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Abstract. Breast cancer, a prominent cause of mortality 
among women, develops from abnormal growth of breast 
tissue, thereby rendering it one of the most commonly detected 
cancers in the female population. Although numerous treat‑
ment strategies are available for breast cancer, discordance in 
terms of effective treatment and response still exists. Recently, 
the potential of signaling pathways and transcription factors 
has gained substantial attention in the cancer community; 
therefore, understanding their role will assist researchers in 
comprehending the onset and advancement of breast cancer. 
Forkhead box (FOX) proteins, which are important transcrip‑
tion factors, are considered crucial regulators of various 
cellular activities, including cell division and proliferation. 
The present study explored several subclasses of FOX proteins 
and their possible role in breast carcinogenesis, followed by the 
interaction between microRNA (miRNA) and FOX proteins. 
This interaction is implicated in promoting cell infiltration 
into surrounding tissues, ultimately leading to metastasis. The 
various roles that FOX proteins play in breast cancer devel‑
opment, their intricate relationships with miRNA, and their 
involvement in therapeutic resistance highlight the complexity 
of breast cancer dynamics. Therefore, recognizing the progress 
and challenges in current treatments is crucial because, despite 
advancements, persistent disparities in treatment effectiveness 
underscore the need for ongoing research, with future studies 
emphasizing the necessity for targeted strategies that account 
for the multifaceted aspects of breast cancer.
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1. Introduction

Breast cancer is a condition wherein the cells in the mammary 
gland grow in a dysregulated manner, resulting in the forma‑
tion of a mass of cells called a tumor. The World Health 
Organization statistics revealed that, in 2020, the worldwide 
scale of breast cancer cases increased to 2.3 million, and, glob‑
ally, 6,85,000 individuals lost their lives (1). Although breast 
cancer is generally considered benign, a delayed diagnosis can 
cause the cancer to spread to the surrounding lymph nodes, 
resulting in distant metastasis and impacting vital organs such 
as the brain, liver and lungs (2). Therefore, researchers are 
striving hard to develop effective therapeutic approaches; in 
this regard, the role of forkhead box proteins cannot be over‑
looked due to their involvement in cancer development and 
progression.

Forkhead box proteins, commonly known as forkhead box 
(FOX) proteins, belong to a family of transcription factors 
that are evolutionarily conserved, distinguished by their DNA 
binding domain, which is referred to as either ‘forkhead’ or 
‘winged helix’ (3). These transcription factors play pivotal 
roles as essential regulators of gene expression in various 
pathological and physiological processes, encompassing cell 
proliferation, differentiation and survival (4). Interestingly, 
numerous studies have attempted to establish the links 
between FOX proteins and cellular events, including the 
cancer initiation and progression, alongside the emergence 
of resistance against anticancer drugs (5). These discoveries 
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highlight the diverse functions of FOX proteins in the field of 
cancer biology.

The Forkhead box, or Fox, gene family is a group of tran‑
scriptional regulators known for their ancient evolutionary 
origins. They were named after the Drosophila melanogaster 
fork head gene (fkh). It has been reported that mutations in 
fkh can lead to abnormalities in head fold involution during 
embryonic development, causing adult flies to exhibit a charac‑
teristic spiked head phenotype (6). Fox genes are found across 
a vast range of organisms, from yeast to humans. They are 
further classified into subfamilies such as FOXA and FOXP. A 
defining feature of Fox proteins is their DNA‑binding domain, 
the forkhead (FKH) region, which is remarkably similar across 
species and consists of roughly 100 amino acids. The high 
degree of conservation within the FKH domain extends across 
the entire Fox family. This feature served as the basis for the 
initial classification system, where Fox proteins were assigned 
to 15 classes, designated FOXA to FOXO, based on sequence 
similarity within the FKH domain. More recent evolutionary 
analyses have refined the Fox protein classification system, 
increasing the number of classes to 19, ranging from FOXP 
to FOXS. This categorization is based on sequence similari‑
ties within the FKH domain, which typically consists of three 
alpha helices, three beta sheets, and two unique ‘wing’ regions 
flanking the third beta sheet. The ‘forkhead’ or ‘winged helix’ 
terminology originates from the distinctive butterfly‑like 
structure formed by these ‘wing’ regions in Fox proteins (7).

FOX transcription factors are crucial regulators in embry‑
onic development and maintaining cellular balance, driven by 
evolutionary forces that shape their diverse functions (8). They 
act as master regulators of fundamental cellular functions, 
including cell cycle progression, proliferation, differentiation, 
DNA repair mechanisms, metabolism, blood vessel formation 
(angiogenesis), and ultimately, a cell's fate. Disruptions in Fox 
protein activity have been implicated in the onset, spread, 
advancement and resistance to therapy of cancer. They also 
influence pathways related to cancer, aiding cell survival in 
adverse conditions. The involvement of FOX proteins in cancer 
spans its entire spectrum, from initiation to metastasis, orches‑
trated through intricate networks. While the importance of Fox 
proteins is well‑established, a comprehensive understanding 
of how mutations within FOX‑binding sites in the regulatory 
regions of FOX‑target genes remains incomplete. Further 
research is needed to unravel these mechanisms in detail.

FOX proteins can also be regulated by microRNAs 
(miRNAs), which are special non‑coding RNAs whose role 
as a tumor suppressor and oncogene is gradually coming 
into stronger light (9,10). The present review has tried to 
provide a brief overview about miRNAs and FOX proteins 
as other multiple roles and association of FOX proteins have 
to be covered in more detail. However, a thorough analysis 
of the crosslinks between miRNAs and FOX proteins would 
help unlock the therapeutic hurdles around breast cancer 
treatment.

Currently, the understanding of the FOX family is at its 
nascent stage; therefore, a comprehensive study that unveils 
the complexity revolving around the FOX transcription factor 
and the detailed understanding of its association with breast 
cancer would aid in the discovery of cancer biomarkers and 
improve the existing treatment strategies. Keeping this in view, 

the article has tried to document the majority of important 
associations between multiple FOX proteins and breast cancer.

2. Role of various FOX proteins in breast cancer

The discovery of significant findings often sparks interest, 
and a similar scenario unfolded with FOX proteins, now 
recognized for their role in positive and negative regulation of 
breast carcinogenesis. Initially, the focus of the present review 
centered on the FOXA protein family, which is extensively 
engaged in hormonal signaling (10).

FOXA family and breast cancer. Considering the diverse 
functions and phenotypes of normal breast epithelial cells, 
gene expression profiling has facilitated the categorization of 
breast cancer into the following five types: Luminal type A, 
luminal type B, normal‑like, ERα‑negative, HER‑2‑positive 
and basal type (8). The luminal types A and B are character‑
ized by ERα‑positive due to the elevated expression of ERα, 
demonstrating an improved prognosis. FOXA1, a member of 
the forkhead family, is garnering attention for its significant 
involvement in the hormonal signaling network, which plays 
a crucial role in regulating the growth and differentiation of 
epithelial cells in breast cancer (10).

Hepatocyte nuclear factor 3α (HNF3α), also known 
as FOXA1, is identified as the first transcription factor 
of the FOXA family. It is enriched with hepatocytes and 
significantly regulates α1‑antitrypsin gene and transthyretin 
expressions  (11). Apart from FOXA1, the FOXA family 
comprises other members, namely FOXA2 (HNF3β) and 
FOXA3 (HNF3γ)  (12). These transcriptional factors bind 
to ‘TGTTTAC’ or ‘TGTTTGC’ motifs present in the 
promoter/enhancer regions of the target genes  (13). Each 
factor binds to the target gene with varying affinities, thereby 
modulating transcription. The FOXA factors are referred to 
as the ‘pioneer factors’ as they exhibit a unique capability to 
engage with target sites within silent chromatin. This distinc‑
tive ability enables them to initiate regulatory events, setting 
them apart from other transcription factors.

FOXA1 comprises a helix‑turn‑helix motif of 110 amino 
acids as well as three α‑helices, two β‑strands, and two poly‑
peptide loops on either side, which are referred to as Wing1 
and Wing2 subdomains (13,14). The DNA binding domain 
is equipped with a polypeptide chain on either side, giving 
it a wing‑like appearance that is responsible for identifying 
the stability associated with DNA binding (12). The binding 
domain, along with the polypeptide chain, binds to the 
consensus sequence ‘A(A/T)TRTT(G/T)RYTY’ wherein the 
binding domain of the DNA interacts with the major grooves 
and the polypeptide chains interact with the minor grooves of 
DNA.

FOXA1 resembles linker histones in DNA binding and 
stabilizes the major groove by projecting into it, utilizing 
polypeptide loops similar to histones 1 and 5. Unlike the 
linker proteins, FOXA1 does not compact DNA around 
peptide sequences but enhances the nucleosome accessibility 
to facilitate interactions with transcriptional regulators (15,16). 
FOXA1 is vital for mammary morphogenesis and estrogen 
receptor (ER) activity and is pivotal in normal breast tissue 
development (17). In breast tissues, FOXA1 localizes within 
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cell nuclei where it co‑localizes with ER. FOXA1 interacts 
with specific DNA sequences termed as cis‑regulatory 
elements, located within heterochromatin, thereby aiding in the 
binding of hormone receptors to chromatin. This ‘pioneering’ 
function opens up the chromatin structure, allowing other 
transcription factors, such as nuclear receptors, to bind and 
regulate gene expression (18). FOXA1 is crucial for various 
aspects of normal breast development, such as mammary 
gland morphogenesis  (13), and is essential for optimal ER 
activity (19) (Fig. 1). Moreover, FOXA1 directly interacts with 
GATA3 (20), emphasizing its regulatory role in mammary 
gland development. Ghosh  et al  (21) proposed that hyper‑
methylation in healthy breast tissue might reduce FOXA1 
expression, potentially leading to impaired ER function and 
influencing breast tumor development. However, the precise 
role of FOXA1 in tumor initiation and progression remains a 
topic of ongoing investigation. It is widely accepted that FOXA1 
depletion inhibits cancer cell proliferation (22), as both ER and 
androgen receptor transcriptional activities rely on FOXA1 in 
breast and prostate cancer cells. Additionally, during carcino‑
genesis, FOXA1 directly enhances the transcription of several 
downstream genes that support the luminal phenotype, such 
as the E‑cadherin gene (CDH1) (23) and GATA3 (24), while 
simultaneously suppressing basal differentiation (25).

The lipid metabolism pathway is the primary pathway 
used by cancer cells to meet their energy requirements to 
proliferate (26). Apart from the ER levels, FOXA1 is known 
to directly regulate the endothelial lipase (LIPG) enzyme 
expression levels. LIPG, belonging to the lipoprotein lipase 
family, plays a substantial role in facilitating tumor growth by 

promoting breast cancer cell‑lipid addiction, and its reduced 
expression causes tumor growth impairment. In breast cancer 
cells, the increased expression of FOXA1 elevates the levels 
of LIPG, which in turn stimulates tumor growth by enhancing 
cell proliferation (Fig. 1). LIPG works by generating lipid 
precursors extracellularly, which are transported to manage 
the intracellular lipid species  (22). The downregulation of 
LIPG leads to impaired breast cancer cell growth, inhibition 
of proliferation, and tumor development.

FOXA1 serves dual role as a therapeutic target and a prog‑
nostic marker; however, further investigation is necessary to 
understand the relationship between FOXA1 levels in normal 
luminal breast tissue and the complex interactions between 
FOXA1, ER alpha (ERα), and LIPG expression. This knowl‑
edge gap hinders the ability to fully elucidate the mechanisms 
underlying breast cancer initiation and progression.

FOXO family and breast cancer. FOXOs, constitute another 
group within the family of forkhead proteins classified by a 
forkhead domain and a winged‑helix DNA binding motif (27), 
have been identified as tumor suppressors, a key regulator in 
animal physiology, and control various cellular processes, such 
as cellular growth, differentiation, proliferation, apoptosis, 
DNA repair and stem cell maintenance.

FOXOs negatively control cancer progression by modu‑
lating angiogenesis and metastasis. At present, four members 
of FOXO family have been identified: FOXO1, FOXO3A, 
FOXO4 and FOXO6; each characterized by unique core func‑
tional domains (28). With the exception of FOXO6, the other 
three members have similar structures, whereas FOXO6 differs 

Figure 1. Role of FOXA1 in increasing the accessibility of estrogen, thereby increasing the ER activity. ER, estrogen receptor.
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in structure as compared with the rest. However, despite the 
structural differences, all four members have the same DNA 
binding specificity and recognize the regulatory elements that 
contain the sequence ‘TTGTTTAC’. Additionally, all members 
are known to work with coactivators and corepressors to 
modulate their functioning.

Previous studies have demonstrated that, in cancer, FOXOs 
exist as chimeric products due to chromosomal translocation, 
and the presence of these hybrids has directed the attention 
of researchers toward the FOXOs' role in various cancers. 
FOXO1 is a fusion protein, with the partner being either PAX3 
or PAX7 DBD in pediatric alveolar rhabdomyosarcoma (29). 
FOXO3A and FOXO4 were identified as fusion proteins with 
the mixed‑lineage leukemia gene in acute myeloid leuke‑
mias (30). The existence of FOXOs as fusion proteins indicates 
their role in human cancers.

Reduced FOXO protein expression significantly influences 
breast cancer cell proliferation (31), subject to intricate regula‑
tion through processes such as phosphorylation, acetylation 
and ubiquitination (32). The connection between FOXO and 
the PI3K/Akt pathway, a critical cell cycle regulator, highlights 
its function in regulating cellular proliferation and growth (33). 
The activation of insulin triggers a cascade that involves the 
production of phosphatidylinositol‑3,4,5‑triphosphate (PIP3) 
via PI3K, ultimately leading to phosphorylation of FOXO by 
Akt (34). This inhibits their DNA‑binding domains, thereby 
reducing the transcriptional activity (31,35). Phosphorylated 
FOXOs are associated with 14‑3‑3 proteins, causing nuclear 
exclusion. Insulin absence restricts FOXO access to the 
nucleus, impairing its tumor‑suppressive activity. The intricate 
interplay underscores the significance of FOXO proteins in 

breast cancer regulation, proposing potential therapeutic 
targets within the PI3K/Akt pathway (36). Various kinases, 
such as PAK1 and the TAK1‑Nemo‑like kinase pathway, 
further modulate FOXO, either inhibiting or promoting its 
activity (37,38). Understanding these molecular mechanisms 
provides insights for developing strategies to harness FOXO 
proteins for controlling breast cancer progression (Fig. 2) (39).

Moreover, FOXO activity is negatively regulated by silent 
information regulators (SIRTs), which are members of the 
class III histone deacetylases. SIRTs are acknowledged for 
their crucial role in cell survival. SIRTs function by down‑
regulating the FOXO levels, thereby controlling the process of 
apoptosis (40). Oxidative stress results in the nuclear localiza‑
tion of FOXOs. A complex formation occurs in the nucleus 
by SIRT1, which then interacts with FOXO and deacetylates 
it, thereby downregulating the tumor‑suppressive role FOXO.

The expression of FOXO3a is modulated by the meth‑
ylation status of its promoter region  (41). Liu  et  al  (42) 
demonstrated that hypermethylation of the FOXO3a promoter 
by DNMT1 is associated with reduced FOXO3a expression 
in breast cancer (42). It was further illustrated that FOXO3a 
suppresses breast cancer stem cell (BCSC) properties and 
tumorigenicity by inhibiting the FOXM1/SOX2 signaling 
pathway. Additionally, their findings suggest that SOX2 
negatively regulates FOXO3a expression through direct 
activation of DNMT1, creating a feedback loop. Moreover, 
blocking DNMT activity suppresses tumor growth by altering 
the signaling between FOXO3a, FOXM1, and SOX2 proteins 
in breast cancer. This finding underscores the critical role 
of the DNMT1/FOXO3a/FOXM1/SOX2 signaling pathway 
in regulating BCSC properties. It also suggests a promising 

Figure 2. Understanding the role of the PI3K/Akt pathway in regulating the expression of FOXP1 and FOXO proteins.
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therapeutic strategy for targeting BCSCs and overcoming drug 
resistance.

FOXO has emerged as a promising therapeutic target 
for breast cancer, with recent years witnessing substantial 
advancements in understanding its role in the disease. Clearer 
understanding of the processes related to FOXOs would help 
researchers manipulate and develop more targeted therapies.

FOXM family and breast cancer. FOX proteins exhibit similarity 
in their DNA‑binding domain, characterized by three sheets, 
three helices, two wings or loops that form a helix‑turn‑helix 
motif structure. The second and third helices display structural 
variations, while the helices and sheets contain conserved 
regions. The third helix primarily handles DNA binding, with 
the second wing attaching to the major and minor grooves of 
DNA (43). Another crucial member of the FOX family, FOXM1, 
is situated on the 12p13.33 chromosomal band and comprises 10 
exons (44). FOXM1 consists of a forkhead domain, an activation 
domain associated with the C terminus, and a repressor domain 
linked to the N terminus. The differential splicing of FOXM1 
exons gives rise to various variants, including FOXM1A, 
FOXM1B, FOXM1C and FOXM1D (45). FOXM1 binds to 
core consensus sequences ‘(A/C) AAACAAC’, and in certain 
instances, it necessitates interaction with DNA binding factors 
for transcriptional activity (46). The FOXM1 protein plays a 
role in diverse processes, encompassing cell proliferation, 
DNA damage repair and apoptosis. FOXM1 is upregulated in 

various cancers, highlighting its role as the principal regulator 
of cell cycle progression, governing various transition points 
within the cell cycle (47). Additionally, FOXM1 plays a role in 
regulating gene transcription associated with the cell cycle and 
regulates various mitotic regulators, including CDC25B and 
CENPF.

FOXM1 interacts with SMAD3, which activates the TGF‑β 
pathway, resulting in breast cancer cell metastasis. Under 
normal conditions, the ubiquitin‑protein ligase transcriptional 
intermediary factor 1γ (TIF1γ) interacts with SMAD3 and 
SMAD4 and causes ubiquitination. This interaction leads to 
a disruption of the SMAD3/SMAD4 complex. When FOXM1 
interacts with SMAD3, the TGF‑β pathway is activated as the 
interaction of SMAD3 and SMAD4 with TIF1 is inhibited, 
thereby stabilizing the SMAD3/SMAD4 complex (48). The 
FOXM1/SMAD3 interaction results in breast cancer cell 
invasion induced by the TGF‑β pathway (Fig. 3).

In humans, two types of ER receptors, ERα and Erβ, are 
responsible for mediating the effect of ER. Although ER binds 
to both receptors with equal affinity, both exhibit different 
activities; namely, ERα promote cell proliferation, whereas 
Erβ has apoptotic and antiproliferative properties  (49). 
FOXM1 has the ability to regulate the levels of ER at both 
mRNA and protein levels, thereby positively regulating the 
ER levels by interacting with forkhead‑responsive elements 
situated on the ERα promoter region, thereby influencing its 
overall regulation.

Figure 3. FOXM1‑SMAD3 interaction: A catalyst for breast cancer metastasis via the TGF‑β pathway activation.

https://www.spandidos-publications.com/10.3892/or.2024.8751
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Human epidermal growth receptor 2 (HER2), a member 
of the epidermal growth factor receptor family, functions as 
a tyrosine kinase receptor (50). HER2 is directly correlated 
with FOXM1 activity. HER2 overexpression in breast cancer 
results in increased promoter activity of FOXM1, whereas its 
downregulation upon administration of the HER2 inhibitor 
(lapatinib) results in a reduced activity of the promoter region 
of FOXM1 (51).

FOXM1 is an ideal therapeutic target because of its 
significance in metastasis and disease progression. It is also 
responsible for relaying resistance to anticancer drugs. However, 
to date, FOXM1 therapy has not been implemented because of 
the absence of a comprehensive analysis of the FOXM family. 
A thorough understanding of FOXM1 mechanisms would help 
researchers develop biomarkers and therapeutic strategies for 
early detection and improved treatment strategies.

FOXC family and breast cancer. FOXC proteins are another 
category of forkhead proteins with distinct DNA binding 
forkhead domains. Its two members, FOXC1 and FOXC2, play 
roles in cardiac, embryonic and ocular development (52). In 
cancer, both members play a significant role in metastasis, cell 
growth, invasion and angiogenesis (4). FOXC1 is a cell growth 
regulator in breast cancer and its downregulation results 
in reduced cell growth, whereas FOXC2 is also involved in 
carcinogenesis because its increased expression is associated 
with breast cancer development. FOXC1 is characterized as 
a single‑exon gene situated on the chromosomal band 6p25, 
encoding a 533 amino acid protein. This encoded protein, 
localized in the nucleus, engages with DNA and regulates 
targeted gene expression. Its DNA binding domain contains a 
‘winged‑helix’ structure. The winged helix's third alpha helix 
interacts with the major domain at 5'‑GTAAATAAA‑3' (53).

Basal‑like breast cancer (BLBC) falls under the category 
of triple‑negative breast cancer (TNBC), wherein all three 
receptors, namely, HER2, progesterone receptor and ER, are 
not expressed (54). The overexpression of FOXC1 is observed 
in BLBC, leading to metastasis and invasion (55). A previous 
study indicated the function of FOXC1 in activating NF‑κB 
signaling. In BLBC, FOXC1 upregulates peptidyl‑prolyl 
cis‑trans isomerase NIMA‑interacting 1 expression, increasing 
p65/RelA protein stability  (56). This activates the NF‑κB 
signaling pathway which mediates FOXC1 to promote prolif‑
eration, invasion and metastasis (55).

In addition to activating the NF‑κB signaling pathway, 
FOXC1 is acknowledged for its role in inducing epithe‑
lial‑to‑mesenchymal transition (EMT) in cancer cells. EMT is 
a biological process characterized by the loss of cell polarity 
and intercellular adhesion in embryonic cells, facilitating 
their migration to various sites for tissue and organ develop‑
ment (57). Overexpression of FOXC1 in MCF12A mammary 
epithelial cells triggered EMT, as shown by reduced E‑cadherin 
levels. This EMT induction promoted tumor proliferation and 
migration in BLBC (58,59). Furthermore, EMT is regulated by 
various transcription factors, including Goosecoid, Snail and 
Twist, which promote FOXC2 expression in cells undergoing 
EMT  (60). FOXC2 overexpression induces mesenchymal 
differentiation along with MMP2 and MMP9 expressions. 
Additionally, FOXC2 is responsible for E‑cadherin down‑
regulation, whereas p120‑catenin is directly downregulated by 

FOXC2. p120 is a regulatory protein responsible for stabilizing 
E‑cadherin (61).

The FOXC family is another important category known to 
regulate tumor progression and metastasis. Relevant research 
is being conducted, and there is markedly more to discover. 
Further advances in the interlinkage between FOXC and 
breast cancer would open the door to advanced therapeutics 
and treatment strategies.

FOXP family and breast cancer. Similar to other FOX fami‑
lies, the FOXP family is defined by a winged helix domain 
comprising α‑helices, β‑sheets and loops or wings, forming 
a winged‑helix forkhead DNA‑binding domain (FHD) and 
a helix‑turn‑helix motif  (62). The FOXP family has four 
members: FOXP1, FOXP2, FOXP3 and FOXP4, with FOXP1 
and FOXP2 having a C‑terminal binding domain and FOXP3 
and FOXP4 having an N‑terminal binding domain  (63). 
Furthermore, all four members exhibit a dimerized C‑terminal 
winged helix FHD, while the FOXP3 dimer is recognized for 
its stability compared with the others (64).

Depending on the tumor type, FOXP1 acts as an oncogene 
or tumor suppressor. Similar to FOXA1, the FOXP1 levels 
are elevated, suggesting its association with ER (65). Elevated 
FOXP1 levels in MCF7 resulted in increased proliferation along 
with overexpression of the ER‑mediated gene, whereas cells 
in which the level of FOXP1 was depleted presented reduced 
growth, with both situations presenting a pro‑tumorigenic role 
in breast cancer (65).

FOXP1, a crucial transcription factor, is intricately linked 
to the PI3K/Akt signaling pathway which is a key regulator of 
cellular functions including proliferation and metastasis (66). 
Akt, a downstream Ser/Thr kinase within this pathway, 
activates key targets, including p70S6K, which subsequently 
coregulates diverse cellular functions (67). Notably, FOXP1 
levels are modulated by the PI3K/Akt pathway, as proposed 
by Banham et al (67), who revealed that the absence of Akt 
significantly reduces FOXP1 levels, whereas the addition 
of Akt elevates them. Akt does not phosphorylate FOXP1 
because of the absence of phosphorylation sites, emphasizing 
the regulatory role of p70S6K (67) (Fig. 2). A comprehen‑
sive understanding of FOXP1 regulatory pathways holds 
promise for developing innovative therapeutics and treatment 
strategies.

Liu et al (68) identified the interaction between FOXP2 
and FOXA2 and they confirmed that this interaction acts as an 
EMT suppressor during metastasis in breast cancer cells, high‑
lighting its role as EMT regulator. To understand the in vivo 
functioning of FOXP2 on the EMT of breast cancer cells, they 
generated a metastasis model in nude mice and injected the 
small hairpin (sh)FOXP2 and sh‑control lentivirus‑infected 
MCF‑7 cells in the tail vein. The results revealed that FOXP2 
knockdown promoted metastasis, likely due to the down‑
regulation of E‑cadherin and PHF2, both established EMT 
suppressors indicating that in vivo FOXP2 inhibition could 
increase the metastasis of breast cancer cells (68).

Conversely, FOXP3 functions as a tumor suppressor by 
regulating the expression of numerous tumor genes  (69). 
Originally recognized as a molecular marker for regulatory 
T cells, the involvement of FOXP3 in breast cancer is currently 
closely associated with metastasis‑associated 1 (MTA1), 



ONCOLOGY REPORTS  52:  92,  2024 7

a pivotal protein in downstream gene transcription implicated 
in breast cancer (70). Functioning as a negative regulator of 
MTA1 FOXP3 binds to its promoter region, thereby inhib‑
iting its expression and reducing the metastatic capability of 
the cell (70,71). A thorough investigation into the interplay 
between FOXP3 and MTA1 could help develop techniques 
to address metastatic breast cancer and open new avenues for 
therapeutic advancements in oncology.

The effect of the dysregulated activity of the various FOX 
proteins and the associated targeted gene are summarized in 
Table I. While the in vitro and ex vivo studies have helped 
researchers to comprehend the dysregulated expression of 
FOX proteins in breast cancer, the current understanding 
remains incomplete. Therefore, further studies are required 
to understand the expression levels of FOX proteins utilizing 
in vivo studies as this approach will be crucial in developing 
effective therapeutic strategies.

3. Overview of miRNA

MiRNAs are small, non‑coding RNAs that exert regulatory 
control over various biological processes. They have a length of 
22 nucleotides and function by negatively regulating the mRNA 
transcription. miRNAs regulate mRNAs by interacting with 
the 3' untranslated region (UTR) of the targeted mRNA (76). 
This interaction suppresses mRNA expression. Apart from 
the 3' UTR, miRNA also interacts with other regions such as 
5' UTR, gene promoters and coding sequences (77).

The biogenesis of miRNA involves a two‑step process, 
wherein DNA sequences are transcribed into primary miRNA 
(pri‑miRNA), subsequently processed into precursor and 
mature miRNAs. The initial step entails transcription of the 
DNA sequence into pri‑miRNA within the nucleus (78). A 
microprocessor complex, comprising DiGeorge syndrome 
Critical Region 8 (DGCR8) functioning as an RNA binding 
domain and Drosha, a ribonuclease III enzyme, is responsible 
for converting pri‑miRNA into pre‑miRNA. DGCR8 protein 
specifically binds to the N6‑methylated GGAC sequence in 
pri‑miRNA. This complex then recruits Drosha nuclease, which 
cleaves the pri‑miRNA duplex, resulting in the generation of 
a pre‑miRNA with a characteristic hairpin structure (79,80). 
Following formation, the pre‑miRNA is transported to the 
cytoplasm via the Exportin 5 (XPO5)/RanGTP complex (81). 
In the cytoplasm, Dicer, an RNase III enzyme, matures the 
pre‑miRNA by cleaving off the terminal loop, resulting in 
the formation of mature miRNA (82). The mature miRNA 
is loaded into the Argonaute protein, which subsequently 
regulates the targeted mRNA.

miRNAs play regulatory roles in various processes, 
including cell proliferation and apoptosis. The involvement of 
miRNAs in breast cancer, either as tumor suppressor miRNAs 
(tsmiRs) or oncogenic miRNAs (oncomiRs), has been under‑
scored in numerous studies. OncomiRs are miRNAs capable 
of downregulating the expression of tumor suppressors and are 
therefore elevated in breast cancer (83). tsmiRs are miRNAs 
capable of downregulating the expression of oncogenes and 
are thereby downregulated in breast cancer  (84). miRNAs 
are known for their regulatory roles in cellular mechanisms, 
including cell proliferation, metastasis, invasion and apoptosis; 
therefore, the altered miRNAs levels can induce cancer‑like 

conditions. For instance, miR‑16 and miR‑497 are known 
to inhibit cell proliferation, thereby acting as tsmiRs (85). 
Contrarily, miR‑200c/141 works as an oncogene, thereby 
promoting the metastasis of breast cancer cells (86).

4. Interlinkage of miRNA and FOX proteins in breast 
cancer

FOX proteins are a group of transcription factors that play a 
regulatory role in controlling gene expression. FOX proteins 
function as oncogenes and tumor suppressors; therefore, any 
dysregulation in FOX protein levels results in cancer‑like 
conditions.

On the other hand, miRNA is a small non‑coding RNA 
that works by regulating target mRNA expression. In breast 
cancer, miRNAs are known to function as either oncomiRs or 
tsmiRs, thereby promoting the pathological condition. miRNA 
overexpression or downregulation results in increased cell 
proliferation and metastasis, resulting in tumorigenesis.

Research is being conducted to understand the interlinkage 
between miRNA and various classes of FOX proteins as 
miRNAs regulate the expression of FOX proteins, which leads 
to breast cancer initiation and progression. Therefore, detailed 
insights into the crosslinks between miRNA and FOX proteins 
and the role of miRNA in modulating the activity of FOX 
proteins would help in advancing the effective treatment for 
breast cancer.

miR‑132, a tumor suppressor, is downregulated in breast 
cancer. It regulates cell growth, proliferation and apoptosis, 
and is known to downregulate the expression of FOXA1 (87). 
The overexpression of miR‑132 downregulates FOXA1, 
thereby affecting the expression of LIPG (subsequent target 
of FOXA1). miR‑132 downregulation results in increased cell 
proliferation along with elevated levels of FOXA1 and LIPG, 
thereby resulting in tumorigenesis (88). In a study conducted 
by Wang et al (88), it was observed that introducing miR‑132 
significantly hindered colony formation in MDA‑MB‑468 
cells compared with the control group whereas suppressing 
miR‑132 enhanced colony formation efficiency in these cells. 
Reducing FOXA1 expression led to a notable decrease in 
colony formation efficiency in breast cancer cells compared 
with the anti‑miR‑132 group. The aforementioned study 
revealed an inverse correlation between miR‑132 and FOXA1 
expression in breast cancer tissues. Furthermore, miR‑132 
was shown to suppress FOXA1 expression in breast cancer 
cells. These findings suggested that miR‑132 downregulation 
might contribute to FOXA1 upregulation in breast cancer. 
Therefore, targeting miR‑132 and FOXA1 together could 
hold promise as therapeutic strategy for breast cancer treat‑
ment. miR‑802 is a tumor suppressor miRNA, responsible 
for regulating cell proliferation (89). FOXM1, an oncogene, is 
negatively regulated by miR‑802 because it contains miR‑802 
binding sites. miR‑802 interacts with the 3' UTR of FOXM1, 
downregulating its expression. The upregulation of miR‑802 
results in the reduced expression of FOXM1, thereby control‑
ling cell proliferation, whereas the downregulated expression 
of miR‑802 elevates FOXM1 expression, contributing to 
cancer‑like conditions. Yuan and Wang (90) delved into the 
expression pattern of miR‑802 in cancerous vs. adjacent 
non‑cancerous tissues, revealing a significant decrease in 

https://www.spandidos-publications.com/10.3892/or.2024.8751
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miR‑802 levels in cancer tissues. It was demonstrated that 
increasing miR‑802 levels significantly reduced the ability of 
MCF‑7 cells to proliferate after transfection, compared with 
control cells. To confirm that miR‑802 directly targets FoxM1, 
they created a luciferase reporter vector containing potential 
miR‑802 binding sites within the 3' UTR of the FoxM1 gene. 
Their outcomes showed that increasing miR‑802 levels signifi‑
cantly reduced luciferase activity in MCF‑7 cells when the 
reporter contained the FoxM1 3' UTR. These findings provide 
initial evidence that boosting miR‑802 expression hinders 
breast cancer cell proliferation both in cell culture (in vitro) 
and in animal models (in vivo), likely by regulating FoxM1 
expression. This highlights the significance of miR‑802 in 
breast cancer development and suggests its potential as a 
target for breast cancer therapy. miR‑199a, identified as an 
oncogenic miRNA, exhibits elevated levels in breast cancer 
cells. The tumor suppressor FOXP2 is negatively regulated 
by miR‑199a  (91). Overexpression of miR‑199a causes a 
decrease in FOXP2 protein expression in breast cancer cells, 
consequently promoting increased proliferation, survival and 
metastasis of breast cancer cells. Cuiffo et al (92) demonstrated 
that manipulating specific miRNAs or silencing FOXP2 
resulted in increased BCSC properties, leading to enhanced 
tumor initiation and metastasis. They validated their initial 
findings on FOXP2 expression using independent reverse 
transcription‑quantitative PCR (ΔΔCq) analysis, revealing 
a significant decrease in FOXP2 protein levels in BCC199a, 
BCC199a/214 and BCCMSC cell lines. Since the decrease 
in FOXP2 was associated with maintaining progenitor 
cell identity and inhibiting differentiation in these cellular 
contexts, it was suggested that downregulation of FOXP2 
might contribute to the emergence of CSC‑like phenotypes 
in BCC199a, BCC199a/214 and BCCMSC. These findings 
contribute to a holistic comprehension of miRNA‑mediated 
regulation in breast cancer, as outlined in Table II.

5. FOX proteins and drug resistance

Despite the condition's heterogeneity, various therapeutics 
are employed to treat breast cancer. Although beneficial, 
the major difficulty faced by researchers is drug resistance. 
After completing a few drug cycles, patients start to develop 

resistance against the administered drug, thereby reducing 
its efficiency. The development of resistance involves various 
signaling pathways; recently, FOX proteins are also observed 
in this light. Alterations in the expression levels of various FOX 
proteins contribute to the development of resistance against 
anticancer drugs. Endocrine therapeutics are administered to 
target and regulate the estrogen response in breast cancer cells. 
Although favorable, the major setback of endocrine therapies 
revolves around the emergence of resistance against anticancer 
drugs. Tumors that develop resistance can regulate the elevated 
ER expression by employing various processes, including drug 
efflux, modulation of ER cofactor expression, and activation of 
other pathways, including growth factor signaling (97).

FOXA1 exhibits a positive association with all ER+ luminal 
breast cancer cells and works by interacting with DNA to open 
up chromatin, which then elevates the ER interaction to make 
its response element more accessible. The overall increased 
interaction is responsible for mediating resistance to endocrine 
therapeutics, including tamoxifen (98).

Tamoxifen is an FDA‑approved ER modulator used as 
an endocrine therapy for breast cancer treatment. Tamoxifen 
does not entirely inhibit the function of ER; instead, it binds to 
ER, and this complex is recruited to chromatin, subsequently 
leading to the suppression of ER target gene transcription. 
Similar to normal estrogen‑bound ER, tamoxifen‑bound ER 
also requires FOXM1 to access the chromatin and perform its 
function (99).

Dysregulated FOXA1 expression promotes resistance to 
tamoxifen, thereby limiting its effectiveness. The overexpres‑
sion of FOXA1 leads to the upregulation of IL‑8, a cytokine 
responsible for metastases and survival of cancer cells and 
contributes to resistance to ER inhibitors. Fu  et  al  (98) 
investigated the contribution of FOXA1 to endocrine therapy 
resistance in ER‑positive (ER+) breast cancer. They employed 
various endocrine‑resistant (Endo‑R) breast cancer cell lines 
derived from parental ER+ lines. Notably, they observed elevated 
FOXA1 expression in these Endo‑R cell lines compared 
with their ER+ counterparts. Additionally, elevated levels of 
FOXA1 mRNA were predictive of unfavorable outcomes in 
patients with ER+ tumor receiving tamoxifen. Importantly, 
IL‑8 emerged as a critical mediator of the FOXA1/ER tran‑
scriptional reprogramming process, promoting the growth and 

Table II. List of miRNAs regulating various FOX proteins in breast cancer.

	 Nature of		  Upregulation/	
miRNA	 miRNA	 Targeted FOX protein	 Downregulation	 (Refs.)

miR‑132	 tsmiRs	 FOXA1	 Downregulation	 (88)
miR‑96	 oncomiRs	 FOXO1 and FOXO3	 Downregulation	 (93) 
miR‑182	 oncomiRs	 FOXO1 and FOXO3	 Downregulation	 (93)
miR‑96‑5p	 tsmiRs	 FOXO1	 Downregulation	 (94)
miR‑802	 tsmiRs	 FOXM1	 Downregulation	 (90)
miR‑671‑5p	 tsmiRs	 FOXM1	 Downregulation	 (95)
miR‑495	 tsmiRs	 FOXC1	 Downregulation	 (96)
miR‑199a	 oncomiRs	 FOXP2	 Downregulation	 (92)

miRNA or miR, microRNA; tsmiR, tumor suppressor miRNAs; oncomiR, oncogenic miRNA.

https://www.spandidos-publications.com/10.3892/or.2024.8751
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invasion of Endo‑R cells. The study suggests that targeting 
the IL‑8 signaling pathway might be a promising therapeutic 
approach for treating ER+ breast cancers with elevated levels 
of FOXA1.

The downregulation of FOXA1 results in upregulation of 
IL‑6, thus promoting cancer‑like properties in tamoxifen‑resis‑
tant breast cancer cells (100). In a study by Yamaguchi et al (100), 
tamoxifen‑resistant (TAM‑R) breast cancer cells were devel‑
oped by prolonged exposure of ER+ MCF7 cells to tamoxifen. 
Interestingly, TAM‑R cells displayed lower levels of both ERα, 
a major ER form in breast cancer, and its co‑regulator FOXA1. 
By contrast, these cells displayed increased activation of the 
transcription factor NF‑κB and its target gene, IL6. Through 
experimental interventions, stable expression of FOXA1, but 
not ERα, led to reduced IL6 levels in both MDA‑MB‑231 
cells (lacking FOXA1 and ERα) and TAM‑R cells, without 
significantly affecting NF‑κB activity. Conversely, depletion of 
FOXA1 increased IL6 expression in MCF7 cells.

FOXM1, a key regulator in therapeutic resistance among 
breast cancer cells, is associated with various cancer conditions 
due to its influence on cell cycle regulation, autophagy and 
senescence. Elevated FOXM1 levels contribute to drug resis‑
tance, notably against the anthracycline drug epirubicin (101). 
OTU domain‑containing ubiquitin aldehyde‑binding protein 1 
(OTUB1) acts as a regulator, with upregulated FOXM1 resulting 
in increased cell proliferation and resistance development 
against epirubicin. Lys48‑linked polyubiquitin chains, pivotal 
in proteasomal regulation, interact with FOXM1 to modulate 
its levels. However, FOXM1‑OTUB1 interaction prevails, 
enhancing FOXM1 expression and conferring resistance (102). 
Elevated FOXM1 levels also facilitate improved DNA damage 
repair induced by epirubicin. Additionally, FOXM1 regulates 
antiapoptotic genes XIAP and survivin, fostering resistance 
against doxorubicin, epirubicin, docetaxel and paclitaxel (103). 
Understanding the intricate role of FOXM1 provides insights 
for targeted therapeutic interventions.

The FOXO3‑FOXM1 axis serves as an informative 
marker to comprehend the resistance of drug, as its dysregu‑
lation impacts the cellular fate. FOXO3 is recognized as a 
tumor suppressor that regulates cell growth, proliferation and 
apoptosis (30). The activity of FOXO3 is downregulated by 
Ras‑Raf‑MEK‑extracellular signal‑regulated kinase (ERK) 
and phosphatidylinositol 3‑kinase (PI3K)‑Akt/Protein Kinase 
B (PKB) signaling pathways in response to various external 
stimuli and growth factors. Apart from all the targets, FOXO3 
downregulates the FOXM1 expression levels and competes 
with FOXM1 to interact with the same binding sites at the 
gene promoters  (102). FOXM1 is an oncogene responsible 
for cell growth and proliferation, thereby promoting tumori‑
genesis  (104). The downregulation of FOXO3 induces an 
upregulation of FOXM1, promoting drug efflux and cell 
survival. This upregulation contributes to an increase in reactive 
oxygen species levels, ultimately leading to the development of 
resistance against the administered drug (105) (Fig. 4).

6. FOX therapeutics: Current trends and future 
perspectives

Chemotherapy, a widely used treatment for breast cancer, 
targets and destroys cancer cells, with ongoing research aimed 

at enhancing its effectiveness against the disease. Distinct 
subclasses within the FOX family are identified as either 
oncogenes or tumor suppressors, exerting regulatory control 
over cellular fate through diverse mechanisms. This under‑
scores their pivotal role in the initiation and progression of 
tumors (106). Targeting FOX proteins as a therapeutic inter‑
vention holds promise in the development of drugs responsible 
for regulation of FOX protein levels, thereby effectively inhib‑
iting the growth of breast cancer cells which may potentially 
improve the efficacy of existing treatment strategies.

FOXM1 emerges as a crucial therapeutic target for breast 
cancer, particularly in HER2‑positive cases. Lapatinib, an 
FDA‑approved tyrosine kinase inhibitor, effectively down‑
regulates elevated HER2 levels, concurrently decreasing 
FOXM1 expression. Francis et al (51) elucidated the connec‑
tion between HER2 and FOXM1, establishing the ability 
of lapatinib to regulate FOXM1 at both mRNA and protein 
levels. Alternatively, honokiol, a plant‑derived compound, 
demonstrates anti‑inflammatory, antioxidative and anticancer 
properties, including FOXM1 inhibition. Honokiol disrupts 
the positive feedback loop regulating FOXM1 transcription, 
leading to reduced mRNA and protein levels. This dual 
approach, targeting FOXM1 with lapatinib and honokiol, 
offers a promising avenue for developing comprehensive 
breast cancer therapeutics, complementing existing strategies 
by Halasi et al (107).

Imipramine blue (IB), an anticancer derivative of the 
FDA‑approved antidepressant imipramine, demonstrates 
efficacy in downregulating elevated FOXM1 expression in 
breast cancer, as demonstrated by Rajamanickam et al (108). 
The ability of IB to target FOXM1 and inhibit homologous 
recombination‑mediated DNA repair positions it as a potential 
therapeutic agent for regulating tumor growth and metastasis 
in breast cancer. Integrating IB into treatment protocols 
could enable effective targeting of FOXM1 and improve the 
outcomes of breast cancer therapies.

Combination therapy has become pivotal in cancer treat‑
ment due to the limited efficacy of single‑agent targeted 
drugs in clinical trials despite the expanding array of options 
available (109). Combining targeted therapies with hormone 
therapies (endocrine treatments) has been successful in 
improving the outlook for patients with breast cancer. However, 
some combinations of these drugs may have a higher chance of 
causing adverse effects. Therefore, identifying precise combi‑
nations and dosing regimens to optimize therapeutic efficacy 
while minimizing side effects is crucial in both preclinical and 
clinical investigations (110). A notable success in breast cancer 
combination therapy involves incorporating the anti‑HER2 
monoclonal antibody trastuzumab into first‑line chemo‑
therapy, significantly enhancing treatment benefits in patients 
with HER2‑overexpressing metastatic breast cancer  (111). 
Currently, the trastuzumab and paclitaxel combination is a 
potent regimen for treating low‑risk HER2‑positive tumors, 
yielding sustained positive outcomes (112). In a recent study, 
researchers investigated the synergistic potential of FOXM1 
inhibitors alongside proteasome inhibitors such as Bortezomib, 
revealing significant inhibition of proliferation in both ER+ 

and TNBC (113). Similarly, the combined efficacy of FOXM1 
inhibitors with CDK4/6 inhibitors including palbociclib, 
ribociclib and abemaciclib was demonstrated in ER+ breast 
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cancer cells (113). These findings offer promise for advancing 
translational efforts and initiating clinical trials investigating 
agents targeting FOXM1, potentially improving outcomes for 
patients with breast cancer.

Targeting Fox proteins, transcription factors linked to breast 
cancer, is a challenge due to selectivity issues (4). Ideally, ther‑
apies should target only the cancer‑promoting functions of Fox 
proteins in tumors, leaving out the healthy tissues. However, 
this objective presents several key challenges. Inhibitor 
off‑target effects can disrupt similar proteins in healthy cells, 
causing side effects. Lin et al (114) demonstrated that FOXC1 
promotes EMT and metastasis in TNBC cell lines. Their 
study revealed that inhibiting FOXC1 with a specific inhibitor 
significantly suppressed TNBC cell invasion and metastasis in 
preclinical models. However, a critical challenge identified in 
the aforementioned study is the potential for off‑target effects 
of the inhibitor. Further optimization is necessary to minimize 
adverse consequences on healthy cells (114). FOXA1 plays a 
crucial role in ER signaling and tumor progression in hormone 
receptor (HR)+ breast cancer. Robinson et al (17) employed 
whole‑genome analysis of HR+ breast cancer and identified 
FOXA1 as a key regulator of ER‑mediated transcription. 
While targeting FOXA1 holds promise for disrupting ER 
signaling and inhibiting tumor growth, a major challenge 
lies in developing selective inhibitors that specifically target 
FOXA1 within cancer cells without compromising its normal 
functions in ER+ healthy breast tissue  (17). It is important 

to understand that the functional similarity between FOX 
proteins in healthy and cancerous cells possess a significant 
challenge. The development of inhibitors that precisely target 
the tumorigenic functions of FOX proteins is challenging. 
This underscores the challenge of specifically targeting the 
cancer‑promoting functions of FOX proteins without affecting 
their essential physiological roles in healthy tissues; therefore, 
a deeper understanding of Fox protein activity unique to 
cancer cells is crucial to overcome this (4).

Although therapeutics targeting specific miRNAs have not 
yet been applied clinically in breast cancer, notable progress 
is being made. For example, a miR‑122 antagonist is currently 
undergoing Phase II clinical trials for hepatitis C treatment, 
suggesting the potential for miRNAs to serve as viable thera‑
peutic targets in breast cancer (115). Efforts are also being 
directed towards developing therapeutics targeting miR‑21 
and miR‑221. These microRNAs have been linked to drug 
resistance in breast cancer, and scientists are investigating 
their potential as therapeutic targets for hepatocellular carci‑
noma and other cancers (116). Clinical trials testing miRNA 
inhibitors as a treatment for patients with breast cancer with 
multidrug resistance could be initiated in the near future. 
Addressing the epigenetic alterations associated with drug 
resistance in breast cancer presents significant challenges. 
However, histone deacetylation inhibitors are emerging as 
promising candidates for all breast cancer subtypes (117,118). 
It is crucial to proceed cautiously, as these inhibitors may 

Figure 4. Role of the FOXO3‑FOXM1 axis in breast cancer.
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inadvertently alter the expression of key receptors such as 
ERα, HER2 and MDR1, potentially exacerbating drug resis‑
tance. Ongoing clinical trials of various histone deacetylation 
inhibitors will provide valuable insights into their efficacy and 
safety profiles (118,119).

Understanding the factors involved in cancerous cell initia‑
tion, invasion and metastasis is essential for developing new 
treatment strategies and improving existing ones. Numerous 
factors have been discovered so far that have been targeted 
to develop various therapeutics. FOX proteins are an ideal 
biomarker and therapeutic target that would aid in under‑
standing and improving the existing therapies for breast 
cancer. Clinical trials targeting FOX proteins, therapeutics and 
breast cancer, that are currently underway are summarized in 
Table III.

7. Conclusions

In recent years, significant advancements have been achieved 
in the realm of breast cancer research, owing to researchers' 
adeptness in selectively addressing multiple signaling path‑
ways whose dysregulation contributes to the initiation and 
progression of breast cancer. Apart from the pathways, diverse 
transcription factors are involved in breast cancer tumorigen‑
esis. FOX proteins function as transcription factors and have 
been linked to numerous processes, including cell growth and 
apoptosis. The altered levels of distinct subclasses of FOX 
proteins can act as either oncogenes or tumor suppressors, 
thus inducing abnormal proliferation in breast cancer cells. 
miRNAs regulate FOX proteins, thereby controlling their 
expression, and the dysregulation of FOX protein levels caused 
by altered miRNA levels contributes to tumorigenesis.

Research focusing on FOX factors has provided valu‑
able insights into the underlying mechanisms driving cancer 
progression. FOX factors often play diverse roles in cancer 
progression, influencing various aspects of tumor develop‑
ment and metastasis. Understanding the specific functions of 
FOX factors in cancer modulation and identifying potential 
therapeutic targets capable of modulating their activities 
could expand treatment options for cancer patients. Inhibiting 
FOX factors or the pathways they regulate holds potential for 
reversing drug resistance, overcoming immune evasion and 

halting metastatic spread. Therapeutic strategies targeting 
FOX factors may involve inhibitors of the factors themselves, 
the kinases involved in FOX‑mediated pathways, or agents 
utilizing RNA interference to silence FOX factor expression. 
These approaches represent promising avenues for treating 
various types of cancer and offer hope for improved patient 
outcomes. Additionally, FOX proteins can potentially relay 
drug resistance, making them an appropriate therapeutic 
target, with only few FOX proteins being investigated as 
potential therapeutic targets. Thus, a thorough understanding 
of the mechanisms behind the various classes of FOX proteins 
would help to develop drugs that target the FOX proteins, 
control their levels, and thereby assist in the development of 
efficient treatment approaches.
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