
Cancer Science. 2024;115:1881–1895.    | 1881wileyonlinelibrary.com/journal/cas

Received: 15 August 2023  | Revised: 3 February 2024  | Accepted: 20 February 2024

DOI: 10.1111/cas.16137  

O R I G I N A L  A R T I C L E

YTHDC1- dependent m6A modification modulated FOXM1 
promotes glycolysis and tumor progression through CENPA in 
triple- negative breast cancer

Xi Shen1  |   Jianxin Zhong4  |   Pan Yu5 |   Feng Liu6  |   Haoran Peng7  |   
Nianyong Chen2,3

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Xi Shen and Jianxin Zhong contributed equally to this work.  

Abbreviations: BC, breast cancer; CENPA, centromere protein A; FOXM1, forkhead box M1; GO, Gene Ontology; m6A, N6- methyladenosine; TFs, transcription factors; TNBC, 
triple- negative breast cancer.

1Department of Oncology, The Eighth 
Affiliated Hospital, Sun Yat- sen University, 
Shenzhen, China
2Department of Radiation Oncology, 
Cancer Center, West China Hospital, 
Sichuan University, Chengdu, China
3Division of Head & Neck Tumor 
Multimodality Treatment, Cancer Center, 
West China Hospital, Sichuan University, 
Chengdu, China
4Key Laboratory of Carcinogenesis 
and Translational Research (Ministry 
of Education), Department of Breast 
Oncology, Peking University Cancer 
Hospital & Institute, Beijing, China
5Department of Health Management, The 
Second Hospital Affiliated to Chongqing 
Medical University, Chongqing, China
6Department of Thyroid and Breast 
Surgery, Wuhan Fourth Hospital, Wuhan, 
China
7Department of Stomatology, Shenzhen 
Hospital, University of Chinese Academy 
of Sciences, Shenzhen, China

Correspondence
Nianyong Chen, Department of Head 
and Neck Oncology and Department 
of Radiation Oncology, Cancer Center, 
West China Hospital, Sichuan University, 
Chengdu, Sichuan 610041, China.
Email: n_ychen@hotmail.com

Abstract
Triple- negative breast cancer (TNBC) exhibits heightened aggressiveness compared 
with other breast cancer (BC) subtypes, with earlier relapse, a higher risk of distant 
metastasis, and a worse prognosis. Transcription factors play a pivotal role in various 
cancers. Here, we found that factor forkhead box M1 (FOXM1) expression was sig-
nificantly higher in TNBC than in other BC subtypes and normal tissues. Combining 
the findings of Gene Ontology (GO) enrichment analysis and a series of experiments, 
we found that knockdown of the FOXM1 gene attenuated the ability of TNBC cells 
to proliferate and metastasize both in vivo and in vitro. In addition, Spearman's test 
showed that FOXM1 significantly correlated with glycolysis- related genes, especially 
centromere protein A (CENPA) in datasets (GSE76250, GSE76124, GSE206912, and 
GSE103091). The effect of silencing FOXM1 on the inhibition of CENPA expression, 
TNBC proliferation, migration, and glycolysis could be recovered by overexpression 
of CENPA. According to MeRIP, the level of m6A modification on FOMX1 decreased 
in cells treated with cycloleucine (a m6A inhibitor) compared with that in the con-
trol group. The increase in FOXM1 expression caused by YTHDC1 overexpression 
could be reversed by the m6A inhibitor, which indicated that YTHDC1 enhanced 
FOXM1 expression depending on m6A modification. Therefore, we concluded that 
the YTHDC1- m6A modification/FOXM1/CENPA axis plays an important role in TNBC 
progression and glycolysis.
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1  |  INTRODUC TION

Breast cancer is the most common cancer among women and can 
be classified into three major subtypes: luminal- like, HER2- positive, 
and TNBC.1 TNBC accounts for approximately 15%–20% of all BC 
cases and exhibits heightened aggressiveness compared with other 
BC subtypes, increasing the incidence of early relapse, treatment re-
sistance, and distant metastasis, with a 5- year overall survival rate 
below 35%.2 Additionally, patients who were diagnosed with TNBC 
hardly benefit from endocrine treatment or HER2- targeted therapies 
due to the absence of relevant receptor markers.3,4 Consequently, it 
is imperative to identify novel molecular biomarkers that regulate 
biological processes and the development of TNBC, thereby facili-
tating the discovery of new targeted therapies specifically tailored 
for TNBC.

Transcription factors typically bind to promoter sequences to 
regulate downstream target gene expression.5 The abnormal activ-
ity of TFs has long been recognized in cancer development, which is 
associated with aberrant gene expression and metabolic reprogram-
ming.6,7 The transcription factor FOXM1 is a member of the forkhead 
box (Fox) protein superfamily.8 Recent studies have demonstrated 
that FOXM1 is regarded as a major predictor of adverse outcomes 
across 39 human malignancies through multiple mechanisms.9 
FOXM1 can activate signaling pathways such as Wnt/beta- catenin 
and Raf/MEK/ERK to enhance cell growth, metastasis, and EMT.10,11 
In addition, growing evidence suggests that FOXM1 is involved in 
the regulation of cellular metabolism.12 For instance, overexpression 
of FOXM1 is associated with increased glycolysis in various cancers 
including ovarian cancer, and myeloma.13–15 Nevertheless, in TNBC, 
the role of FOXM1 in glycolysis and its underlying mechanisms re-
main poorly elucidated.

Aerobic glycolysis, also known as the “Warburg effect,” is a 
critical metabolic alteration that enables rapid tumor growth even 
under conditions of limited nutrient availability.16 Numerous studies 
have identified the genes involved in the regulation of glycolysis. For 
instance, GLUT1 promotes glycolysis and prostate cancer progres-
sion.17 Moreover, the Molecular Signatures Database (MSigDB) has 
assembled 200 genes encoding proteins associated with glycoly-
sis, collectively referred to as HALLMARK_GLYCOLYSIS gene sets, 
which could be utilized to depict glycolysis in tumors.18 CENPA is 
one of the HALLMARK_GLYCOLYSIS genes that has been reported 
to promote glycolysis in colon cancer cells, and is considered a novel 
prognostic risk predictor for human hepatocellular carcinoma.19,20 
However, no studies have been conducted to identify whether 
FOXM1 could regulate glycolysis through modulating CENPA ex-
pression in TNBC. Therefore, this study aimed to investigate this 
subject.

m6A is considered the most prevalent modification of mRNAs in 
eukaryotes, and plays a crucial role in regulating FOXM1 mRNA.21,22 
For instance, ALKBH5 has been found to increase FOXM1 ex-
pression through demethylating FOXM1 in glioblastoma stem- like 
cells.23 Additionally, ALKBH5 has been demonstrated as an m6A 

eraser of FOXM1 in uveal melanoma, lung adenocarcinoma, and 
oral squamous cell carcinoma.24–26 The m6A writer KIAA1429 was 
also implicated in the development of gastric cancer by stabilizing 
FOXM1 mRNA.27 YTHDC1, an m6A reader, had not been reported 
an association with FOXM1 expression. Therefore, we hypothesis 
that YTHDC1 modulates FOXM1 expression in an m6A- dependent 
manner in TNBC.

The primary objective of this study was to investigate the bio-
logical functions and underlying regulation mechanisms of FOXM1 
in TNBC by integrating the bioinformatics analysis and in vivo and 
in vitro experiments, to provide new insights into the molecular in-
teractions driving TNBC and potential therapeutic targets for com-
bating this aggressive cancer.

2  |  METHOD

2.1  |  Data collection and preprocessing

We obtained data for 355 human TFs and their corresponding tar-
get genes from the hTFtarget website.28 For our study, we collected 
12 datasets from the Gene Expression Omnibus (GEO) platform. 
Detailed information regarding the datasets used in this study is 
provided in Table S1.

We acquired the gene transcription profile and clinical informa-
tion of breast cancer and normal tissue samples from The Cancer 
Genome Atlas (TCGA) Program using the TCGAbiolinks R package, 
and BC samples from the METABRIC dataset (https:// www. cbiop 
ortal. org/ ).

Before analyzing the data, we preprocessed the data using ro-
bust multiarray analysis, as previously described.29

2.2  |  Analysis of glycolysis using ssGSEA 
algorithm and Spearman's correlation

The enrichment score of HALLMARK_GLYCOLYSIS was calculated 
by the ssGSEA algorithm to investigate the relationship with FOXM1 
expression by Spearman's test. Spearman's test also identified the 
correlation between the FOXM1 and the genes from HALLMARK_
GLYCOLYSIS (https:// www. gsea-  msigdb. org/ gsea/ msigdb/ human/  
search. jsp.).

2.3  |  Clinical samples of patients with TNBC

In total, 64 pairs of TNBC and adjacent para- carcinoma tissues 
were collected from the Wuhan Fourth Hospital, Wuhan, China. All 
patients were confirmed to have only one form of cancer through 
pathological examination and had not undergone any chemoradio-
therapy prior to surgery. After surgical resection, fresh specimens 
were immediately frozen in liquid nitrogen and stored at −80°C. 

https://www.cbioportal.org/
https://www.cbioportal.org/
https://www.gsea-msigdb.org/gsea/msigdb/human/search.jsp
https://www.gsea-msigdb.org/gsea/msigdb/human/search.jsp
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The study was approved by the Ethics Committee of the Wuhan 
Fourth Hospital, and all participants provided written informed 
consent.

2.4  |  Cell culture

All the cell lines were cultured with 10% fetal bovine serum (FBS, 
Gibco) and were incubated at 37°C under humidified conditions with 
5% CO2.

2.5  |  Transfection and agents

Lentiviruses containing a specific short hairpin RNA (LV- shFOXM1#1, 
LV- shFOXM1#2) or a negative control sequence (LV- NC) and the 
plasmids, including CENPA- OE (overexpression), YTHDC1- OE, and 
control, were purchased from GenePharma. The plasmids were 
transfected into cells using Lipofectamine 3000 (Invitrogen, USA), 
following the manufacturer's protocol. The sequences of lentivi-
ruses are listed in Table S2.

Cycloleucine was purchased from Sigma- Aldrich and used to in-
hibit m6A modification in cells as previously described.30

2.6  |  Quantitative real- time polymerase chain 
reaction (qRT- PCR)

Total RNA was extracted using RNAiso Plus (TaKaRa, Kyoto, Japan). 
The qRT- PCR was carried out and analyzed as previously de-
scribed.31 Detailed information on the primer sequences used in this 
study is provided in Table S2.

2.7  |  Immunofluorescence assay

The cells were fixed with 4% paraformaldehyde for 15 min at room tem-
perature, permeabilized with 0.5% Triton X- 100, and blocked with 5% 
FBS. Subsequently, the cells were stained with phalloidin (Servicebio) 
for 2 h in the dark at room temperature and counterstained with DAPI 
(Servicebio) for 10 min. An antifade solution was used to prevent 
quenching. Images were captured using fluorescence microscopy.

2.8  |  Immunohistochemistry (IHC)

Immunohistochemistry was performed as described previously.32 
Tissues obtained from patients with TNBC and mice were fixed with 
4% paraformaldehyde and embedded in paraffin. After dewaxing, 
dehydration, and thermal repair of the antigen, the slices were in-
cubated with 3% hydrogen peroxide and 5% BSA for 20 and 40 min, 
followed by incubation with specific antibodies.

2.9  |  Western blot assay

Total proteins were extracted using RIPA lysis buffer (Servicebio), 
separated on 10% SDS- PAGE, transferred to PVDF membranes 
(Millipore), and then incubated with primary antibodies at 4°C over-
night (Table S3). After incubating the membrane with secondary an-
tibodies (Santa Cruz Biotechnology), it was examined using the ECL 
reagent (BeyoECL Plus).

2.10  |  Cell proliferation assay

Cell Counting Kit- 8 (CCK- 8, AbMole) and colony formation assays 
were performed as described previously.33

2.11  |  Invasion and migration assays

Wound healing and transwell assays were performed as previously 
described.34

2.12  |  Glucose uptake assay

Glucose uptake was assessed using a Glucose Uptake Colorimetric 
Assay Kit (Abcam, Cambridge, UK) following the manufacturer's 
protocol. Approximately 1–2 × 104 treated cells were seeded in 
96- well plates at 37°C overnight, pre- incubated with 2% BSA 
and KRPH buffer for 40 min. Next, 10 μL of 2- DG (10 mM) was 
added to each well for 20 min. Reaction and extraction buffers 
were prepared to determine the glucose uptake at a wavelength 
of 412 nm.

2.13  |  Detection of extracellular acidification rate 
(ECAR) and oxygen consumption rate (OCR)

Approximately 5 × 104 cells per well were seeded into Agilent 
Seahorse XFe96 plates, incubated for 8 h without CO2, and starved 
for an additional hour in glucose- free medium- containing treat-
ments. The ECAR and OCR were measured using a glycolytic stress 
test kit (103020; Agilent Technologies) and a cell mito stress test kit 
(103015; Agilent Technologies).

2.14  |  Chromatin immunoprecipitation assay 
(ChIP)

The EZ- ChIP™ Chromatin Immunoprecipitation Kit (Millipore, 
Billerica, MA, USA) was used for the ChIP assay following the 
manufacturer's instructions. Briefly, cells were cross- linked, lysed 
with RIPA buffer and an ultrasonic instrument was used to obtain 
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300–500 bp DNA fragments. The Dynabeads protein G (Thermo 
Fisher Scientific) was rotated with cell lysates and the corresponding 
antibody at 4°C overnight. qRT- PCR was performed to detect the 
enriched DNA regions.

2.15  |  Luciferase reporter assay

After transfecting the wild- type and mutant- type luciferase vector 
(GenePharma) into cell lines, a Dual- Luciferase Reporter Assay Kit 
(Beyotime, RG027) was used to measure luciferase activity.

2.16  |  Dot blot assay

RNA was isolated as described above, and the RNA concentration 
was determined using a NanoDrop spectrometer. Equal amounts 
of RNA were spotted on nylon membranes (GE Healthcare). The 
membranes were subsequently UV- crosslinked following the step 
described previously.35

2.17  |  MeRIP- PCR assay

The level of m6A modifications in the target mRNA was determined 
using the MeRIP- PCR assay. The 10× Fragment buffer (800 RNase- 
Water, 100 μL Tris–HCl, and 100 μL of 1 M ZnCl2) was mixed to split 
the RNA into 100–200- bp fragments. This was followed by incuba-
tion in 1 mL buffer containing 200 U/mL RNase inhibitor, 10 mM Tris–
HCl, 150 mM NaCl, and 0.1% NP- 40 for 1 h at 4°C. Subsequently, 
the solution was conjugated with an antibody and incubated over-
night at 4°C. Methylated RNA was immunoprecipitated using beads, 
eluted by competing with free m6A, and recovered using an RNeasy 
kit (Qiagen).

2.18  |  Mouse models for tumor metastasis

To establish a breast tumor metastasis model,36 eight female BALB/c 
mice at the age of 4 weeks were purchased from Chengdu Gembio 
Co., Ltd. (Chengdu, China). The mice were divided randomly into two 
groups, and 4T1 mouse TNBC cell lines (LV- NC and LV- shFOXM1) 
were injected into the mammary glands. At 4 weeks later, the mice 
were intraperitoneally injected with d- luciferin sodium (Beyotime, 
ST196) and photographed using a small- animal imager. All animal 
procedures were conducted in compliance with ethical standards 
and approved by the Animal Care Committee of Sichuan University.

2.19  |  Bioinformatics and statistical analysis

Most of the statistical analyses mentioned below were con-
ducted using R- 4.3.1 software. Univariate regression analysis 

and the corresponding Kaplan–Meier curves were performed 
using the survival and the ggsurvplot R package to select prog-
nostic transcription factors. The chi- squared test was performed 
through the stat R packages. The preprocessed data used the 
limma R package (|Foldchange| > 1, p- value < 0.05) to identify 
differentially expressed genes (DEGs). GO enrichment analysis 
used the Cluster Profile R package. Additionally, Masc2 was used 
for peak calling in MDA- MB- 231 m6A- seq with a false discov-
ery rate (FDR) < 0.05. All data were obtained from at least three 
independent experiments as mean ± standard deviation (SD) 
using GraphPad Prism7. The Kruskal–Wallis test and Student's t- 
test were used to compare the multiple groups and two groups. 
Statistical significance was set at p < 0.05 (*p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001).

3  |  RESULTS

3.1  |  Identification of the characteristics of 
transcription factor FOXM1 in TNBC

To investigate the crucial TFs in TNBC, we identified 44 TFs with a 
differential expression that were significantly associated with prog-
nosis across the four subtypes of BC from the hTFtarget dataset 
(Figure 1A). Additionally, a violin plot demonstrated that four TFs 
(KDM1A, BARX2, ELK1, and FOXM1) were significantly upregu-
lated, whereas 12 TFs were specifically downregulated in TNBC 
compared with the other three subtypes (Figure 1B, Figure S1A). 
Among the upregulated TFs, KDM1A, ELK1, and FOXM1 showed 
significantly higher expression in TCGA- TNBC than in the normal tis-
sues (p < 0.05), whereas only FOXM1 showed the same result in the 
GSE61725 validation dataset (p < 0.05; Figure 1C,D). The Kaplan–
Meier curve demonstrated that higher FOXM1 expression was as-
sociated with worse prognosis in TNBC and METABRIC cohorts 
(HR > 1, p < 0.05; Figure 1E). Furthermore, the pie plot revealed that 
FOXM1 expression positively correlated with the clinical charac-
teristics such as the number of metastatic lymph nodes and had no 
significant correlation with age, race, tumor size, or stage of TNBC 
patients (chi- squared test p < 0.05; Figure 1F). Therefore, consider-
ing the results of the bioinformatics analysis, FOXM1 was identified 
as a pivotal TF in TNBC.

3.2  |  Validation of FOXM1 expression in TNBC 
samples and cell lines

qRT- PCR analysis revealed higher expression of FOXM1 mRNA in 64 
TNBC tissues than in the corresponding adjacent tissues (Figure 2A). 
Western blotting confirmed the upregulated expression of FOXM1 
protein in the four TNBC samples compared with paired normal tis-
sue (Figure 2B). The IHC assay confirmed a higher FOXM1 protein ex-
pression in TNBC tissue samples (Figure 2C). FOXM1 expression was 
detected in BC cell lines, with significantly higher levels observed in 
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F I G U R E  1  Identification of significantly different expression of transcript factors (TFs), especially FOXM1 in triple- negative breast cancer 
(TNBC). (A) Venn diagram intersecting the genes among 355 TFs differentially expressed in four BC subtypes and 53 prognostics TFs in 
four BC subtypes; the heatmap displays the 44 intersection TF genes in four BC subtypes. (B) Violin plots displaying a higher expression 
of four TFs in TNBC compared with other three subtypes (Kruskal–Wallis test analyzed for multiple groups and Student's t- test used for 
two groups). (C, D) Box plots showing the differential expression of the KDM1A, BARX2, ELK1 and FOXM1 in TCGA data (TNBC- TCGA vs. 
Normal- TCGA) and validation data GSE61725 (TNBC vs. Normal). (E) Comparison of the overall survival between high and low FOMX1 
groups in TCGA- TNBC and in METABRIC- TNBC cohorts with Kaplan–Meier curves. (F) Pie plots exhibiting the association between FOXM1 
expression and clinical characteristics including age, race, tumor size, numbers of lymph nodes and tumor stage in the TNBC- TCGA cohort 
using the chi- squared test. Results are displayed as *p < 0.05, **p < 0.01, ***p < 0.001.

F I G U R E  2  FOXM1 expression is upregulated in TNBC samples and TNBC cell lines. (A) qRT- PCR assay showing the increased expression 
of FOXM1 mRNA in TNBC tissue samples compared with the adjacent tissue (n = 64). (B) Western blot assay showing higher FOXM1 protein 
levels in eight representative TNBC samples compared with adjacent tissue. (C) Representative IHC images of FOXM1 protein expression 
in TNBC tissues and adjacent tissue. (D) qRT- PCR assay and western blot assay showing the expression of FOXM1 among normal epithelial 
cell (MCF10A) and four subtypes of breast cancer cell lines. (E) Representative immunofluorescence imaging of FOXM1 expression and 
the subcellular localization was observed by fluorescence microscopy. (F) GO function analysis with FOXM1 in TNBC samples from TCGA 
database. Results are displayed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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TNBC cell lines when compared with other BC cell lines (Figure S2A,B). 
Furthermore, RT- qPCR and western blotting detected the highest ex-
pression of FOXM1 mRNA and protein, respectively, in the two TNBC 
cell lines (MDA- MB- 231 and MDA- MB- 468) than other cell lines 

(Figure 2D). Additionally, the immunofluorescence (IF) results demon-
strated that FOXM1 is distributed mainly in the nucleus (Figure 2E). To 
explore its biological functions in TNBC, a bubble plot was used to dis-
play the results of the GO analysis with FOXM1. The results indicated 
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that FOXM1 was positively related to various biological processes, in-
cluding cell growth (GO:0016049), regulation of glucose metabolic pro-
cesses (GO:0010906), regulation of cell–cell adhesion (GO:0022407), 
and positive regulation of DNA repair (GO:0045296) (Figure 2F).

3.3  |  FOXM1 promotes TNBC cell 
growth and metastasis

To verify the potential biological functions of FOXM1 in TNBC, we 
first validated the knockdown efficiency of LV- shFOXM1 in TNBC 
cell lines (Figure S2C,D). Then, we conducted proliferation and colony 
formation assays, which revealed a significant inhibition of cell growth 
in TNBC cell lines (MDA- MB- 231 and MDA- MB- 468 cell line) with 
LV- shFOXM1#1 and LV- shFOXM1#2 compared with LV- NC groups 
(Figure 3A,B). Moreover, the knockdown of FOXM1 expression 
also significantly reduced cell migration and invasion (Figure 3C,D). 
Considering the more efficient knockdown of FOXM1 mRNA expres-
sion, we utilized LV- FOXM1#1 transfected cells for subsequent experi-
ments. Images of the metastatic mouse model representing the LV- NC 
and LV- shFOXM1#1 groups (4T1 cell line) are presented in Figure 3E. 
By observing the tumor volume over 28 days, we found that tumor 
growth was significantly more aggressive in the LV- NC group than in 
the LV- shFOXM1#1 group (Figure 3F). Additionally, the LV- NC group 
had heavier tumors and a greater number of lung metastases, indicat-
ing that FOXM1 promoted TNBC development by inducing cell growth 
and metastasis both in vivo and in vitro (Figure 3G–J). We also ob-
served that FOXM1 influenced the cell cycle (Figure S2E).

3.4  |  FOXM1 regulates glycolysis- related genes

Delving into the regulatory role of FOXM1 in glycolysis within 
TNBC, we observed a positive correlation between FOXM1 mRNA 
expression and HALLMARK_GLYCOLYSIS enrichment scores 
using Spearman's test in four datasets (GSE103909, GSE76124, 
GSE76250, and GSE206912) (|r| > 0.2, p < 0.05; Figure 4A). 
Additionally, the correlation heatmap revealed that the ex-
pression of 20 glycolysis- related genes from the HALLMARK_
GLYCOLYSIS gene set was significantly correlated with FOXM1 
expression in these datasets (|r| > 0.2, p < 0.05; Figure 4B). A 
Venn diagram showed three intersecting glycolysis- related genes 

(CENPA, AURKA, KIF20A) that were considered targets of FOXM1 
(Figure 4C). The heatmap displayed the differential expression of 
these three genes between untreated and FOXM1 knockdown 
MDA- MB- 231 cells in GSE25741 and GSE132343 (Figure 4D). 
To validate this finding, we performed qRT- PCR and observed a 
significant decrease in mRNA expression of these three genes in 
LV- shFOXM1#1 cell lines, particularly that of CENPA (p < 0.05; 
Figure 4E). We also discovered that the expression of CENPA pro-
tein was reduced after silencing FOXM1, and restored through 
CENPA overexpression (Figure 4F,G). These results were also con-
firmed by IF analysis (Figure 4H). Taken together, these findings 
strongly supported the hypothesis that FOXM1 regulates CENPA 
expression in TNBC cells.

3.5  |  FOXM1 regulates cell growth, metastasis, and 
glycolysis through binding with CENPA promoter

The results of the proliferation and colony formation assays dem-
onstrated that FOXM1 knockdown contributed to the inhibition 
of cell growth, which could be rescued by increased expression 
of CENPA in TNBC cell lines (Figure 5A,B). This trend was con-
sistently observed in the wound healing and transwell assays 
(Figure 5C,D). Furthermore, the rescue experiments indicated that 
ECAR was increased in CENPA- OE cells, whereas LV- shFOXM1 ex-
pression reversed the effects of CENPA- OE in TNBC (Figure 5E). 
Conversely, the results of the OCR assay exhibited an opposite 
effect (Figure S3A). Collectively, these findings support the no-
tion that FOXM1 promotes cell growth, migration, invasion, and 
glycolysis through its regulation of the downstream gene CENPA 
in TNBC.

Next, we selected the top two sites with the highest scores 
as potential binding sites between FOXM1 and the CENPA pro-
moter predicted by Contra3.0 (Figure 6A). We then conducted 
ChIP assays and confirmed the binding of the FOXM1 antibody to 
site 1 in both MDA- MB- 231 and MDA- MB- 468 cells (Figure 6B). 
Additionally, luciferase activity resulted from transfecting wild- 
type and mutant site 1 luciferase reporter plasmids into TNBC cell 
lines, which indicated significant activation of the promoter by 
FOXM1 in the wild- type group compared with the site 1 mutated 
group (Figure 6C). Moreover, the transcriptional activity of the 
wild- type plasmid relied on FOXM1 expression, as demonstrated 

F I G U R E  3  Inhibiting FOXM1 reduces proliferation and migration in TNBC cell lines. (A) Knockdown of FOXM1 suppressed the 
proliferation capability of MDA- MB- 231 and MDA- MB- 468 cells using the CCK- 8 assay. (B) Knockdown of FOXM1 suppressed the colony 
formation of MDA- MB- 231 and MDA- MB- 468 cells. (C, D) Knockdown of FOXM1 suppressed the migration and invasion rate of MDA- 
MB- 231 and MDA- MB- 468 cells using a wound healing assay and a transwell assay. (E) Representative images of metastases in mice 
injected with 4T1 transfected with LV- NC and LV- shFOXM1 groups. (F) The tumor volume in a mouse metastasis model of indicated groups 
was measured every fifth day. (G, H) Knockdown of FOXM1 reduced the weight of tumors and numbers of lung metastasis in a mouse 
metastasis model. Tumors were measured the tumor weight and numbers of metastases for mice sacrificed after 4 weeks. (I) Representative 
hematoxylin and eosin (HE) staining images of lung metastases in two groups, in which cells were transfected with LV- NC and LV- shFOXM1. 
(J) Images present the xenografts formed by subcutaneous injection of TNBC cell lines transfected with LV- NC and LV- shFOXM1 after mice 
were sacrificed. Results are displayed as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  4  The regulation of FOXM1 in glycolysis- related genes. (A) Scatter plot showing the correlation between FOXM1 expression 
and enrichment score of HALLMARK_GLYCOLYSIS using ssGSEA in five datasets. (B) Spearman's Rho showed that the FOXM1 expression 
correlated with 20 glycolysis- related genes in a HALLMARK_glycolysis geneset across four different GEO datasets. (C) Venn diagram 
indicating the three intersecting genes (KIF20A, AURKA and CENPA) from gene lists including two differentially expressed genes (DEGs) 
from GSE25741 and GSE132343, target genes of FOXM1 from hTFtargeted database and glycolysis- related genes sets. (D) Heatmap 
showing the differential expression of CENPA, AURKA and KIF20A between untreated and silencing FOXM1 MDA- MB- 231 cell line. (E) 
qRT- PCR comparing the mRNA expression of KIF20A, AURKA and CENPA in LV- shFOXM1 and LV- NC TNBC cell lines. (F) Western blot 
comparing the protein expression of KIF20A, AURKA and CENPA in LV- sh FOXM1 and LV- NC TNBC cell lines. (G, H) Rescue experiments of 
western blot and immunofluorescence showing that CENPA overexpression recovered the CENPA protein expression in LV- shFOXM1 cell 
lines. Results are displayed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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F I G U R E  5  FOXM1 promotes the tumor cell growth, invasion and glycolysis by upregulating CENPA expression. (A- B) Overexpression 
of CENPA recovered the effects of silencing FOXM1 on inhibiting the proliferation and colony formation capability of MDA- MB- 231 and 
MDA- MB- 468 cells using CCK- 8 assay and colony formation assay. (C, D) Overexpression of CENPA recovered the effects of silencing 
FOXM1 on the migration and invasion rate of MDA- MB- 231 and MDA- MB- 468 cells using a wound healing assay and transwell assay. 
(E) Overexpression of CENPA recovered the effects of silencing FOXM1 on the change of ECAR levels using the ECAR assay. Glucose 
(10 mmol/L), oligomycin (2 μmol/L), or 2- deoxyglucose (2- DG, 50 mmol/L) were used at the indicated points. Results are displayed as the 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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by the comparison between cells with and without FOXM1 knock-
down (Figure 6D).

3.6  |  YTHDC1 regulates FOXM1 in TNBC through 
m6A modification

Having identified the importance of the FOXM1/CENPA axis, we 
analyzed m6A- seq data from GSE193155 and observed a significant 
enrichment of m6A modifications in FOXM1 compared with the IP 
and input groups (Figure 7A). Additionally, we identified the predom-
inant distribution of m6A modification on the FOXM1 mRNA 3′UTR 
and determined the most frequent m6A motifs (Figure 7B). We also 

validated the m6A modification sites on the human FOXM1 mRNA 
using the SRAMP website (Figure 7B).

Moreover, the heatmap and network depicted the associa-
tions between 23 m6A genes and FOXM1 in TNBC in a prior in-
vestigation37, 38 (Figure S3B,C). We found that only YTHDC1 could 
bind to FOXM1 and be associated with FOXM1 expression. The 
significantly positive correlation between YTHDC1 and FOXM1 
expression was validated in TNBC- TCGA samples (Figure 7C). 
Furthermore, we observed YTHDC1 antibody bound to FOXM1 
mRNA in the RIP- seq (GSE193154) and decreased FOXM1 ex-
pression with silenced YTHDC1 compared with the negative con-
trol in RNA- seq data (GSE193153) (Figure 7D). Additionally, in 
GSE193154, GSE193153 and TCGA- TNBC datasets, we observed 

F I G U R E  6  The FOXM1 binds to the CENPA promoter. (A) The Contra 3.0 database (http:// bioit2. irc. ugent. be/ contra/ v3/#/ step/ 1) 
showing that ChIP- Seq tracked with enrichment of H3K27Ac and FOXM1 across the CENPA promoter sequence (left panel), binding motif 
and prediction of binding sites (right panel). (B) Relative enrichment of FOXM1 (right panel) to the CENPA promoter was detected via ChIP 
assays. PCR products were run on a 2% agarose gel (left panel). (C) Luciferase activity of TNBC cells transfected with luciferase reporter 
plasmids containing wild- type CENPA (CENPA- WT) or mutant CENPA (CENPA- MUT). (D) Estimation of CENPA- WT and CENPA- MUT 
luciferase activity in LV- NC and LV- shFOXM1 TNBC cell lines. Results are displayed as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

http://bioit2.irc.ugent.be/contra/v3/#/step/1
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F I G U R E  7  YTHDC1 regulates FOXM1 depending on m6A modification. (A) Integrative Genomics Viewer (IGV) visualizing the m6A- 
seq in data track and m6A peaks in MASC2 track. (B) Distribution plot showing the m6A modification on FOXM1 mRNA (upper left panel), 
and two predicted sequence motifs for m6A modification based on m6A- seq data (upper right panel). The m6A modification on FOXM1 
mRNA was also predicted on SRAMP website (bottom panel). (C) Scatter plot showing the correlation between YTHDC1 and FOXM1 mRNA 
expression. (D, E) RIP- seq data showing the enrichment of YTHDC1 on FOXM1 mRNA and CENPA mRNA (upper left and right panels). 
RNA- seq data showing the expression of FOXM1 and CENPA in NC and siYTHDC1 groups (bottom left and right panel). (F) Scatter plot 
showing the correlation between YTHDC1 and CENPA mRNA expression. (G) qRT- PCR and western blot assays showing the mRNA and 
protein expression of FOXM1 in YTHDC1- OE and control cells. (H) CENPA expression was detected by western blot and qRT- PCR in cell 
lines cotransfected with empty vector, LV- NC, YTHDC1- OE and LV- shFOXM1. (I, J) The m6A modification level and FOXM1 expression 
decreased in cells treated with indicated concentration of cycloleucine (0, 20, 40 and 80 μm). (K) m6A RNA immunoprecipitation (MeRIP) 
assay measure the level of FOXM1 mRNA m6A methylation in untreated TNBC cells and cells treated with 80 μm cycloleucine. (L) YTHDC1 
overexpression induced FOXM1 expression, and this effect was attenuated by cycloleucine. Results are displayed as mean ± SD. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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that the expression of YTHDC1 was positively correlated with 
CENPA expression, even though it did not directly bind to CENPA 
(Figure 7E,F). Subsequently, we observed the upregulation of 
mRNA and protein expression of FOXM1 in both MDA- MB- 231 
and MDA- MB- 468 cell lines transfected with YTHDC1- OE com-
pared with the control group (Figure 7G, Figure S3D,E). Moreover, 
YTHDC1 overexpression promoted CENPA expression, which 
could be reversed by silencing FOXM1 at both the mRNA and pro-
tein levels (Figure 7H).

To further explore the role of m6A modification in FOXM1, 
we detected m6A levels in TNBC, which decreased with in-
creasing concentrations of cycloleucine in MDA- MB- 231 
cells (Figure 7I). Moreover, FOXM1 expression decreased in a 
cycloleucine- dependent manner (Figure 7J). By comparing the 
FOXM1 m6A modification levels in untreated cycloleucine and 
80 mM cycloleucine- treated MDA- MB- 231 cells, we observed 
a significant reduction in the enrichment of m6A in treated cells 
(Figure 7K). Furthermore, we found that treatment with 80 mM 
cycloleucine counteracted the effects of YTHDC1- OE on FOXM1 
expression, suggesting that YTHDC1 promoted FOXM1 expres-
sion in a m6A modification manner (Figure 7L).

4  |  DISCUSSION

Transcription factors are widely expressed in various organs and tis-
sues and could regulate the expression of target genes by promot-
ing or reducing the transcription of target genes. There are several 
master regulator TFs whose abnormal expression had been proven 
to be involved in the occurrence and development of cancers. For 
example, the inhibitor TF JQ1 suppresses tumor growth in endome-
trial cancer.39 SOX18 affected cell cycle regulation in non–small- cell 
lung cancer (NSCLC) cell lines.37 Thus, considering their important 
effects on cancers, our study mainly focused on exploring key TFs in 
TNBC. Using bioinformatics analysis, FOXM1 was recognized as one 
of the most important prognostic TF in TNBC, whose differential 
expression was consistently validated in both published datasets, in- 
house tissue samples, and several cell lines.

To fully understand the role of FOXM1 in TNBC, we discovered 
that FOXM1 inhibition could significantly reduce cell growth and 
metastasis. The role of TFs in metabolic reprogramming, particularly 
in glycolysis, has also been reported in several studies. For exam-
ple, ZEB1 binds to E2- box- like sequences in the promoter region of 
PFKM and induces its expression to enhance the Warburg effect in 
hepatocellular carcinoma (HCC).40 Increased expression of FOXM1 
mediating HIF- 1α expression to affect aerobic glycolysis in glioblas-
toma.41 A similar effect of FOXM1 on glycolysis has also been re-
ported in HCC, head and neck cancer, and ovarian cancer.42–44 To 
detect the association between glycolysis and FOXM1 expression 
in TNBC, we used Spearman correlation analysis and found that 
FOXM1 was positively related to three genes (CENPA, AURKA, and 
KIF20A) from HALLMARK_GLYCOLYSIS. CENPA, as the target of 
FOXM1, has shown the regulation of FOXM1/CENPA in pancreatic 

β- cell proliferation.15,45 Here, this study first provides evidence sup-
porting the fact that FOXM1 induced CENPA expression by directly 
binding to its promoter and subsequently promoted TNBC progres-
sion and glycolysis.

Several studies have revealed that m6A- related genes, es-
pecially YTHDF1 and ALKBH5, could modulate FOXM1 depend-
ing on m6A modifications in cancers. However, no studies have 
found any link between the m6A gene and FOXM1 expression in 
TNBC. Therefore, by performing correlation analysis in the three 
TNBC expression datasets and CLIP- seq of FOXM1, we identi-
fied YTHDC1 upstream of FOXM1, which promotes FOXM1 ex-
pression. To prove this, we analyzed m6A- seq in the TNBC cell 
line and found that m6A modification occurred at the 3′UTR of 
FOXM1 mRNA. CLIP- seq and RNA- seq analyses also showed that 
YTHDC1 could bind to FOXM1 and interrupt FOXM1 expression 
after the inhibition of YTHDC1. To obtain further evidence, we de-
tected increased FOXM1 expression in YTHDC1- OE cells. CENPA, 
a FOXM1 target, was also upregulated after YTHDC1 overexpres-
sion. To further explore this, we used an m6A inhibitor to decrease 
m6A levels in TNBC, which resulted in decreased FOXM1 expres-
sion in accordance with decreasing concentrations of the m6A in-
hibitor in the cell. Moreover, YTHDC1 overexpression increased 
FOXM1 expression, which was reversed by an m6A inhibitor, indi-
cating that the YTHDC1/FOXM1/CENPA axis plays an important 
role in TNBC progression.

Overall, our study is the first to reveal that YTHDC1, dependent 
on m6A modification, promotes the FOXM1/CENPA axis in TNBC 
progression and glycolysis. This provides new insight into the mech-
anism of FOXM1 and a new target for clinical therapy in TNBC.
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