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Objective: The purpose of this review is to clarify the potential roles of forkhead box transcription factor 
M1 (FoxM1) in the occurrence and progression of breast cancer, as well as the predictive value of FoxM1 as a 
prognostic biomarker and potential therapeutic target for breast cancer.
Background: Breast cancer, well-known as a molecularly heterogeneous cancer, is still one of the most 
frequently diagnosed malignant tumors among females worldwide. Tumor recurrence and metastasis are 
the central causes of high mortality in breast cancer patients. Many factors contribute to the occurrence and 
progression of breast cancer, including FoxM1. FoxM1, widely regarded as a classic proliferation-related 
transcription factor, plays pivotal roles in the occurrence, proliferation, invasion, migration, drug resistance, 
and epithelial-mesenchymal transition (EMT) processes of multiple human tumors including breast cancer.
Methods: The PubMed database was searched for articles published in English from February 2008 to 
May 2021 using related keywords such as “forkhead box transcription factor M1”, “human breast cancer”, 
“FoxM1”, and “human tumor”. About 90 research papers and reports written in English were identified, 
most of which were published after 2015. These papers mainly concentrated on the functions of FoxM1 in 
the occurrence, development, drug resistance, and treatment of human breast cancer. 
Conclusions: Considering that the abnormal expression of FoxM1 plays a significant role in the 
proliferation, invasion, metastasis, and chemotherapy drug resistance of breast cancer, and its overexpression 
is closely correlated with the unfavorable clinicopathological characteristics of breast tumor patients, it is 
considerably important to comprehend the regulatory mechanism of FoxM1 in breast cancer. This will 
provide strong evidence for FoxM1 as a potential biomarker for the targeted treatment and prognostic 
evaluation of breast cancer patients.
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Introduction

Breast cancer is widely seen as one of the most common 
malignant tumors in women, and is also the leading cause 
of cancer-related deaths among female tumor patients 
worldwide (1,2). In the past two decades, a large number 
of epidemiological surveys published in different regions 
of the world have shown that the incidence and mortality 
of breast cancer have increased notably (3). On account 
of the advancement and diversity of treatment methods, 
the mortality rate of breast cancer patients has reduced 
strikingly, but the recurrence and metastasis of tumors 
are still the central cause of death (4). In addition, the 
emergence of traditional drug resistance has also brought 
great difficulties for clinicians in the treatment of breast 
cancer patients, which directly affects the survival time of 
patients (5). Consequently, further understanding of the 
pathogenesis of breast cancer will help to improve the 
treatment and prognosis of breast cancer patients.

The human Fox gene family includes at least 40 subfamily 
members, such as FoxM1. Their common feature is that 
they have an evolutionary conserved homologous DNA 
binding region composed of 110 amino acids, which is 
also called a “wing-like helix” structure (6). FoxM1, also 
known as Trident, WIN, FKHL16, MPP2, and HFH-11, 
is a member of the forkhead box (Fox) transcription factor 
superfamily (7,8). The gene encoding human FoxM1 is 
located on chromosomal band 12p13.3, with a total length of 
19.47kb and 10 exons (9). According to the different splices 
of exons Va and VIIa, FoxM1 is divided into 4 subtypes: 
FoxM1a, FoxM1b, FoxM1c, and FoxM1d. Each includes a 
N-terminal repressor region, a C-terminal transactivation 
region, and a highly conserved DNA binding region (1,10). 
FoxM1a retains both exons Va and VIIa sequences, whereas 
FoxM1b lacks both the exons sequences (11). FoxM1c only 
contains exon Va sequence, while FoxM1d only includes the 
exon VIIa sequence (Figure 1) (12). FoxM1a and FoxM1d do 
not directly play a role in transcriptional regulation and are 
predominantly distributed in the cytoplasm (13). In contrast, 
FoxM1b and FoxM1c are mainly located in the nucleus with 
transcriptional regulatory functions (14). Extensive studies 
have demonstrated that FoxM1b is expressed at elevated 
levels in most human tumor cells, and exhibits a greater 
transforming capability than FoxM1c (15,16). 

As a proliferation-specific transcription factor, FoxM1 
is implicated in the regulation of various cellular activities, 
such as inflammation, apoptosis, drug resistance, metabolism, 
DNA damage repair, stem cell renewal, tissue regeneration, 

angiogenesis, metastasis, and maintenance of the integrity of 
mitotic spindles (17-19). The elevated expression of FoxM1 
is closely related to cell division and proliferation, and also 
has the activities of binding DNA, other proteins, and other 
protein kinases (17,20). The high expression of FoxM1 has 
been detected in various types of human cancer cells (such as 
ovarian cancer, gastric cancer, pancreatic cancer, colorectal 
cancer), and the elevated expression of FoxM1 can promote 
the malignant characteristics of tumor cells, which indicates 
that FoxM1 is closely connected with tumorigenesis (21-24).  
FoxM1 is also an advanced cell cycle gene, which plays a 
vital role in tumor occurrence, invasion, and metastasis in 
breast cancer (20). Besides, many studies have revealed that 
FoxM1 is highly expressed in breast cancer (Figure 2), which 
plays a significant role in the prognosis and chemotherapy 
resistance of breast cancer patients (20). Thus, this review 
will concentrate on the recent studies investigating the 
role of this FoxM1 including initiation, proliferation, 
angiogenesis, invasion, metastasis and drug resistance of 
breast cancer, as well as its predictive value of FoxM1 as a 
prognostic biomarker and potential therapeutic target for 
breast cancer. Additionally, this review also briefly elaborates 
the link between this FoxM1 and non-coding RNAs in breast 
cancer, which provide predictive biomarkers and therapeutic 
intervention targets for breast cancer. 

We present the following article in accordance with the 
Narrative Review reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-5271).

Roles of FoxM1 in breast cancer initiation

More and more published research articles have shown that 
FoxM1 plays a basic role in tumorigenesis, which is mostly 
correlated with the regulation of cell cycle progression 
(25,26). It is important that FoxM1 is a pivotal regulator in 
the cell cycle of the G1 phase to S phase and G2 phase to 
M phase via inducing the expression of cell cycle-related 
factors (27). FoxM1 expression varies with cell cycle stage, 
enhancing during S phase and peaking at G2-M under normal 
physiological conditions (28). Studies have shown that FoxM1 
regulates the expression of a number of cell cycle proteins 
such as cyclin D1 (29). Cyclin D1 plays a key role in the 
G1 phase, G1/S transition, and oncogenesis. It was verified 
that FoxM1 was obviously up-regulated in triple-negative 
breast cancer (TNBC), while the knockdown of FoxM1 by 
RNA interference (siRNA) in TNBC cells contributed to a 
marked reduction in cyclin D1 expression, with its inhibition 
disrupting the initiation of breast cancer (30). Available 
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Figure 1 Structural organization and coding isoforms of the FoxM1. NRD, N-terminal repressor domain; DBD, DNA-binding domain; 
TAD, transactivation domain.

Figure 2 The factors of upregulating FoxM1 expression in breast cancer. FoxM1, forkhead box transcription factor M1; DEPDC1, 
DEP (dishevelled, EGL-10, pleckstrin) domain-containing 1; FBXL19-AS1, f-box and leucine-rich repeat protein 19 antisense RNA 1; 
GDF15, growth differentiation factor 15; IGF-1R, insulin-like growth factor-1 receptor; ATM, ataxia-telangiectasia mutated; E2F1, E2F 
transcription factor 1; MK2, mitogen-activated protein kinase-activated protein kinase 2; WHSC1, Wolf-Hirschhorn syndrome candidate 
gene-1; HMGA1, high mobility group A1; Aurora-A, kinase-dead Aurora kinase A; HER-2, human epidermal growth factor receptor-2; 
FOXO3a, transcription factor forkhead box protein O3. 
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statistics demonstrated that FoxM1 also facilitated the G2-M 
transition and the M phase through influencing regulators 
such as cyclin A2, cyclin B, cell division cycle 25B, polo-like 
kinase 1, Aurora kinase A, centromere protein (CENP)-A, 
CENP-B, and CENP-F (31-33). A study by Yang et al. (34)  
demonstrated that Aurora kinase A stabilized FoxM1 via 
attenuating its ubiquitin in late M phase and early G1 phase 
of the cell cycle, thereby promoting the proliferation and 
progression of TNBC cells. In addition, a research by Zhang 
et al. (35) elucidated that the expression of FoxM1 was 
regulated by Wolf-Hirschhorn syndrome candidate gene-1 
(WHSC1), and the elevated WHSC1 expression induced the 
up-regulation of FoxM1 expression. Up-regulation of FoxM1 
further led to more localization of β-catenin to the nucleus, 
resulting in overexpression of the downstream transcriptional 
activation of matrix metalloproteinase (MMP)-2 and MMP-9, 
which can give rise to the occurrence of breast cancer (Figure 3). 

Roles of FoxM1 in breast cancer growth and 
proliferation

FoxM1, known as a proliferation-specific gene, is closely 
correlated with the growth and proliferation of various 

tumor cells (36,37). In view of the importance of FoxM1 
for maintaining the capacity of cell proliferation, Yang 
et al. (38) confirmed that the down-regulation of FoxM1 
expression could reduce the expression of cell cycle genes 
and diminish the proliferation and growth of breast cancer 
cells. Loss of FoxM1 expression also repressed proliferation 
without inducing the apoptosis of breast cancer cell lines 
independent of estrogen receptor (ER) status (39). A 
study by Hwang et al. showed that Moracin D repressed 
proliferation and induced apoptosis in breast cancer cells via 
attenuating the expression of FoxM1 related proteins and 
signaling pathways (40).

Additionally, emerging evidences have revealed that 
some microRNAs (miRNAs) are also implicated in the 
growth and proliferation of breast cancer cells by directly 
or indirectly regulating FoxM1 expression. The study by 
Zhang et al. (41) proved that DEP (dishevelled, EGL-10, 
pleckstrin) domain-containing 1 was negatively regulated 
by miR-26b, which its overexpression boosted tumor cells 
proliferation and growth via increasing the expression of 
FoxM1 in breast cancer. The experimental results of Yuan 
et al. (42) showed that overexpression of miR-802 could 
inhibit the proliferation of breast cancer cells in vitro as 

Figure 3 FoxM1 plays a critical role in the development of breast cancer. FoxM1, forkhead box transcription factor M1; WHSC1, Wolf-
Hirschhorn syndrome candidate gene-1; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; MMP, matrix 
metalloproteinase; IGF-1R, insulin-like growth factor-1 receptor; uPA, urokinase-type plasminogen activator; EMT, epithelial-mesenchymal 
transition; TGF-β, transforming growth factor-β.
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well as tumor growth in vivo through targeting the down-
regulation of FoxM1 levels (Figure 3).

Roles of FoxM1 in breast cancer angiogenesis 

Angiogenesis is a homeostatic process that not only 
occurs during embryogenesis, but also during the normal 
physiological repair processes as well as in various solid 
tumors, which is modulated by multiple factors and signaling 
pathways (43,44). Published research suggests that the 
occurrence and progression of malignant tumors mostly 
depend on the formation of new capillary blood vessels, which 
contribute fundamentally to supply the essential nutrients 
and oxygen, as well as for disposing metabolic wastes to 
promote tumor growth and metastasis (44). A growing 
body of evidence has shown that various growth factors and 
cytokines engage in regulating tumor angiogenesis, among 
which vascular endothelial growth factor (VEGF) and the 
VEGF receptor play the most vital role (45,46). 

FoxM1, a crucial regulator of angiogenesis and 
carcinogenesis, plays a fundamental role in the modulation 
of VEGF transcription (47,48). Song et al. revealed that 
FoxM1 bound to the forkhead response element which 
presented on the VEGF gene promoter to facilitate VEGF 
transcription, thereby stimulating the formation of tumor 
angiogenesis (49). Ahmad et al. (50) used siRNA approach 
to down-regulate FoxM1 expression in MDA-MB-231 and 
SUM149 breast cancer cells with high FoxM1 expression. 
They found that as FoxM1 expression declined, VEGF 
activity was significantly decreased, and the capability 
of breast cancer cells to migrate and infiltrate was also 
attenuated.

It can be seen that FoxM1 can modulate the metastasis 
of tumor cells via regulating the activity of VEGF. A 
study by Zanin et al. (51) showed that FoxM1 was a crucial 
molecular partner of high mobility group A1, and further 
experimental results proved that their cooperative function 
could stimulate breast tumor angiogenic processes through 
in vitro and in vivo models. In another study, FoxM1 and 
transcription factor forkhead box protein O3 (FoxO3) in 
breast cancer cells competitively bound to the forkhead 
response element of the VEGF gene promoter (52). 
FoxM1 promoted the transcriptional expression of VEGF 
by binding to the promoter region of VEGF (53). In 
addition, it was reported that platelet-derived growth factor 
(PDGF) receptor signaling via the activation of PDGF and 
PDGF receptors was also closely correlated with tumor 
angiogenesis. A study by Yu et al. confirmed that elevated 

FoxM1 expression could up-regulate the expression of 
PDGF-A via binding to the PDGF-A promoter, thereby 
activating the V-akt murine thymoma viral oncogene 
homolog (Akt) pathway and promoting breast cancer cell 
growth and tumorigenesis (Figure 3) (54).

Of course, the entire process of human breast tumor 
formation and growth may contain more regulatory 
proteins or signaling pathways related to FoxM1. 

Roles of FoxM1 in breast cancer invasion and 
metastasis

Tumor metastasis refers to a series of dynamic multi-stage 
processes covering local invasion of tumor cells around 
the original lesion, stimulation of angiogenesis and lymph 
angiogenesis, formation of micrometastasis, transportation 
of tumor cells, and survival, colonization, and growth 
at the secondary site (55,56). For most types of breast 
cancer, tumor metastasis is the prominent cause of cancer-
related deaths (57,58). Generally, alterations of various 
molecules (including abnormal expression of miRNAs, 
the up-regulation of carcinogenes, the down-regulation of 
tumor suppressor genes, and a change in growth factors) 
are strongly correlated with complicated pathways and 
dynamic interactions in breast cancer, which play crucial 
roles in tumor metastatic processes (59,60). Furthermore, 
substantial evidence has confirmed that FoxM1 engages 
in each step of metastasis (from tumor occurrence to 
metastasis), demonstrating that FoxM1 is necessary for 
metastasis in breast cancer (61-63).

Cell invasiveness is enhanced, and the degradation 
of the basement membrane and the extracellular matrix 
(ECM) together give rise to the infiltration and metastasis 
of tumor cells (64). MMP, a collective name for a series of 
enzymes that are predominantly responsible for degrading 
various protein components of the ECM, can destroy the 
histological barrier of tumor cell invasion, and be intimately 
associated with tumor invasion and metastasis (65,66). 
Among them, the most important ones are MMP-2 and 
MMP-9, which degrade matrix membrane collagen. It has 
been strongly demonstrated that FoxM1 can directly or 
indirectly promote the expression of metalloproteinases 
such as MMP-2 and MMP-9 to enhance cell invasion and 
migration (67-69). Furthermore, previous studies have 
discovered that the down-regulation of FoxM1 levels can 
reverse the growth, migration, and invasiveness of breast 
cancer cells via reducing the expression of MMP-2, MMP-9,  
urokinase-type plasminogen activator (uPA), the uPA 
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receptor, and VEGF (50,70).
In addition, a growing body of work has suggested that 

FoxM1 plays a central role in the invasive and migratory 
processes of malignant tumors by modulating EMT processes 
(71,72). EMT processes refer to when polarized epithelial 
cells lose their epithelial properties and acquire more 
mesenchymal phenotypes via cytoskeletal rearrangement and 
adhesion, thereby changing in cell structure and morphology, 
resulting in elevating the migratory and invasive capabilities 
of tumor cells (73,74). Some studies have demonstrated that 
EMT processes can be directly or indirectly regulated by 
FoxM1 to facilitate the invasion and migration of tumor cells 
(75-77). After the occurrence of EMT processes, tumor cells 
with epithelial characteristics show significantly elevated 
invasion and migration capabilities. Hence, EMT processes 
act as a necessary part of the invasion and migration of 
various tumors (78). Furthermore, it has been convincingly 
proven that the transformation of EMT processes promote 
the invasiveness and metastasis of breast cancer (79,80).

The accumulating evidence has revealed that various 
transcription factors (including FoxM1) affect the 
progression of EMT via diverse signaling pathways such as 
nuclear factor κB (NF-κB), transforming growth factor-β 
(TGF-β), Notch, hypoxia-inducible factor alpha, Wnt/
β-catenin, the Fox family, and STAT3 (81-83). The activity 
and expression of FoxM1 can be regulated by numerous 
molecules and signaling pathways during the EMT 
processes of breast cancer. Yang et al. (84) confirmed that 
FoxM1-mediated EMT processes in breast cancer cells 
occurred in part through stimulating the expression of 
EMT-related transcription factors such as Slug, whereas 
inhibition of FoxM1 levels had the opposite effect. FoxM1 
seemed to play a crucial role in EMT driven by constitutive 
cell surface receptor kinase signaling such as insulin-
like growth factor-1 receptor (IGF-1R) signaling (85). 
Experimental results further showed that the enforced 
expression of FoxM1 facilitated the resistance to kinase 
targeting strategies, whereas its blockade suppress the EMT 
and invasion of kinase-driven breast cancer cells (85). The 
study of Xue et al. (86) confirmed that FoxM1 boosted 
the metastasis of breast cancer cells through activating the 
interaction between SMAD3 and the TGF-β pathway.

Recent studies showed that EMT processes could also be 
suppressed or promoted by non-coding RNAs (ncRNAs). 
Some miRNAs can also participate in EMT processes by 
regulating FoxM1 expression. For instance, the enforced 
expression of miR-671-5p gave rise to a shift from EMT 
to mesenchymal to epithelial transition phenotypes via 

directly down-regulating the expression of FoxM1, thus 
reducing the proliferation and invasion of MDA-MB-231 
breast cancer cells (87). FoxM1 served as an hsa-miR-4756-
3p target gene in TNBC, and blockade of FoxM1 totally 
suppressed hsa-miR-4756-3p-induced cell EMT, TGF-β1 
signaling, migration and metastasis, which demonstrated 
that hsa-miR-4756-3p acted through the FoxM1-TGFβ1-
EMT pathway (Figure 3) (88).

Generally speaking, the roles of FoxM1 in breast cancer 
invasion and metastasis maybe depend on its functions in 
modulating the expression of proteolysis-related genes 
and its contribution to EMT processes and angiogenesis. 
Forced expression of FoxM1 can induce EMT processes of 
breast cancer cells, whereas its blockade has the opposite 
influence, suggesting that FoxM1 can boost the infiltration 
and migration of breast cancer cells by regulating EMT 
processes.

Link between FoxM1 and ncRNAs in breast cancer

Supporting previously published research displayed that 
ncRNAs are the non-protein-coding RNAs, which are 
generally produced through eukaryotic genomes, and 
include miRNAs, long non-coding RNAs (lncRNAs), and 
circular RNAs. Approximately 99% of the human genomes 
lack protein-coding function, but published studies have 
indicated that ncRNAs are correlated with a wide spectrum 
of physiological processes, such as RNA splicing and 
translation, epigenetic regulation, and DNA replication (89). 
Moreover, various studies have also proven that ncRNAs play 
a crucial role in regulating genesis and development of many 
human tumors (90,91). In this review, we will next discuss the 
connection between FoxM1 and ncRNAs in breast cancer.

Speaking of miRNAs, it has been proved that miRNAs 
are a type of endogenous, small, single-stranded ncRNAs 
with a length of about 18–24 bases, which regulate the 
expression of genes at the post-transcriptional level (92,93). 
Numerous studies have indicated that miRNAs play 
predominant roles in the process of tumor cell proliferation, 
invasion, metastasis, relapse, and drug resistance (2,94,95). 
Mounting evidence has proven that various miRNAs, which 
abnormally express in breast cancer, engage in repressing or 
facilitating the genesis and progression of breast cancer via 
targeting the down-regulation of FoxM1 expression, such as 
miR-802, miR-4756-3p, miR-34a, miR-671-5p, and miR-
23a (as shown in Table 1). 

In addition, some recent studies have revealed that 
lncRNAs, with a size longer than 200 nucleotides in the 
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transcript, also play crucial roles in regulating the initiation 
and development of many tumors (99-101). Several 
published studies have indicated that lncRNAs can affect 
FoxM1 expression by directly acting on pivotal molecules 
or by functioning as a “sponge” for miRNAs, which 
further are conducive to the progression of breast cancer 
(as shown in Table 2). Milevskiy et al. (102) discovered 
that the expression of lncRNA-HOTAIR was positively 
correlated with FoxM1 protein expression. The authors 
further found that HOTAIR was co-expressed with FoxA1 
and FoxM1 in human epidermal growth factor receptor 2 
(HER2)-enriched tumors, and these factors strengthened 
the prognostic capability of HOTAIR in aggressive HER2 
positive breast cancer.

To sum up, present relevant reports have not yet fully 
clarified the mechanism of action between FoxM1 and 
ncRNAs in the occurrence and development of breast 
cancer. Consequently, further exploring the connection 
between FoxM1 and ncRNAs in breast cancer will facilitate 
a better understanding of the pathogenesis of breast cancer 
and provide new ideas for the treatment and prognosis of 
breast cancer patients.

Roles of FoxM1 in the drug resistance of breast 
cancer

Chemotherapy is currently a common method for the 

conventional and essential treatment of various tumors in 
the clinic to reduce the death of cancer patients (74,105). So 
far, there are numerous anticancer drugs used in the clinic, 
and therapy failure is usually due to drug resistance, which 
is the main hurdle to the successful treatment of diverse  
cancers (106). Drug resistance is divided into 2 major 
categories: inherent resistance or acquired resistance (53). 
There are diverse molecular mechanisms of cancer drug 
resistance including drug absorption and transport, rates 
of drug efflux, alterations in drug metabolism, mutation of 
drug targets, epigenetic changes, tumor related genes, tumor 
stemness, DNA repair, and tumor environment (107,108).

Meanwhile, the resistance of chemotherapeutic agents 
constitutes also a major obstacle for the effective treatment 
of breast cancer patients (109-111). Furthermore, substantial 
evidence has explained that FoxM1 is closely related to the 
drug resistance of diverse human tumors (gastric cancer, 
prostate cancer, and colorectal cancer) (112-115). Many 
studies have confirmed that when the level of FoxM1 
expression is enhanced, it can cause the resistance of cancer 
cells to chemotherapy drugs, suggesting that FoxM1 plays a 
crucial role in the drug resistance of various tumors (116,117).

Karunarathna et al. (118) revealed that FoxM1 up-
regulation was involved in genotoxic drug resistance in 
breast cancer. The authors discovered that OTU domain-
containing ubiquitin aldehyde-binding protein 1 (OTUB1) 
positively modulated FoxM1 expression. In addition, 

Table 1 Expression of miRNAs targeting FoxM1 in breast cancer

miRNA expression Effect First author/year References

miR-802 ↓ down Down-regulate protein expression levels of FoxM1 Yuan/2015 (42)

miR-4756-3p ↓ down Gu/2019 (88)

miR-23a ↑ up Eissa/2015 (96)

miR-34a ↓ down Bayraktar/2018 (97)

miR-671-5p ↓ down Tan/2019 (98)

FoxM1, forkhead box transcription factor M1.

Table 2 LncRNAs associated with FoxM1 in breast cancer

lncRNA expression Effect First author/year References

HOTAIR ↑ up Transcriptionally up-regulated by FoxM1 proteins Milevskiy/2016 (102)

FBXL19-AS1 ↑ up Up-regulate FoxM1 via absorbing miR-876-5p Dong/2019 (103)

LINC00885 ↑ up Activate the EREG, EGFR, and FoxM1 pathways Abba/2020 (104)

FoxM1, forkhead box transcription factor M1; EREG, epiregulin; EGFR, epidermal growth factor receptor.
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experimental results indicated that because OTUB1 
had little effect on FoxM1-deficient cells, targeting 
FoxM1 improved the proliferation rate and epirubicin 
resistance. These data indicated that OTUB1 restricted the 
ubiquitination and degradation of FoxM1 and was closely 
correlated with drug resistance in breast cancer. Nestal 
de Moraes et al. (119) demonstrated that the enforced 
expression of of FoxM1 strengthened the anti-apoptotic 
genes XIAP and survivin by interacting with their promoter 
regions, contributing to the chemoresistance of breast 
cancer cells to docetaxel, doxorubicin (Dox), epirubicin, and 
paclitaxel. Furthermore, co-expression of FoxM1, survivin, 
and nuclear XIAP were correlated with the poor prognoses 
of females with stage III breast invasive ductal carcinoma 
with markedly reduced 5 and 10 years overall survival rates 
versus females with tumors without these characteristics. 
Depletion of ubiquitin-specific protease 21 (USP21) down-
regulated the expression of FoxM1 and obviously delayed 
cell cycle progression, resulting in the sensitization of basal-
like breast cancer cell lines and mouse xenograft tumors to 
paclitaxel (120). 

The overexpression of FoxM1 strengthened epirubicin-
induced DNA damage repair and resistance to epirubicin 
in breast cancer cells (121). A study by Park et al. (122) 
found that silencing of FoxM1 expression strengthened the 
sensitivity of breast cancer cells to Dox via directly down-
regulating the expression of DNA repair genes. The study 
by Khongkow et al. (123) found that FoxM1 depletion 
resensitized MCF-7 breast cancer cells to epirubicin-
induced cellular senescence. Khongkow et al. (124) also 
proposed that paclitaxel resistance might be mediated by 
FoxM1 through enhancing the activity of the promoter for 
the transcriptional activity of KIF20A. FoxM1 and KIF20A 
played pivotal roles in the formation of normal mitotic 
spindles, thereby interfering with the activity of paclitaxel.

In addition, more and more research articles have shown 
that FoxM1 also participates in the regulation of autophagy, 
tumor stem cell formation, and cell senescence to promote 
the genesis and development of breast tumors. For instance, 
blockade of FoxM1 levels suppressed starvation and 
rapamycin-induced autophagy through modulating the 
transcriptional activity of the major autophagy regulators 
LC3 and Beclin-1 in human TNBC cells (125). FoxM1, 
via recruiting nuclear Aurora kinase A, engaged in a tightly 
coupled positive feedback loop to boost the breast cancer 
stem cell (BCSC) phenotype, thus strengthening the 
tumorigenicity and self-renewal ability of BCSCs (126). 
Up-regulation of FoxM1 levels was linked to an expansion 

of the cancer stem-like cell population, resulting in cell 
aggressiveness and resistance to endocrine therapies (127). 
FoxM1 also mediated the levels of NBS1 to repress cell 
senescence induced by DNA damage in breast cancer, while 
evading cellular senescence facilitated infinite replicative 
capacity to induce tumor development (123).

These findings have uncovered that FoxM1 is closely 
implicated in the drug resistance of breast cancer (Figure 4). 
An in-depth understanding of the underlying mechanisms 
of FoxM1 in breast cancer drug resistance is of great 
significance for the development of predictive biomarkers 
and novel chemotherapeutic strategies for drug resistance.

FoxM1 may act as a prognostic marker in breast 
cancer patients

FoxM1 is demonstrated to play significant roles in initiation 
and progression of breast cancer, including being closely 
related to tumor proliferation, angiogenesis, metastasis, 
invasion, and chemotherapeutic drug resistance. FoxM1 is 
aberrantly overexpressed in a variety of tumors, but is not 
expressed and undetectable in most normal mature tissue 
cells (128). Furthermore, a growing body of data has also 
indicated that the expression of FoxM1 is increased in breast 
cancer tissues, and is closely correlated with unfavorable 
clinical outcomes in patients (127). The results of these 
preclinical studies have shown that this transcription factor 
can be used as a favorable prognostic biomarker for breast 
cancer patients (129).

A study by Bektas et al. (130) reported that elevated 
protein levels of FoxM1 were linked to the adverse 
prognosis of breast cancer. Higher expression of FoxM1 
in the tissues of patients with advanced stage (stage III 
and IV) Middle Eastern breast cancer indicated that this 
transcription factor could be used as an independent 
poor prognostic marker for this malignant tumor (131). 
In addition, Ahn et al. (132) demonstrated that increased 
expression of FoxM1 was associated with unfavorable 
clinicopathological characteristics such as lymphovascular 
invasiveness, advanced tumor stage, larger tumor size, and 
lymph node metastasis in ER-positive breast cancers by 
immunohistochemical staining on tissue microarray sections 
from 236 breast cancer patients. Furthermore, this study 
also showed that the up-regulation of FoxM1 expression 
was closely linked to aggressive phenotypes, poor prognosis 
of ER-positive breast cancer, as well as poor disease-free 
survival (DFS) and overall survival for patients. In another 
study, Abdeljaoued et al. (133) showed that enforced 
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expression of FoxM1 was associated with higher histological 
grade, tumor stage, and Ki-67 proliferation index in 
male breast cancer (MBC). Moreover, high expression 
of FoxM1 in MBC patients was also significantly related 
to chemotherapy and endocrine resistance and shorter 
DFS. Taken together, FoxM1 can be used as a prognostic 
biomarker for breast cancer.

Roles of FoxM1 in therapeutics for breast cancer

Considering all the aforementioned studies, it is no surprise 
that some studies have pointed out that FoxM1 may be a 
promising prospective tumor-specific therapeutic target in 
breast cancer (134,135). Herein, we will summarize some of 
the breast cancer therapeutic strategies directly or indirectly 
targeting FoxM1 (as shown in Table 3).

In addition, several current studies have found that 
some novel compounds and proteins can suppress further 
development of breast cancer cells via eliminating the 
function of FoxM1. Ye et al. (152) identified the three 
new downstream target proteins (ACSL4, CGGBP1, and 
PGRMC2) of FoxM1 in breast cancer MDA-MB-231 

cells by quantitative proteomic analysis. Further functional 
experiments also verified that depletion of the three 
proteins obviously retarded the capability of MDA-MB-231 
cell migration, which was consistent with the phenotype 
of FoxM1 knockdown. The above results uncover that 
new potential downstream effectors of FoxM1 may act 
as novel favorable therapeutic targets in breast cancer. 
Another study by Ziegler et al. (153) demonstrated that 
these novel compounds (including 1,1-diarylethylene 
mono, diamines, and their corresponding methiodide 
salts) suppressed FoxM1 activity and breast tumor cell 
proliferation and growth via cell cycle arrest, and induced 
apoptosis. Furthermore, Dey et al. (154) revealed that the 
compounds NB-73 and NB-115, through decreasing the 
expression level of FoxM1 target genes, attenuated the 
growth, invasiveness, distant metastasis, and the expression 
of important proteins associated with EMT in TNBC cells.

On the other hand, the combination therapy of Dox 
and liposomal FoxM1 aptamer (Lip-FoxM1apt) strikingly 
enhanced both the cytotoxicity of Dox in breast cancer cells 
as well as the apoptosis induced by Dox (155). In a mouse 
model, the use of Lip-FoxM1apt improved the anti-tumor 

Figure 4 FoxM1 plays a critical role in the drug resistance of breast cancer. OTUB1 positively modulated the expression of FoxM1, 
thereby enhancing epirubicin resistance in MCF-7 breast cancer cells. USP21 enhanced the stability of FoxM1, thus boosting proliferation 
and paclitaxel resistance in basal-like breast cancer. FoxM1 promoted the expression of XIAP and survivin, which resulted in increased 
doxorubicin, docetaxel, paclitaxel, and epirubicin resistance in breast cancer cells. FoxM1 enhanced DNA damage repair, thereby conferring 
doxorubicin resistance in breast cancer cells. FoxM1 enhanced KIF20A promoter activity, thus reducing the sensitivity of paclitaxel 
treatment in breast cancer. FoxM1, forkhead box transcription factor M1; OTUB1, OTU domain-containing ubiquitin aldehyde-binding 
protein 1; USP21, ubiquitin-specific protease 21.
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Table 3 Certain FoxM1 inhibitors/drugs effective in breast cancer therapy

Inhibitors/drugs Description Function References

Imipramine blue A new analogue of the 
antidepressant imipramine

Block the activity of FoxM1 and FoxM1-associated signaling to 
suppress breast cancer growth and metastasis

(136)

Thiostrepton Thiazole antibiotic Induce apoptosis and suppress the growth of breast cancer cells 
by down-regulating the expression of FoxM1 and cyclin B1

(137)

Moracin D 2-arylbenzofuran flavonoid Inhibit the Wnt3a/FoxM1/β-catenin signaling pathway to induce 
apoptosis and suppress the proliferation of breast cancer

(40)

Panepoxydone A type of NF-κB inhibitor Down-regulate FoxM1 and reverse EMT in breast cancer (138)

Sepin-1 A potent non-competitive 
inhibitor of separase

Repress the expression of cell cycle driving genes and cell growth 
via down-regulating the expression of Raf and FoxM1 in breast 
cancer

(139)

Maslinic acid A natural triterpene from Olea 
europaea L.

Suppress the MELK-FoxM1-ABCB1 signaling cascade to enhance 
docetaxel response in TNBC 

(140)

3,3'-diindolylmethane A nontoxic dietary 
chemopreventive agent

(I) Down-regulate the expression of FoxM1 and its target genes 
and enhance the therapeutic efficacy of Taxotere in breast cancer

(141)

(II) Enhance the efficacy of Herceptin in breast cancer cells, 
accompanied by reducing the expression of FoxM1

(142)

Casticin An active ingredient extracted 
from the Fructus Viticis of 
traditional Chinese medicine

Reduce the expression of FoxM1 and induce the apoptosis 
of breast cancer cells via strengthening dephosphorylation of 
FOXO3a

(143)

Ursolic acid 3β-hydroxy-12-urs-12-en-28-
oic acid

Suppress the expression of cyclin D1/CDK4 and FoxM1, thus 
increasing the apoptosis of breast cancer cells

(144)

Lapatinib HER2 inhibitor Reduce FoxM1 expression at the protein, mRNA, and gene 
promoter levels in breast cancer sensitive cell lines to block the 
progression of tumor cells

(145)

FDI-6 3-amino-N-(4-fluorophenyl)-
6-(thiophen-2-yl)-4-
(trifluoromethyl)thieno[2,3-b]
pyridine-2-carboxamide TFA

(I) Repress the binding of FoxM1 to target DNA and block the 
downstream transcriptional activation of FoxM1-controlled genes 
in cells

(146)

(II) Suppress cell growth and increase the apoptosis of TNBC 
cells via down-regulating FoxM1 levels and its pivotal oncogenic 
targets, including cyclin B1, Snail, and Slug

(147)

TFI10 Modified thiazolidinedione Decrease the mRNA levels of FoxM1 target genes (148)

MG132 Proteasome inhibitor Promote tumor cell apoptosis via inhibiting FoxM1 transcriptional 
activity and FoxM1 expression

(149)

Honokiol Anti-inflammatory, anti-oxidant Suppress FoxM1-mediated transcription and FoxM1 protein 
expression

(150)

Morin A flavonoid extracted from the 
Moraceace family

Maintain cell cycle arrest via activating ERK and repressing FoxM1 
signaling pathways to induce p21 expression

(151)

Apigenin A flavone found in several 
plant foods

Repress the Akt/FoxM1 signaling pathway via reducing the 
expression of FoxM1 

(39)

FoxM1, forkhead box transcription factor M1; NF-κB, nuclear factor κB; EMT, epithelial-mesenchymal transition; MELK, maternal 
embryonic leucine-zipper kinase; TNBC, triple-negative breast cancer; FOXO3a, transcription factor forkhead box protein O3; CDK4, 
cyclin dependent kinase 4; HER2, human epidermal growth factor receptor 2; ERK, extracellular signal-regulated kinase; Akt, V-akt murine 
thymoma viral oncogene homolog.
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efficacy of Dox, which was markedly more effective than 
Dox monotherapy. Another study (156) also indicated that 
liposome-encapsulated thiostrepton (TSLP) displayed a 
higher potential in reducing FoxM1 expression in MCF-7 
cells than free thiostrepton, and further experimental results 
revealed that TSLP significantly elevated the effectiveness 
and specificity of thiostrepton in decreasing the cell viability 
of MCF-7.

The above evidence suggests that FoxM1 may prove 
to be a novel potential therapeutic target of breast cancer, 
which may help suppress tumor cell development and 
strengthen the response of breast cancer cells to drug 
treatment.

Conclusions

Overall, FoxM1 plays indispensable roles in the occurrence, 
development, and drug resistance of breast cancer. 
Combined with the current research, a common conclusion 
can be drawn, that is, targeting the silencing of FoxM1 can 
suppress the growth, proliferation, invasion, and metastasis 
of breast cancer (20,49). Therefore, FoxM1 may act as a 
powerful biomarker in the therapy and prognosis of breast 
cancer, and may become a novel potential therapeutic target 
for breast cancer in the clinic (157).

However, the biological functions and molecular 
mechanism of FoxM1 in breast cancer have remained 
largely unknown, and it is still a challenge to develop drugs 
with specific functions as FoxM1 inhibitors. Further, little 
is known about isoforms of FoxM1 in different types of 
breast cancer, which may become a predominant theme 
for the future researches. Future research should pay more 
attention to study the functions and anti-tumor activity of 
isoform-specific FoxM1 inhibitors in different subtypes 
of breast cancer. In addition, researchers should clarify 
which isoforms are most likely to benefit from treatments 
targeting FoxM1, particularly in drug-resistant and 
metastatic breast cancers (158). Additionally, some studies 
have shown that certain ncRNAs can directly or indirectly 
regulate the expression of FoxM1, which may provide a 
promising therapeutic intervention target for breast cancer 
treatment in the future (159,160). 

In recent years, the understanding of the tumor 
microenvironment of different subtypes of breast cancer 
has been continuously improved, and breast cancer has 
been considered as an immunogenic tumor. At the same 
time, new researches show that immunotherapy, as a 
new auxiliary method for the treatment of breast cancer, 

has achieved good clinical results, especially in TNBC  
(161-163). At present, exploring tumor immune response 
and identifying biomarkers that can predict immunotherapy 
have become a major trend, and several studies have 
reported that FoxM1 was linked to immunotherapy in 
certain human cancers (164). A study by Zhang et al. (165) 
found that expression levels of Janus kinase 2 and FoxM1 
were related to the immune infiltration in non-small cell 
lung cancer, and their high expression could independently 
predict the clinical outcome of lung squamous cell 
carcinoma patients receiving immune checkpoint inhibitors. 
Su et al. (166) demonstrated that the immunity induced 
via dendritic cells loaded with cytoplasmic transduction 
peptide (CTP)-FoxM1 could meaningfully repress tumor 
growth and metastasis in hepatocellular carcinoma-bearing 
mice, which was more effective than the immunity induced 
through dendritic cells loaded with FoxM1 or CTP alone. 
Cyclin D1 and cyclin-dependent kinase (CDK) inhibitors 
could block the phosphorylation process of retinoblastoma 
proteins (including FoxM1), change the tumor cells 
cycle, and induce anti-tumor immune activity in breast  
cancer (167). These results indicated that FoxM1 may be 
a key molecule for modulating immune response through 
CDK inhibitors in the treatment of breast cancer (167). 
However, there are few reports about the effect of FoxM1 
on breast cancer immunotherapy, which can be used as a 
pivotal research direction in the future.

Eventually, related articles point out that there are four 
subtypes of FoxM1 due to the different splicing of exons Va 
and VIIa (15), so it is of great significance to determine the 
interaction among subtypes and whether there is isoforms 
conversion among FoxM1a and/or FoxM1b and/or FoxM1c 
and/or FoxM1d on the occurrence and development 
of breast cancer. Further investigations that clarify the 
epigenetic mechanism of the differential expression of 
FoxM1 subtypes in breast cancer cells are equally important.
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