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1. Introduction
Cervical squamous cell carcinoma (CESC) initiates in 

the squamous cells, which are located in the surface of the 
cervix [1]. It accounts for 80-90% of total cases and is the 
most common type of cervical cancer [2]. Macrophages 
are one of the most abundant stromal cells in microenvi-
ronment and can participate in tumor-related biological 
processes in two forms of polarization, M1 or M2 [3]. 
Multiple studies related to CESC have shown that M2-
polarized macrophages (M2φ) promote tumor growth and 
metastasis [4]. However, there is less research on the effect 
of M2φ on CESC metabolic reprogramming. 

Chemokines are important substances for communica-
tion and information transfer between macrophages and 
other cells in the microenvironment [5, 6]. In our research, 
chemokines in M2φ lysate were detected via array ana-
lysis, which revealed significant differentiation in expres-
sion of C-X-C Motif Chemokine Ligand 1 (CXCL1) 
between THP-1 and M2φ. In 2021, Wu et al. discovered 
that CXCL1 was upregulated in CESC tissues than in the 
normal ones [7]. However, its actual medical significance 
remained to be explored in a large space.

Cancer cells exhibit a metabolic adaptation known as 

the Warburg effect, characterized by an elevated rate of 
glycolysis, enabling them to thrive and proliferate in the 
hypoxic microenvironment typical of neoplastic tissues [8, 
9]. In our bioinformatics analysis, presented as heat map, 
6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 2 
(PFKFB2) ranking the most differentially expressed genes 
that related to glycolysis in CESC cells after rCXCL1 
treatment. In pancreatic cancer cells, PFKFB2 is essen-
tial for steady-state glycolytic activity, F2,6BP levels, 
and proliferation of pancreatic adenocarcinoma cells [10, 
11]. However, the deep correlation between PFKFB2 and 
CESC and the underlying regulatory axis was not mentio-
ned in previous work.

Positive correlation between demethylase Lysine (K)-
specific demethylase 6B (KDM6B) and PFKFB2 was 
determined via GEPIA website. It has been found that 
KDM6B inhibits breast cancer metastasis via interacting 
with exosomes [12, 13]. It has been also proven to pro-
mote lung metastasis of osteosarcoma [14] and stemness 
of human mesenchymal stem cells via regulating sodium 
lactate [15]. 

In summary, we hypothesized that KDM6B/PFKFB2/
CXCL1 axis may be involved in the metabolic process of 
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CESC induced by M2φ, which would shed light on the 
complex interplay between immune cells and cancer cells, 
and provide new insights into the mechanisms underlying 
CSCC development and progression.

2. Materials and methods
2.1. Macrophage polarization and conditioned medium 
preparation

M2φ were generated by initially subjecting THP-1 
cells to phorbol 12-myristate 13-acetate (PMA, 16561-29-
8, Sigma-Aldrich, USA) at a concentration of 320 nmol/L 
for a period of 12 hours, followed by subsequent culturing 
with a combination of 100 nmol/L PMA, as well as 20 
ng/mL IL-4 (SRP4137, Sigma-Aldrich, USA) and 20 ng/
mL IL-13 (SRP3274, Sigma-Aldrich, USA) for an additio-
nal duration of 48 h. M2φ cells were cultured in medium 
without serum for 24 hours, followed by centrifugation at 
10,000 rpm for 5 minutes. The resulting supernatant was 
collected as M2φ-CM and stored at -80°C.

2.2. Cell culture
THP-1 (TIB-202), SiHa (HTB-35) and C33A (HTB-

31) cells were all purchased from ATCC (USA). THP-1 
cells were cultivated in RPMI-1640 medium + 10% FBS 
(30-2001, ATCC, USA). SiHa and C33A cells were cultu-
red in MEM medium +10% FBS (30-2003, ATCC, USA). 
All cells were set in an environment with 95% air and 5% 
CO2 at 37°C. After 3 days of culture, the culture media 
was replaced with M2 macrophage conditioned medium 
(M2φ-CM) or control media (RPMI + 5% FBS) and co-
cultivated for 24 h. CXCL1 antibody (CXCL1 Ab, 250 
ng/mL) or was used to treat cells for CXCL1 inhibition. 
Recombinant CXCL1 (rCXCL1, 100 μg/mL, 275-GR, 
Bio-techne, China) was used to increase the expression of 
CXCL1.

2.3. Cell transfection
Sh-NC/PFKFB2 and sh-NC/KDM6B were designed 

and synthesized by VectorBuilder (China). All vectors 
were transfected into NMCMs using Lipofectamine 2000 
transfection reagents (11668019, Invitrogen, USA).

2.4. Cell Counting Kit-8 (CCK-8) assay
SiHa and C33A cells were seeded in 96-well plates at 

1 × 104 cells/well. After that, 10 μl of the CCK-8 solution 
(Dojindo) was added to each well for a 1h-incubation at 
37°C in a humidified incubator with 5% CO2. Reagents 
were all from Cell Counting Kit 8 (ab228554, Abcam, 
UK). The absorbance was measured at 450 nm using mi-
croplate reader.

2.5. Wound healing assay
Initially, a 500 μL cell suspension with a concentration 

of 1.0 × 106 cells/mL was prepared and dispensed into in-
dividual wells. Aseptic forceps were utilized to gradually 
extract the insert from the well of the plate. After discar-
ding non-viable cells and debris through washing, fresh 
media supplemented with FBS was introduced to facili-
tate further cell culture. Subsequently, the wound was 
monitored via light microscopy, and the rate of cellular 
migration was quantified. The experimental operations 
were conducted using CytoSelect 24-well Wound Healing 
Assay kit (MBS168434-6, Biotrend, Germany).

2.6. Transwell assay
The Transwell assay was performed utilizing the Cy-

toSelect™ 24-Well Cell Invasion Assay kit (CBA-110, 
AmyJet, China) to evaluate cellular invasion. For the mi-
gration assay, cells were placed onto the upper chamber of 
the 8 µm-membrane (which was coated with an additional 
20 µL of extracellular matrix gel (Sigma, USA) for the 
invasion assay) and incubated at 37°C for 10 min. Sub-
sequently, 10% FBS and 500 µL of medium were added 
to the lower chamber using a pipette. Following 24 hours 
of incubation, crystal violet staining (ab246820, Abcam, 
UK) was carried out for 30 minutes at room temperature, 
and the cells were observed under a microscope (Nikon, 
Japan).

2.7. Enzyme-linked immunosorbent assay (ELISA)
Human Lactic Acid ELISA Kit (MBS725192), Human 

Glucose ELISA Kit (MBS7254179), and Human Adeno-
sine triphosphate (ATP) ELISA Kit were all purchased 
from (MyBioSource, USA). Human CXCL1/GRO alpha 
DuoSet ELISA (DY275, Bio-techne, China) was used for 
detection of CXCL1. All procedures were in accordance 
with guidelines. The results were read at 450 nm imme-
diately and calculated.

2.8. Extracellular acidification rate (ECAR) assay
The ECAR was determined using the Extracellular 

Acidification Rate Assay Kit (BB-48311, Bestbia, China) 
in a 24-well plate. The cells were initially seeded and in-
cubated overnight. After 2 times washing using medium 
containing 2 Mm glutamine at a concentration of 500 μL/
well. After a 1-hour incubation period without CO2, glu-
cose (10 mM), oligomycin (1 μM), and 2-DG (100 mM) 
were added. The Seahorse XFe24 extracellular flux analy-
zer (Seahorse Bioscience, Billerica, MA, USA) was uti-
lized to quantify the ECAR.

2.9. Cytokine array detection
Proteome Profiler Human Chemokine Array Kit 

(ARY017, Bio-techne, China) was used for this detection. 
In brief, supernatants derived from THP-1 cells and M2φ 
were harvested. The antibody array membranes were pre-
treated with 5% bovine serum albumin (BSA) and sub-
sequently co-cultured with the supernatants overnight at 
4 °C. Following three times washing, the membranes were 
treated with biotinylated antibody cocktail. Signals were 
amplified using horseradish peroxidase-streptavidin. ECL 
Advance reagent was used for visualization and ImageLab 
software was for quantification.

2.10. RNA sequencing (RNA-seq)
RNA-seq was employed to investigate the differential 

expression of genes related to glycolysis in CESC cells 
treated with rCXCL1 or negative control. Prior to RNA 
extraction, the cells were washed thrice with phosphate-
buffered saline (PBS) and total RNA was extracted using 
TRIzol Reagent. Subsequently, RNA-seq was performed 
at BGI Genomics (Wuhan, China) to analyze the trans-
criptome of the samples. Raw reads were sequenced and 
subjected to quality control (QC) procedures, following 
which high-quality reads were mapped to a reference 
genome. Gene quantitative analysis was conducted, and 
gene expression levels were subjected to various analyses, 
including principal component and correlation analy-
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2.15. Chromatin Immunoprecipitation (ChIP) assay
Reagents used were from ChIP Assay Kit (17-295, Mil-

lipore, USA). Samples were prepared in strict accordance 
with the manufacturer's instructions and subjected to im-
munoprecipitation with either 5 μg of anti-IgG (ab76149, 
Abcam, USA) or anti-H3K27me3 (ab6002, Abcam, USA) 
antibodies overnight at 4℃. The immunoprecipitated 
complex was further enriched with 50 ml of Protein A + 
G Agarose, and incubated at 4℃ for 60 min, followed by 
centrifugation at 1000 g for 1 min. The resulting precipi-
tate was extensively washed and subsequently analyzed by 
PCR.

2.16. Animal model
A group of female BALB/c nude mice aged between 

5-7 weeks (n = 10) were subcutaneously injected with 
either 4 × 106 SiHa, SiHa + M2φ, or SiHa + M2φ/sh-CX-
CL1 (or SiHa transfected with sh-NC, sh-KDM6B-1 or 
sh-KDM6B-1 + PFKFB2) in the right armpit region. Sub-
sequent to cell injection, tumor volume was measured on 
the 7th, 14th, 21st, and 28th days utilizing the formula V 
= length × width2/2. Following a 5-week period post-cell 
injection, mice were euthanized, and tumor tissues were 
extracted and weighed.

2.17. Immunohistochemistry (IHC) assay
IHC was performed as previously described [16]. 

Primary antibodies against Ki67 (ab15580), KDM6B 
(ab38113), PFKFB2 (ab234865) and CXCL1 (ab269939) 
were purchased from Abcam (UK). Tumor samples were 
fixed, dehydrated, embedded and cut into 5 micron thick 
sections. The sections were deparaffinized using xylene 
and rehydrated using 70% ethanol solutions. After antigen 
retrieval and blocking, primary antibodies were diluted 
and incubated with tissue sections for 1 h at room tempe-
rature. Secondary antibody (ab288151, Abcam, UK) was 
added for another 1 h at room temperature. eBioscience™ 
DAB Advanced Chromogenic Kit (8801-4965-72, Invi-
trogen, USA) was used for visualization.

2.18. Statistical analysis
The data was processed with the aid of SPSS 22.0. Des-

criptive statistics were employed to report variable data in 
terms of mean ± standard deviation (SD). One-way ANO-
VA and student’s t-test were utilized to compare group dif-
ferences. The statistical significance level was set at P < 
0.05.
3. Results
3.1. M2 macrophages regulated the metabolism in 
CESC cells

SiHa and C33A cells were treated with M2φ-CM to as-
sess the regulatory effect of M2 macrophage (Figure 1A). 
Both cell lines showed significantly increased viability in 
M2φ-CM groups, as compared to Ctrl groups (Figure 1B). 
Higher migration rate was determined in M2φ-CM group 
than in Ctrl group via wound healing assay (Figure 1C). 
Transwell assay detected both increased migration and 
invasion cells in M2φ-CM groups, as compared to Ctrl 
groups (Figure 1D). Meanwhile, glucose uptake, lactate 
and ATP levels were all boosted by M2φ-CM in SiHa and 
C33A cells, assessed by ELISA (Figure 1E-G). Higher 
ECAR levels remained throughout the whole 120 min of 
observation in M2φ-CM groups than in Ctrl groups (Fi-
gure 1H). These results suggested that M2 macrophages 

sis as well as differential gene screening. The fragments 
per kilobases per million fragments method (FPKM) was 
used to assess the expression level and determine the 
fold change between the samples. Differential expression 
genes (DEGs) were identified with a log2 (fold change) 
> 1 or log2 (fold change) < −1 and statistical significance 
(p-value < 0.05).

2.11. Bioinformatics analysis
UALCAN (https://ualcan.path.uab.edu/) is a web por-

tal for analyzing cancer transcriptome data, providing 
gene expression profiling, survival analysis, and pathway 
analysis and was used to detect expression of PFKFB2 
in CESC tissues. GEPIA (http://gepia.cancer-pku.cn/) is 
a website collecting expression data of RNA sequencing 
from tumor/normal patients, providing customizable and 
interactive charts and tables for gene expression analysis, 
and was used to analyze the correlation between KDM6B 
and PFKFB2.

2.12. Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR)

The RNA extraction procedure employed TRIzol® 
Reagent (15596018, ThermoFisher, USA) and subsequent 
reverse transcription was carried out using the AffinityS-
cript cDNA Synthesis Kit (200436, Agilent, USA). The 
PCR process was conducted using SYBR™ Green HiS-
cript® III RT SuperMix (R323, Vazyme, China) with 
three replicates per cycle. The 2−ΔΔCT method was used 
to analyze the PCR results. The primers were as fol-
lows: PFKFB2: F: 5'-AGAAATGTTCATGGGCCTC-3', 
R: 5'-GTTTCTTGGACACGTAGGT-3'; KDM6B: F: 
5'-TTTCATACTGGCTCCTGCC-3', R: 5'-GTTCCGTT-
TGTGCTCAAGG-3'.

2.13. Western blot (WB)
The cells were subjected to PBS washing and sub-

sequent lysis using Total Protein Extraction Kit (2140, 
Millipore, China). The protein lysate was agitated inter-
mittently on ice at 5-minute intervals. Protein concentra-
tion was determined using the Pierce™ BCA Protein Assay 
Kit (23225, ThermoFisher, USA), and equivalent protein 
amounts were loaded into each lane of SDS-PAGE and 
then transferred to PVDF membranes (88518, ThermoFi-
sher, USA). After membrane-blocking, primary antibodies 
were incubated with the membranes overnight at 4°C and 
then removed. The PVDF membranes were further treated 
with secondary antibodies (ab7090, 1:1000, Abcam, UK) 
at 37°C for 1 hour. Finally, the protein bands and results 
were visualized using the enhanced chemiluminescence 
(ECL) Fluorescent Western blotting kit (Advansta, Menlo 
Park, USA). The primary antibodies were as follows: anti-
PFKFB2 (ab234865, 1/1000, Abcam, UK); anti-KDM6B 
(ab169197, 1/1000, Abcam, UK); anti-H3K27me3 
(ab6002, Abcam, UK).

2.14. Dual-luciferase reporter assay
The promoter sequence of PFKFB2 was subcloned into 

the pmirGLO vector, which was subsequently transfected 
into SiHa cells from two distinct groups: rCXCL1 and 
Ctrl. Lipofectamine 3000 was utilized as the transfection 
agent. The analysis of relative luciferase activities was 
conducted at 48 hours post-transfection using the Dual-
Luciferase Reporter Detection System (Promega).
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promoted proliferation and migration of CESC cells and 
regulated glycometabolism.

3.2. CXCL1 secreted by M2 macrophages mediated 
glucose metabolism in CESC cells

Chemokine in CESC cell lysate was detected via ar-
ray analysis, which showed significant differentiation in 
CXCL1 expression between THP-1 cells and M2 macro-
phages (Figure 2A). ELISA confirmed relatively high 
level of CXCL1 in M2 macrophages, as compared to 
that in THP-1 cells (Figure 2B). Same trend of increased 
CXCL1 expression was also demonstrated in SiHa and 
C33A cells co-cultured with M2φ-CM (Figure 2C). The-
refore, co-culture system of SiHa and C33A cells and 
M2φ-CM was treated with CXCL1 Ab for further valida-
tion. Compared to M2φ-CM group, M2φ-CM + CXCL1 
Ab group manifested relatively suppressed viability and 
decreased number of migrated and invaded cells (Figure 
2D-F), suggesting M2 macrophages regulated tumor pro-
gression via secreting CXCL1. Furthermore, CESC cells 
were treated with rCXCL1, and the positive correlation 
between concentration of rCXCL1 and levels of glucose 
uptake, lactate, ATP and ECAR was observed (Figure 2G-
J), indicating that the effect of CXCL1 was concentration-
dependent.

3.3. Chemokine CXCL1 upregulated the expression of 
PFKFB2

As shown in heat map, five differentially expressed 
genes related to glycolysis were screened via RNA-seq, 
with PFKFB2 ranking the most difference after rCXCL1 
treatment (Figure 3A). PFKFB2 showed significantly 
higher expression in primary tumor patients (n=305) than 
in normal ones (n=3), as analyzed by UALCAN website 
(Figure 3B). In SiHa and C33A cells treated with rCXCL1, 
its expression was upregulated as the concentration of 
rCXCL1 increased (Figure 3C-D). In SiHa and C33A cells 
treated with M2φ-CM, PFKFB2 expression was increased, 
compared to that in Ctrl group (Figure 3E-F) and such in-
crease was relatively reversed by additional CXCL1 Ab 
(Figure 3G-H). These results suggested that chemokine 

CXCL1 upregulated the expression of PFKFB2.

3.4. KDM6B promoted the transcription of PFKFB2 
by modulating H3K27

No significant difference in PFKFB2 mRNA expression 
was detected in SiHa cells from Ctrl/rCXCL1 group (Fi-
gure 4A). Relative luciferase activity showed no significant 
changes between Vector and PFKFB2 promoter groups 
and remarkable increase in rCXCL1 group, compared to 
Ctrl group (Figure 4B), suggesting that rCXCL1 activated 
the transcriptional activity of PFKFB2 without influencing 
its mRNA stability. Positive correlation between demethy-
lase KDM6B and PFKFB2 was determined via GEPIA 
website (Figure 4C). qRT-PCR and WB were used for 
confirmation, which showed that in SiHa and C33A cells 

Fig. 1. (A) Procedure of treatment of CESC cells with M2φ-CM. (B) 
Cell viability of SiHa and C33A cells treated with Ctrl/M2φ-CM, de-
tected by CCK8 assay. (C) Migration rate of wounded SiHa and C33A 
cells treated with Ctrl/M2φ-CM, assessed by wound healing assay. 
(D) Number of migrated and invaded cells from Ctrl/M2φ-CM group, 
assessed by transwell assay. (E-G) Levels of glucose uptake, lactate 
and ATP in cells from Ctrl/M2φ-CM group, assessed by ELISA. (H) 
ECAR in cells from Ctrl/M2φ-CM group.

Fig. 2. (A) Relative level of chemokine in supernatant of CESC cells, 
detected via array analysis. (B) CXCL1 content in supernatant of 
THP-1 and M2 macrophages, was detected via ELISA. (C) CXCL1 
content in Ctrl/M2φ-CM group, detected via ELISA. (D) Prolifera-
tion of Ctrl/M2φ-CM/M2φ-CM + CXCL1 Ab group, assessed by 
CCK-8 assay. (E) Invasion and migration of Ctrl/M2φ-CM/M2φ-CM 
+ CXCL1 Ab group, assessed by transwell assay. (F) Migration rate 
of Ctrl/M2φ-CM/M2φ-CM + CXCL1 Ab group, assessed by wound 
healing assay. (G-I) Levels of glucose uptake, lactate and ATP in SiHa 
and C33A cells treated with different concentrations of rCXCL1, 
assessed by ELISA. (J) ECAR in SiHa and C33A cells treated with 
different concentrations of rCXCL1.

Fig. 3. (A) Differentially expressed genes related to glycolysis in 
CESC cells treated with rCXCL1. (B) PFKFB2 expression in tissues 
from normal/CESC patients. (C-D) PFKFB2 expression cells treated 
with rCXCL1 at different concentrations, were detected via qRT-
PCR and WB. (E-F) PFKFB2 expression in cells from M2φ-CM/Ctrl 
group, detected via qRT-PCR and WB. (G-H) PFKFB2 expression in 
cells treated with Ctrl/M2φ-CM/M2φ-CM + CXCL1 Ab group, detec-
ted via qRT-PCR and WB
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treated with rCXCL1, expression of KDM6B was upre-
gulated compared to the negative control (Figure 4D-E). 
Therefore, sh-KDM6B was transfected in SiHa and C33A 
cells (interference efficiency shown Figure 4F). PFKFB2 
expression was inhibited by sh-KDM6B, assessed by 
qRT-PCR and WB (Figure 4G-H). In SiHa and C33A cells 
transfected with sh-KDM6B, H3K27me3 expression was 
significantly increased (Figure 4I). ChIP results indica-
ted substantial enrichment of PFKFB2 promoter precipi-
tated by anti-H3K27me3 (Figure 4J), which was further 
enriched in sh-KDM6B groups (Figure 4K), suggesting 
KDM6B facilitated the binding of PFKFB2 promoter and 
H3K27me3, thus to inhibit the transcription of PFKFB2.

3.5. CXCL1/KDM6B/PFKFB2 axis promoted CESC 
progression in vivo

In vivo, the SiHa + M2φ group largely boosted tumor 
progression, with its volume and weight increased, com-
pared to the Ctrl group, and SiHa + M2φ/sh-CXCL1 group 
significantly reversed this effect, compared to the SiHa + 
M2φ group (Figure 5A-B). IHC results detected higher 
expression of KDM6B and PFKFB2 in SiHa + M2φ group 
than in Ctrl group, and lower one in SiHa + M2φ/sh-CX-
CL1 group than in SiHa + M2φ group (Figure 5C). Moreo-
ver, in mice subcutaneously injected with SiHa cells which 
transfected with sh-NC, sh-KDM6B-1 or sh-KDM6B-1 
+ PFKFB2, the inhibited tumor progression and expres-
sion of KDM6B and PFKFB2 in sh-KDM6B-1 group 
was then observed promoted in sh-KDM6B-1 + PFKFB2 
group, with decreased volume and weight of tumor again 
increased (Figure 5D-F). These results suggested that 
KDM6B regulates CESC progression via PFKFB2.

4. Discussion
Synthesized by tissue macrophages and functioning as 

neutrophil chemoattractants, CXCL1 was found to control 
the early stage of neutrophil recruitment during tissue in-
flammation [17]. It was dysregulated in immune escape 
and lung metastasis of breast cancer [18] and pancreatic 
cancer [19]. However, its expression in polarized macro-
phages has never been explored in CESC. In our research, 
ELISA confirmed relatively high level of CXCL1 in M2 
macrophages or CESC cells co-cultured with M2φ-CM. 
Moreover, the addition of CXCL1 Ab to CESC cells co-
cultured with M2φ-CM significantly suppressed viability, 
invasion and migration of cells, suggesting M2φ regulated 
tumor progression via secreting CXCL1 in a concentra-
tion-dependent manner.

It was assessed in colorectal cancer that the knockdown 
of CXCL1 would result in a decreased rate of glycolysis 
[20]. Our bioinformatics analysis shared similar findings 
of interaction between glycolysis-related gene PFKFB2 
and CXCL1. The PFKFB family displays varying func-
tions across different cancer types, with all linked to im-
mune response. The expression of PFKFB2 was proved to 
be influenced in coordinating progression of gastric cancer 
and breast cancer. For validation, in SiHa and C33A cells 
treated with rCXCL1, PFKFB2 expression was upregu-
lated in a concentration-dependent manner. In SiHa and 
C33A cells treated with M2φ-CM, PFKFB2 expression 
was increased and such increase was relatively reversed in 
M2φ-CM + CXCL1 Ab group. In SiHa cells, the promoted 
migration and invasion induced by rCXCL1 was restored 
by sh-PFKFB2 transfection. Similar rescue effect was also 

Fig. 4. ((A) Stability of PFKFB2 mRNA in SiHa cells from Ctrl/rCX-
CL1 group, detected at 0, 3 and 6 h via qRT-PCR. (B) Relative lucife-
rase activity in SiHa cells transfected with Vector/PFKFB2 promoter 
and treated with Ctrl/rCXCL1. (C) Correlation between expressions 
of PFKFB2 and KDM6B, analyzed using GEPIA. (D-E) Relative 
expression of KDM6B in Ctrl/rCXCL1 group, detected by qRT-PCR 
and WB. (F) Interference efficiency of sh-KDM6B in SiHa and C33A 
cells. (G-H) Relative expression of PFKFB2 in SiHa and C33A cells 
transfected with sh-NC/KDM6B, detected by qRT-PCR and WB. (I) 
Relative expression of H3K27me3 in SiHa and C33A cells transfec-
ted with sh-NC/KDM6B, detected by WB. (J) Relative enrichment of 
PFKFB2 promoter in complex precipitated by anti-IgG/H3K27me3 
from SiHa and C33A cells, assessed by ChIP assay. (K) Relative 
enrichment of PFKFB2 promoter in complex precipitated by anti-
IgG/H3K27me3 from SiHa and C33A cells transfected with sh-NC/
KDM6B, assessed by ChIP assay.

Fig. 5. (A) Tumor samples in vivo from SiHa, SiHa + M2φ and 
SiHa + M2φ/sh-CXCL1 groups. (B) Tumor volume and weight in 
vivo were sampled from SiHa, SiHa + M2φ and SiHa + M2φ/sh-
CXCL1 groups. (C) Expression of KDM6B, PFKFB2 and CXCL1 in 
vivo sampled from SiHa, SiHa + M2φ and SiHa + M2φ/sh-CXCL1 
groups, assessed by IHC staining. (D) Tumor samples in vivo from 
sh-NC, sh-KDM6B-1 and sh-KDM6B-1 + PFKFB2 groups. (E) Tu-
mor volume and weight in vivo sampled from sh-NC, sh-KDM6B-1 
and sh-KDM6B-1 + PFKFB2 groups. (F) Expression of KDM6B 
and PFKFB2 in vivo sampled from sh-NC, sh-KDM6B-1 and sh-
KDM6B-1 + PFKFB2 groups, detected by WB.
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observed in viability, levels of glucose uptake, lactate, 
ATP and ECAR. These results for the first time proved that 
CXCL1 regulated CESC progression via PFKFB2.

In 2019, KDM6B was identified to be involved in 
crosstalk between histone demethylation and hypoxic 
reprogramming in cancer metabolism [21], which was 
consistent with our bioinformatics findings. Moreover, 
KDM6B was confirmed to modulate the stability of nu-
clear β-catenin to regulate the M2 polarization of macro-
phages in breast cancer [22]. Our work shared similar me-
chanism in CESC. qRT-PCR and WB results showed that 
in vitro, KDM6B expression was upregulated by chemo-
kine rCXCL1, and PFKFB2 expression was inhibited by 
sh-KDM6B. In vivo, the promoted tumor progression and 
expressions of KDM6B and PFKFB2 induced by transfec-
ted SiHa + M2φ were relatively restored by sh-CXCL1. 
Moreover, the inhibitory effect of sh-KDM6B-1 on tumor 
progression and expressions of KDM6B and PFKFB2 was 
restored in sh-KDM6B-1 + PFKFB2 group. These results 
suggested that CXCL1/KDM6B/PFKFB2 axis regulated 
CESC progression via interaction.

The protein encoded by KDM6B is H3K27me2 or 
H3K27me3 [23]. The trimethylation of H3K27 is an epige-
netic modification that plays a crucial role in the regulation 
of chromatin structure and gene expression repression [24]. 
Additionally, this protein exhibits demethylation activity 
towards non-histone substrates, including retinoblastoma 
protein, thereby influencing various biological processes 
such as cellular differentiation and tumorigenesis [25, 
26]. However, its regulatory network has not been fully 
explored, especially lacking in CESC. Our results showed 
that in SiHa and C33A cells transfected with sh-KDM6B, 
H3K27me3 expression was significantly increased. ChIP 
results indicated substantial enrichment of PFKFB2 pro-
moter precipitated by anti-H3K27me3, which was further 
enriched in cells transfected with sh-KDM6B, suggesting 
KDM6B facilitated the binding of PFKFB2 promoter and 
H3K27me3, thus to inhibit the transcription of PFKFB2.

5. Conclusion
In conclusion, we determined the role of CXCL1 

secreted by M2φ in CESC, which regulated metabolic 
reprogramming via KDM6B/PFKFB2 axis and provided 
valuable insights into the development of new therapeu-
tic strategies for CESC targeting the tumor microenviron-
ment.
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