL5/CXCR2 
axis drives tumor growth, stimulates angiogenesis, and aids 
in the invasion and activation of host cells [46, 47]. CXCL5 
is regarded as an effective angiogenic factor with chemotac-
tic effects on the vascular endothelium. It induces abundant 
angiogenesis during tumor progression through the actions 
of multiple signaling pathways. The possibility of targeted 
interventions against the molecular targets that initiate and 
promote vascular mimicry has also been explored. The inhi-
bition of such key molecules can reduce the occurrence of 
vascular mimicry, thereby enhancing the effectiveness of 
tumor treatments. Although current research is still in the 
experimental stage, as a novel mode of tumor blood supply, 
vascular mimicry may be a new therapeutic target for tumor 
treatment in the future [48].

Here, we explored the novel role of CXCL5 in 5-FU 
resistance in CRC. We discovered that CXCL5 expres-
sion was upregulated in CRC 5-FU-resistant cells. At the 
beginning of this study, we attempted to find an associa-
tion between the 5-FU concentration and CXCL5 expres-
sion, no such link was observed. Additional experiments 
demonstrated that CXCL5 boosts CRC cell proliferation and 
functions as a p53 pathway suppressor by binding to RALY 
in the nucleus. This is the first study in which the expres-
sion, function, and mechanism of action of CXCL5 in CRC 
resistance to 5-FU has been explored. Our results suggest 
that CXCL5 upregulation is associated with an increased 
tumor size and a poor prognosis. Gain- and loss-of-func-
tion experiments demonstrated that CXCL5 promotes CRC 
growth and increases the resistance to 5-FU treatment. One 
limitation of our study is that we were unable to explain the 
specific interaction between CXCL5 and RALY. Our work 
was focused on how CXCL5 affects drug resistance. In the 
future, additional problems related to drug resistance can 
be addressed via the use of other techniques, such as the 
screening potential drug resistance targets via CRISPR [49]. 
Moreover, we did not explore whether CXCL5 has the same 
cancer-promoting effects during the course of resistance to 
other forms of chemotherapy [50]. Much work remains to 
be done regarding the function and mechanisms of CXCL5 
in tumor progression. Further studies should be conducted 
on the structure of the CXCL5–RALY interaction and 
other aspects. The interaction between CXCL5, RALY, and 
MDM2 will be carried out systematically in our future work. 
Our results also should be verified in patient-derived xeno-
graft models [51–53].

Although CXCL5 is commonly identified as a ligand of 
CXCR2 in cancer tissues, it also interacts with other proteins 
to significantly contribute to tumorigenesis and cancer pro-
gression. According to the MS results of this study, CXCL5 
in HCT8-5FU cells is mostly bound to nuclear proteins. As 
our experiments revealed the nuclear expression of CXCL5, 

we focused on the intranuclear function of CXCL5 in confer-
ring 5-FU resistance in CRC. We verified that CXCL5 may 
inhibit p53 pathways by binding to RALY and subsequently 
downregulating p21 expression. Thus, CXCL5 is a potential 
target to enhance CRC cell sensitivity to 5-FU therapy.

Conclusion

In summary, our study revealed the high expression level 
of CXCL5 that promotes the 5-FU resistance of CRC cells 
and drives CRC development. CXCL5 can bind to RALY 
to promote the stability of MDM2, which suppresses the 
expression of p53/p21 (Fig. 6). Thus, CXCL5 may enhance 
the 5-FU resistance of CRC cells by promoting cell cycle 
progression. These results offer a fresh understanding of the 
involvement of CXCL5 in CRC and suggest that it may be a 
therapeutic target for CRC treatment.  
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