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Abstract

Therapy resistance remains a major obstacle to successful cancer treatment and is driven
by complex interactions between tumor-intrinsic adaptive mechanisms and signals orig-
inating from the tumor microenvironment. Among the molecular regulators implicated
in these processes, the transcription factor FOXM1 has emerged as a key mediator of
DNA damage repair, cell cycle progression, and stress adaptation. Although FOXM1 has
traditionally been studied as a regulator of intracellular signaling pathways, accumulat-
ing evidence suggests that its functions extend beyond canonical transcriptional control.
In this review, we analyze current knowledge on the mechanisms regulating FOXM1
expression and activity and discuss how FOXM1 contributes to therapy resistance. We
propose that FOXM1 should be viewed not merely as a regulator of individual oncogenic
pathways but as a systems-level coordinator that integrates intracellular stress adaptation
with microenvironment-driven resistance mechanisms. Particular attention is given to
the FOXML1 interactome, complemented by an analysis of protein interaction data from
BioGRID. We also discuss emerging evidence implicating FOXM1 in intercellular commu-
nication. To identify potential links between FOXM1 signaling and extracellular vesicle
cargo, we analyzed the overlap between FOXM1 target genes and proteins identified in ex-
tracellular vesicle proteome databases. These emerging regulatory networks may represent
previously underappreciated contributors to therapy resistance.

Keywords: FOXM1; forkhead box M1; transcription factors; therapy resistance; interactome;
intercellular communication; cancer

1. Introduction

Therapy resistance continues to undermine the efficacy of cancer treatment [1], con-
tributing to treatment failure in advanced malignancies and posing a major challenge
despite ongoing innovations in anticancer drug development. This phenomenon arises
from both intrinsic tumor cell adaptations such as epigenetic reprogramming, enhanced
DNA damage repair, and metabolic rewiring [2,3] and extrinsic factors within the tumor
microenvironment, including immune suppression, stromal remodeling, and extracellular
vesicle-mediated intercellular signaling [3-5]. Recent studies have highlighted how these
processes converge to sustain cancer therapy resistance, bypass cell cycle checkpoints,
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and promote metastatic dissemination, underscoring the need for integrative molecular
approaches to identify effective therapeutic targets [6,7].

In this context, transcription factors that function as central regulatory hubs are of
particular importance. Among them, the forkhead box transcription factor FOXM1 has
emerged as a key coordinator of tumor cell responses to stress, with well-established roles
in cell cycle progression, DNA damage repair, and resistance to genotoxic therapies across
multiple cancer types [8]. FOXML is frequently overexpressed in malignant neoplasms
(Figure 1) and is consistently associated with aggressive tumor behavior, unfavorable
clinical outcomes [9], and resistance to a broad range of anticancer therapies, including
platinum-based agents and taxanes [10-12]. These features have established FOXM1 as
both a clinically relevant biomarker and an attractive therapeutic target [13,14].
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Figure 1. FOXM1 expression levels across different tumor types and normal tissues based on TCGA
and GTEx datasets [15]. Tumor samples are denoted in pink, while normal samples are shown in
blue. Dashed lines indicate the statistical comparisons between groups.

Although FOXM1 has been extensively studied as a regulator of intracellular processes,
its role extends beyond canonical transcriptional control. Recent evidence indicates that
FOXM1 participates in complex protein—protein interaction networks, modulates multiple
layers of gene expression, and contributes to intercellular communication within the tumor
microenvironment. In particular, emerging data suggest that FOXM1 may influence not
only the transcriptional landscape of tumor cells but also the composition of extracellular
vesicles and therapy-induced secretomes, thereby facilitating the transfer of pro-survival
signals between cells. Despite these advances, a comprehensive understanding of FOXM1
as an integrative node linking intracellular signaling, protein interaction networks, and
intercellular communication in the context of therapy resistance remains incomplete. We
propose that FOXM1 should be viewed not merely as a regulator of individual oncogenic
pathways but as a systems-level coordinator that integrates intracellular stress adaptation
with microenvironment-driven resistance mechanisms. A systematic analysis of these inter-
connected mechanisms may provide new insights into FOXM1-driven tumor adaptation
and inform the development of more effective therapeutic strategies.

Compared with earlier reviews, the present review provides a broader systems-level
perspective on FOXM1 biology by integrating evidence from the mechanisms regulating
FOXM1 expression and activity, protein interaction networks, and intercellular commu-
nication within the tumor microenvironment. Particular emphasis is placed on recent
findings related to the FOXM1 interactome and extracellular vesicle-mediated commu-
nication, which have received comparatively limited attention despite their potential
importance in tumor adaptation and treatment failure. We also critically evaluate cur-
rent FOXM1-targeting strategies and the major challenges that continue to hinder their
clinical translation.
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2. Structure of the FOXM1 Gene and Protein

FOXM1 is a member of the forkhead box (FOX) family of transcription factors, which
are characterized by a highly conserved forkhead (FKH) DNA-binding domain [16]. This
domain mediates sequence-specific interactions with target gene promoters and underlies
the transcriptional regulatory functions of FOX proteins.

The FOXM1 gene consists of 10 exons [16]. Through alternative splicing, it produces
four mRNA isoforms: FOXM1A, FOXM1B, FOXM1C, and FOXMI1D. These isoforms
differ in the inclusion or exclusion of the alternatively spliced exons Va and VlIla: the
FOXMI1A isoform contains all exons, FOXM1C skips exon VIla, FOXM1D omits exon Va,
and FOXM1B lacks both Va and Vlla (Figure 2A). Functionally, FOXM1B [17], FOXM1C [18],
and FOXM1D [19] act as transcriptional activators, whereas FOXM1A exhibits transcrip-
tional repressor activity [20]. A recently discovered isoform, FOXM1s, further expands this
diversity. Experimental studies have shown that FOXM1s is actively expressed in pancre-
atic cancer cells, where it promotes proliferation, migration, and invasion and increases the
expression of stemness-associated genes [21].
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Figure 2. Structure of FOXM1. (A) Schematic repressentation of FOXM1 pre-mRNA, comprising
10 exons (I-VIII), including the alternatively spliced exons Va and VlIla (purple), and the corre-
sponding mRNAs of four FOXM1 isoforms (FOXM1A, FOXM1B, FOXM1C, FOXM1D). (B) Domain
structure of the FOXM1 protein: NRD, N-terminal repressive domain; DBD/FKH, DNA-binding
forkhead domain; TAD, transactivation domain.

It has been reported that the FOXM1C isoform predominates in normal cells and
in several malignancies, including cholangiocarcinoma [18], ovarian cancer, and breast
cancer [22]. At the same time, other studies have identified FOXM1B as the predominant
isoform in lung cancer, breast cancer, cervical cancer, ovarian cancer, myeloid leukemia [17],
and hepatocellular carcinoma [23]. Throughout this review, the term FOXM1 refers collec-
tively to the FOXM1B and FOXMIC isoforms unless otherwise specified, as both are
highly expressed in tumor cells and perform a similar function—activation of target
gene transcription.

At the protein level, FOXMI1 consists of three functional domains: an N-terminal
repressive domain, a central forkhead DNA-binding domain, and a C-terminal transac-
tivation domain (Figure 2B). The alternatively spliced exons Va and VIla encode regions
within the C-terminal transactivation domain [24]. Two intrinsically disordered regions,
located between the DNA-binding domain and the C-terminal transactivation domain,
play a critical role in the formation of FOXM1 transcriptional condensates at target gene
promoters [25].
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FOXM1 recognizes and binds specific DNA motifs within regulatory regions of its
target genes. Similar to other forkhead transcription factors, it preferentially binds the
consensus motif RYAAAYA (R = A/G;Y = C/T) [26], with a particularly high affinity for
the C/TAAACA motif [27]. FOXM1 can also bind cooperatively to tandem DNA elements,
such as the DIV2 site, which consists of two inversely oriented GTAAACA motifs, thereby
enhancing transcriptional activation [28].

3. Mechanisms Regulating FOXM1 Expression and Activity
3.1. Regulation of FOXM1 Expression

FOXM]1 gene expression is tightly regulated at multiple regulatory levels, including
transcriptional and post-transcriptional mechanisms, whereas its functional activity is
primarily controlled by post-translational modifications.

Multiple signaling pathways converge to promote FOXM1 transcription (Figure 3).
Activation of growth factor receptors triggers the PI3K/AKT signaling pathway, which
inactivates the FOXM1 repressor FOXO3, thereby promoting FOXM1 expression [29].
The Sonic Hedgehog pathway increases FOXM1 expression through the activation of
GLI transcription factors [30]. Upon estrogen binding, the ERx receptor dissociates from
the HSP90 chaperone complex and binds to the FOXM1 promoter, leading to increased
FOXM]1 expression [31]. In ovarian cancer cells, physical contact with cells of the tumor
microenvironment activates focal adhesion kinase (FAK), resulting in the translocation of
YAP to the nucleus [32]; TEAD transcription factors subsequently bind YAP and enhance
FOXM]1 transcription [33].

Signals from tumor microenvironment
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Figure 3. Intracellular pathways regulating FOXM1 gene expression. Green arrows indicate positive
regulation, whereas red arrows indicate inhibition.

Post-transcriptional regulation of FOXM1 is largely mediated by non-coding RNAs.
Various microRNAs suppress FOXM1 expression by binding to its 3’-untranslated region,
thereby triggering mRNA degradation and repressing translation [34]. For example, miR-
4521 suppresses FOXM1 expression and induces tumor cell death in breast cancer [35] and
medulloblastoma [36]. In turn, long non-coding RNAs and circular RNAs can compete
with FOXMI1 mRNA for microRNA binding, thereby indirectly increasing FOXM1 expres-
sion. For instance, in hepatocellular carcinoma cells, the long non-coding RNA MALAT1
sequesters miR-125a-3p, which targets FOXM1 mRNA [37], whereas the circular RNA circ-
CCDC66 sponges miR-320a, thereby enhancing FOXM1 expression in glioma cells [38]. The
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small nucleolar RNA SNORDI14E recruits the splicing factor SRSF1, promoting the forma-
tion of the FOXM1B and FOXMIC isoforms. Additionally, SNORD14E methylates FOXM1
mRNA, thereby increasing its stability [39]. Notably, FOXM1 also exhibits autoregulation:
the FOXM1 protein binds to its own promoter and activates its transcription [40].

In addition to activating pathways, FOXM!1 is also subject to several negative regu-
latory mechanisms. Interferon-y signaling activates the JAK/STAT pathway, leading to
STAT1-mediated repression of FOXM]1 transcription [41]. Following DNA damage, the
tumor suppressor p53 suppresses FOXM1 transcription either directly or via E2F tran-
scription factors [42]. FOXML1 is also regulated by autorepression, whereby the N-terminal
repressive domain inhibits the C-terminal transactivation domain through hydrophobic
interactions between specific motifs. This mechanism operates under basal conditions in
proliferating cells during the G1 and S phases of the cell cycle [43].

3.2. Post-Translational Regulation of FOXM1

The activity, stability, and intracellular localization of FOXM1 depend on a wide range
of post-translational modifications that dynamically fine-tune its function in a context-
dependent manner. Although many FOXM1 protein—protein interactions have been charac-
terized, the full spectrum of FOXM1-associated regulatory proteins remains incompletely
understood. In addition to the well-characterized regulatory mechanisms described in the
literature, we further expanded the landscape of FOXM1-associated regulatory proteins
by integrating interactome data from the BioGRID database (Figure 4) [44]. The principal
mechanisms governing the post-translational regulation of FOXM1 are discussed below.
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Figure 4. Functional landscape of the FOXM1 interactome regulating its stability and activity. Green
arrows indicate positive regulation, whereas red arrows indicate inhibition. Additional putative
FOXM1 interactors that may regulate FOXMI1 stability were identified through analysis of the
BioGRID database.

3.2.1. Ubiquitination and Degradation

FOXM1 stability is primarily controlled by the ubiquitin—-proteasome system. Consti-
tutively active SCF-family E3 ubiquitin ligases, including FBXW?7, FBXO31, FBXL2, and
FBXL19, promote FOXM1 degradation (Figure 4). During the cell cycle, FOXM1 levels are
tightly regulated to prevent premature activation. Prior to mitotic entry, low FOXM1 levels
are maintained by the SCF and CRL4 ubiquitin ligase complexes, with CRL4 likely recruit-
ing FOXM1 via DCAF15 (Figure 4) [45,46]. At mitotic exit and during early G1 phase, the
anaphase-promoting complex/cyclosome (APC/C) further regulates FOXM1 degradation
through its components CDC27 and FZR1 (Figure 4) [47,48], thereby preventing premature
FOXM1 accumulation in the absence of mitotic signals. In addition to constitutive ubiquiti-
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nation, FOXM1 stability can be modulated in response to cellular stress. For instance, DNA
damage induces the activity of E3 ubiquitin ligases such as RNF8, RNF168, and RNF112,
leading to FOXM1 degradation and attenuation of its activity (Figure 4) [49,50].

3.2.2. Deubiquitination

FOXML1 stability is further maintained by deubiquitinases belonging to the USP and
OTU subfamilies (Figure 4), which prevent its proteasomal degradation and thereby pro-
mote malignant transformation [51-53]. The COPS5 protein, a regulator of CRL ubig-
uitin ligase complexes, also enhances FOXM1 stability through deubiquitination (Fig-
ure 4) [54,55]. In addition, ubiquitin-editing enzymes, which possess both ubiquitin ligase
and deubiquitinase activities, contribute to FOXM1 regulation. For example, TRIM56
stabilizes FOXM1 by promoting its deubiquitination (Figure 4) [56,57].

3.2.3. SUMOylation and Interaction with Proteasome Components

SUMOylation exerts isoform- and site-specific effects on FOXM1. SUMO-1 modifica-
tion at distinct lysine residues, including K201, K218, K460, K478, and K495 in FOXM1C,
and K463 as the major acceptor site in FOXM1B, promotes FOXM1 translocation to the
cytoplasm and facilitates its APC/C-mediated proteasomal degradation (Figure 4) [58]. In
contrast, SUMO-2 conjugation at multiple lysine residues distinct from the SUMO-1 mod-
ification sites disrupts the intramolecular interaction between the N-terminal repressive
domain and the C-terminal transactivation domain, thereby preventing FOXM1 dimeriza-
tion and enhancing its transcriptional activity [59]. Direct interactions between FOXM1
and proteasome components, including PSMA4 and PSMD3, have also been reported,
suggesting a close functional link between FOXM1 activity and proteasomal regulation
(Figure 4) [60].

3.2.4. Phosphorylation

Among the most extensively characterized activators of FOXM1 are cyclin-dependent
kinases (CDK1, CDK2, CDK4, and CDK®6) and their associated cyclins B and E (Figure 4).
Phosphorylation serves as a primary regulatory mechanism that generally enhances FOXM1
activity, with its phosphorylation status being dynamically modulated throughout the cell
cycle. Multiple kinases target serine, threonine, and tyrosine residues within the C-terminal
transactivation domain of FOXM1, thereby fine-tuning its activity in a context- and phase-
dependent manner [61].

Low levels of FOXM1 phosphorylation are characteristic of the period preceding the
G1/S transition [62]. At this stage, FOXM1 predominantly exists as an inactive dimer, in
which the N-terminal repressive domain of one monomer inhibits the C-terminal trans-
activation domain of the other [43]. Transition to an active state is facilitated by cell
cycle-dependent kinase signaling, with the phosphatases CDC25A and CDC25B indi-
rectly promoting FOXM1 activation through the activation of cyclin-dependent kinases
(Figure 4) [63,64].

During the G1/S transition, CDK2—cyclin E complexes activate FOXM1 [65]. As cells
progress through G1 phase, FOXM1 phosphorylation is further enhanced by CDK4 and
CDKG6 in association with cyclin D, promoting protein stabilization and protecting FOXM1
from proteasomal degradation [62].

Prior to mitotic entry, CDK1 and CDK2 in complex with cyclin A phosphorylate
FOXM1 at specific threonine and serine residues (Thr596 and Ser678), thereby relieving its
autoinhibitory conformation and enabling full transcriptional activation [43,47,66]. During
the G2 phase, FOXM1 additionally associates with CDK1-cyclin B complexes, further
promoting its activation in preparation for mitosis [67].
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During mitosis, FOXM1 undergoes hyperphosphorylation mediated by polo-like
kinase 1 (PLK1), which enhances its stability by protecting it from proteasomal degradation
and ensuring proper mitotic progression (Figure 4) [68,69]. During this phase, FOXM1 also
functionally interacts with NEK2 (Figure 4), and this interaction has been shown to promote
the proliferation, migration, and invasion of osteosarcoma and esophageal squamous
cell carcinoma cells [70,71]. Mitotic exit is accompanied by FOXM1 dephosphorylation
mediated by the phosphatase PP2A, leading to attenuation of its activity [72].

In addition to cell cycle-dependent regulation, FOXM1 stability is modulated by the
Wnt/ 3-catenin signaling pathway through phosphorylation-dependent mechanisms. Un-
der basal conditions, the APC/Axin/GSK3 complex phosphorylates FOXM1 at Ser474,
promoting FBXW7-mediated ubiquitination and proteasomal degradation (Figure 4). Acti-
vation of Wnt signaling inhibits this phosphorylation cascade and facilitates the recruitment
of the deubiquitinase USP5, resulting in FOXM1 stabilization (Figure 4). Consequently,
stabilized FOXM1 accumulates in the nucleus, where it cooperates with 3-catenin and
TCF4 to enhance the transcription of genes associated with cell proliferation (Figure 4) [73].

3.2.5. Acetylation

FOXM1 transcriptional activity is also modulated by epigenetic regulators that influ-
ence its acetylation status. The transcriptional coactivators p300/CBP acetylate FOXM1
at lysine residues within its C-terminal domain, thereby enhancing its ability to activate
target gene expression (Figure 4). Notably, FOXM1 acetylation levels increase during the S
phase and remain elevated through mitosis, reflecting its role in cell cycle progression [74].
In contrast, class III histone deacetylases SIRT1 and SIRT2 counteract this modification by
removing acetyl groups, leading to attenuation of FOXM1 transcriptional activity [74,75].

3.2.6. Methylation

Methylation-dependent mechanisms further expand the regulatory landscape of
FOXM1 and its associated transcriptional network. Under normoxic conditions, the
methyltransferase SETD3 methylates FOXM1 and suppresses transcription of the vas-
cular endothelial growth factor (VEGF) gene. In contrast, hypoxic conditions promote
dissociation of the SETD3-FOXM1 complex from the VEGF promoter, thereby enabling
VEGEF expression [76]. FOXM1 also cooperates with epigenetic modifiers to regulate the
expression of tumor suppressor genes. Its interaction with DNMT3B and RB1 (Figure 4)
facilitates methylation of the FOXO1 promoter leading to transcriptional repression of this
tumor suppressor [77] and a consequent reduction in cyclin-dependent kinase inhibitor
expression. Similarly, the FOXM1-DNMT3B-RB1 complex promotes methylation of the
GATA3 promoter, impairing normal epithelial differentiation and contributing to malignant
transformation in breast tissue [78]. In addition, FOXM1 functionally interacts with the
enhancer of zeste homolog 2 (EZH?2), a key component of the polycomb repressive complex
2 (PRC2) (Figure 4). Although EZH?2 classically mediates histone H3 methylation and
transcriptional repression, its association with FOXM1 enables it to function as a scaffold
protein, facilitating the coordinated regulation of target genes [79], including those involved
in extracellular matrix remodeling, such as metalloproteinases [80].

Collectively, these regulatory mechanisms ensure tight spatiotemporal control of
FOXM1 expression, stability, and transcriptional activity. The integration of signaling
pathways, post-transcriptional regulators, and post-translational modifications enables
rapid and context-dependent modulation of FOXM1 function. This regulatory flexibility
allows FOXM1 to coordinate multiple transcriptional and signaling programs involved in
tumor progression and cellular stress responses.
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4. FOXM1 Involvement in Cellular Process Regulation

As a transcription factor, FOXM1 plays a central role in oncogenesis by orchestrating a
broad range of cellular processes critical for tumor development and progression. Beyond
its canonical role in transcriptional regulation, FOXM1 also exerts its effects through
extensive protein—protein interactions, thereby integrating diverse signaling pathways and
modulating multiple aspects of cellular function.

4.1. FOXM1 Transcriptional Activity

FOXM1 plays a pivotal role in cell cycle progression. It activates transcriptional pro-
grams required for the G1/S and G2/M transitions, as well as for DNA replication [81-83],
spindle assembly, and checkpoint control [84-86]. Through the transcription activation of
components of the SCF ubiquitin ligase complex, FOXM1 facilitates the degradation of
cyclin-dependent kinase inhibitors, including p16, p27, and p21 [87,88]. Through these
mechanisms, FOXM1 accelerates cell cycle progression, enhances proliferation capacity,
and enables tumor cells to bypass DNA damage-induced cell cycle arrest.

Beyond its role in cell cycle regulation, FOXM1 contributes to cancer cell survival
following genotoxic stress by promoting the expression of genes involved in multiple DNA
repair pathways, including RAD51, EXO1, BRCA1/2, and others [89-91]. Through the
coordinated activation of DNA repair machinery, elevated FOXM1 expression enhances
the ability of tumor cells to resolve therapy-induced DNA damage, thereby contributing to
the development of drug resistance [90].

In response to the increasing metabolic and oxygen demands during tumor growth,
FOXM1 promotes angiogenesis through transcriptional activation of vascular growth
factors including VEGF and PDGF [92,93]. Beyond promoting vascularization, FOXM1 also
enhances metastatic dissemination by inducing epithelial-mesenchymal transition (EMT),
migration, and invasion programmes. Mechanistically, FOXM1 activates EMT-associated
transcription factors such as SNAIL and ZEB1, as well as downstream effectors, including
the matrix-remodeling enzymes MMP2 and MMP9 [94-97]. These activities facilitate tumor
cell invasion and adaptation to changing microenvironmental conditions.

FOXM1 is also required for the maintenance of cancer stem cell phenotypes through
the activation of the expression of pluripotency-associated transcription factors such as
POUDSF1 (OCT4), NANOG, and SOX2 [98,99]. Due to their ability to initiate tumor growth
and withstand therapeutic stress, cancer stem cells contribute to disease progression and
relapse [100].

FOXM1 contributes to metabolic reprogramming by promoting aerobic glycolysis and
lipid biosynthesis, thereby supporting tumor adaptation to metabolic stress. Mechanis-
tically, FOXM1 induces the expression of pyruvate dehydrogenase kinase, facilitating a
shift toward aerobic glycolysis [101]. It also regulates the expression of genes involved in
lipid metabolism, including fatty acid synthase and acetyl-CoA carboxylase [102,103], en-
abling tumor cells to utilize fatty acids as an alternative energy source. In parallel, FOXM1
enhances glucose uptake and glycolytic flux by upregulating the expression of glucose
transporters and glycolytic enzymes, leading to increased lactate production [102,104-106].
FOXM1 also enhances tumor cell survival under oxidative stress, primarily through the
activation of transcriptional programs involved in reactive oxygen species detoxification,
including superoxide dismutase 2 (SOD2), catalase (CAT), NRF2 (NFE2L2) and other re-
lated genes [107-109]. By reducing intracellular levels of reactive oxygen species, FOXM1
enhances cellular resistance to therapy-induced oxidative stress [110].

The multifaceted impact of FOXM1 on tumor cell survival is further underscored
by its ability to regulate programmed cell death pathways. FOXM1 suppresses apopto-
sis by upregulating the anti-apoptotic proteins BCL-2 and MCL1 [111-114], as well as
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inhibitors of apoptosis such as XIAP and survivin [115,116], while downregulating the
pro-apoptotic proteins BAX and BMF [114,117]. Additionally, FOXM1 suppresses anoikis,
a form of apoptosis induced by the loss of extracellular matrix attachment. This function
is particularly relevant during tumor dissemination, where interactions between platelets
and circulating tumor cells activate FOXM1 via the PI3K/AKT signaling pathway, thereby
promoting cell survival in the bloodstream [118,119]. FOXM1 also induces the expression
of autophagy-related genes such as LC3 and beclin-1 [120,121]. Notably, FOXM1 levels in-
crease in response to autophagy induction by nutrient deprivation or rapamycin treatment,
whereas FOXM1 inhibition suppresses autophagic activity [120]. Given that autophagy
supports tumor cell survival under stress conditions, FOXM1-mediated activation of this
pathway is likely to contribute to the development of chemoresistance [122].

Finally, FOXM1 contributes directly to drug resistance by inducing the expression of
ATP-binding cassette (ABC) transporters, including ABCB1, ABCC4, and ABCC5. These
transporters facilitate drug efflux, thereby reducing intracellular drug accumulation [123-125].

Taken together, these findings demonstrate that FOXM1 regulates multiple intercon-
nected programs involved in proliferation, stress adaptation, metabolic reprogramming,
and resistance to cell death. Many of these canonical FOXM1 functions have been exten-
sively discussed in previous reviews. However, emerging evidence indicates that FOXM1
activity is additionally shaped by extensive protein—protein interaction networks and inter-
cellular communication mechanisms that remain comparatively underexplored. To further
examine these noncanonical aspects of FOXM1 functions, the following section focuses on
its interactome and protein—protein interaction networks.

4.2. FOXM1 Protein—Protein Interactions Mediating Its Functions

Beyond its canonical transcriptional activity, FOXM1 engages in extensive protein—
protein interactions that critically modulate its functional output. In this section, we
complement evidence from the literature with interactome data derived from the BioGRID
database [43], thereby providing a more comprehensive view of FOXM1-associated regula-
tory networks.

4.2.1. Interactions with Expression Regulators

Activated FOXM1 interacts with multiple transcriptional complexes and chromatin
regulators, thereby shaping diverse gene expression programs. Its binding partners include
key transcription factors such as MYC, BCL6, SP1, RELA, SMAD3, and HIF1A (Figure 4),
highlighting the involvement of FOXM1 in the coordination of proliferation-associated,
inflammatory, stress-response, and hypoxia-adaptive transcriptional programs [126-131].
FOXML1 also interacts with members of the nuclear factor I family (NFIA, NFIB, NFIC, and
NFIX), which regulate cell proliferation and differentiation [132], as well as with interferon
regulatory factor 7 (IRF7), a critical mediator of interferon signaling (Figure 4) [133].

In addition, FOXM1 can interact with transformation/transcription domain-associated
protein (TRRAP), a member of the phosphatidylinositol 3-kinase-related kinase family
(Figure 4), thereby potentially modulating multiple oncogenic and stress-responsive tran-
scriptional programs [134]. Interactions with components of the TFIIIC complex and with
the BANP protein further implicate FOXM1 in promoter recognition and the regulation of
chromatin accessibility (Figure 4) [135,136].

4.2.2. Nuclear Condensate Formation

FOXML1 can form transcriptional condensates at target gene promoters through its
intrinsically disordered regions via liquid-liquid phase separation, providing an additional
layer of regulatory control over its activity. The formation of these condensates is promoted
by abnormal spindle-like microcephaly associated protein (ASPM), which enhances FOXM1
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stability and transcriptional output. This process depends on the phosphorylation status of
FOXM1 at Ser376 [137]. Phosphorylation of FOXM1 at Ser376 by AMP-activated protein
kinase (AMPK) disrupts condensate formation, leading to cytosolic DNA accumulation
and subsequent activation of innate immune signaling pathways [25]. The promyelocytic
leukemia protein (PML) negatively regulates FOXM1 by sequestering it within PML nuclear
bodies (Figure 4), thereby attenuating its transcriptional activity and shifting the regulatory
balance toward FOXO3-mediated tumor suppression [138]. Collectively, these observations
indicate that spatial organization within the nucleus represents an additional layer of
FOXML1 regulation that dynamically modulates its transcriptional output in response to
cellular conditions.

4.2.3. Regulation of Cell Division

Cell cycle gene expression is controlled by the coordinated activity of the DREAM, RB1-
E2F, and MuvB complexes [139,140]. The MuvB core complex, comprising LIN9, LIN37,
and LIN54, functions as a context-dependent regulator capable of both activating and
repressing transcription, depending on the stage of the cell cycle. MuvB associates with the
DREAM and RB1-E2F complexes to repress the expression of G1/S phase genes. In contrast,
upon entry into mitosis, MuvB transitions into an active transcriptional state through
association with MYBL2, which facilitates the recruitment of FOXM1 to target promoters
(Figure 4) [140]. While these interactions highlight the role of FOXM1 in transcriptional
regulation, its function extends beyond the control of gene expression and involves the
direct coordination of cell cycle-associated processes at the protein level.

In addition to its role in transcriptional regulation, FOXM1 also directly interacts with
proteins involved in chromosome dynamics and cell division. These include kinesins such
as KIF22 and KIF18A [141,142], as well as regulators of DNA replication (ORC2), chromo-
some condensation (SMC2), and cytokinesis (PRC1, ECT2) (Figure 4) [142]. Through these
interactions, FOXM1 supports genome stability by protecting telomerase reverse transcrip-
tase (TERT) from degradation through direct interaction (Figure 4) [143]. Furthermore,
its association with telomeric repeat-binding factor 1 (TERF1) and histone H2B variants
suggests a potential role in the regulation of telomere function and chromatin architecture
(Figure 4) [144].

4.2.4. Interactions with DNA Repair Factors

In addition to the transcriptional regulation of canonical DNA repair genes, FOXM1 di-
rectly interacts with multiple proteins involved in chromatin remodeling and DNA damage
response signaling. For instance, the chromatin remodeling factor SMARC5A is recruited to
sites of DNA damage, where it cooperates with FOXM1 to facilitate transcriptional recovery
following genotoxic stress (Figure 4) [145]. In contrast, p53 can inhibit FOXM1 by prevent-
ing its recruitment to target gene promoters such as that of MELK, thereby attenuating
FOXM1-driven transcriptional programs (Figure 4) [146]. DNA damage signaling pathways
can also modulate FOXM1 activity through post-translational regulation. The checkpoint
kinase CHEK2 phosphorylates FOXM1 in response to DNA damage, enhancing its sta-
bility and promoting the expression of DNA repair genes, including XRCC1 and BRCA2
(Figure 4) [147]. In a pathological context, FOXM1 interactions can contribute to therapy
resistance. For example, in glioblastoma, the interaction between PARP3 and FOXM1
enhances FOXM1 transcriptional activity, thereby promoting resistance to radiotherapy
(Figure 4) [148].

4.2.5. Interactions with mRINA and Protein Metabolism Proteins

FOXML1 interacts with several proteins involved in RNA processing and transla-
tional regulation. These include splicing factors such as PRPF8, SNRNP200, SART1, and
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RBMX [142], as well as the RNA export factor ZC3H11A [149] and RNA helicases, includ-
ing DHX29 and DDX52 (Figure 4) [150,151]. Such interactions suggest that FOXM1 may
contribute to post-transcriptional regulation beyond its canonical role as a transcription
factor. In addition, FOXM1 has been shown to interact with several aminoacyl-tRNA syn-
thetases and tRNA-modifying enzymes, indicating a potential role in translation efficiency
and tRNA stability (Figure 4) [142]. Furthermore, FOXM1 interacts with the molecular
chaperones HSP90AA1 and DNAJC9 (Figure 4), which are involved in protein folding
and the maintenance of genome stability [152,153]. Although the functional significance
of many of these interactions remains insufficiently characterized, these findings suggest
that FOXM1 may participate in broader post-transcriptional and translational regulatory
networks than previously appreciated.

4.2.6. FOXM1 in Intercellular Communication

In addition to its cell-intrinsic functions, FOXM1 also plays an important role in shap-
ing an aggressive tumor microenvironment through intercellular communication. FOXM1
can be disseminated via extracellular vesicles, thereby influencing the behavior of neigh-
boring cells. Tumor cells secrete exosomes enriched in FOXM1 which can be taken up
by cells within the tumor microenvironment, including tumor-associated macrophages.
Uptake of these vesicles increases FOXM1 levels in macrophages and promotes their po-
larization toward the M2 phenotype [154-156]. Mechanistically, FOXM1 directly binds
to the promoter region of the IDO1 gene, which encodes indoleamine 2,3-dioxygenase 1,
thereby enhancing its transcription in macrophages. Activation of the FOXM1/IDO1 axis
suppresses ferroptosis in macrophages, thereby promoting and maintaining M2 polariza-
tion [155]. M2-polarized macrophages suppress anti-tumor immune responses and support
tumor progression. Accordingly, their accumulation within the tumor microenvironment
is associated with poor clinical outcomes and resistance to therapy across multiple cancer
types [156].

FOXML1 has also been implicated in the selective packaging of nucleic acids into
extracellular vesicles. Specifically, FOXM1 was shown to interact with the autophagy
protein LC3/MAPI1LCS3 in the nucleus, thereby enabling selective loading of FOXM1-
associated chromatin DNA fragments into extracellular vesicles in human A549 lung cancer
cells [157]. This mechanism involves the translocation of FOXM1-bound DNA regions,
including telomeric DNA and the double homeobox 4 (DUX4) locus, from the nucleus
to the cytoplasm, followed by their incorporation into extracellular vesicles. Importantly,
mutational disruption of the FOXM1-LC3 interaction impaired the loading of these DNA
fragments into extracellular vesicles, providing direct mechanistic evidence that FOXM1
may function not only as extracellular vesicle cargo but also as a selective cargo-specifying
factor [157]. This finding suggests a previously unrecognized role for FOXM1 in mediating
the intercellular transfer of genetic material.

While tumor cells actively remodel their surroundings, components of the tumor
microenvironment can, in turn, modulate FOXM1 expression in tumor cells. For example,
in ovarian cancer, adipose-derived stem cells residing in the peritoneum release exosomes
into the ascitic fluid, which are subsequently taken up by tumor cells and lead to FOXM1
activation, thereby promoting disease progression. Although the molecular mediators
responsible for FOXM1 activation have not been identified, these findings further support
the bidirectional nature of FOXM1-dependent communication between tumor cells and the
tumor microenvironment [158].

In an ovarian cancer model, FOXM1 protein levels in tumor cells increased following
incubation with a therapy-induced secretome derived from dying tumor cells [5]. This
observation may reflect either the direct transfer of FOXM1 protein via extracellular vesicles
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or the upregulation of FOXM1 expression in recipient cancer cells in response to secretome-
associated signaling molecules.

In addition to being transferred between cells, FOXM1 may also influence intercellular
communication by regulating the composition of extracellular vesicles at the transcriptional
level. To explore this possibility, we analyzed a list of FOXM1 target genes obtained
from ChIP-seq experiments using the ChEA3 database [159] and integrated these data
with vesicle-associated protein datasets from Vesiclepedia [160] and the Human Protein
Atlas [161]. This integrative approach enabled the identification of FOXM1-regulated
proteins with potential roles in extracellular signaling (Figure 5). Among these candidates
were regulators of PI3K- and GTPase-associated signaling pathways, including PIK3R3
and SGK3. We also identified factors involved in apoptosis and proliferation such as
TNFSF14 and TGFA, as well as proteins associated with cell cycle and DNA repair, including
BIRC5, CKS1B, CKS2, and XRCC2. Additional candidates were linked to RNA processing
(ADARBI and SMU1), and metabolic reprogramming (ALDOA, AGL, RPIA, and GNPDA?2).
The complete list of FOXM1 targets identified through ChIP-seq analysis and their overlap
with vesicle-associated proteins is provided in Supplementary Table S1.

Gene expression regulation
MYC, BCL6, NFIA, NFIB, NFIC, NFIX, IRF7,
TRRAP, BANP , GTF3C4, MTDH, PML,
ZBTB3, ZBTB33, LZTS2, DEPDC1

Cell signaling
CTLA4, CCL3
Cell cycle

TERF1, LIN37, LIN54, PRC1, ORC2, ECT2,
SMC2, HIST1H2BG, LRWD1, KIF22, KIF18A

DNA repair
SMARCAS5
RNA metabolism

DDX52, DHX29, RBMX, RNASEH2B,
SART1, SNRNP200, PRPF8, ZC3H11A

Derived from the BioGRID database

Metabolism
FTL, PRPS2, ACAT1

FAM207A, DNAJC9, HSP90AA1,
TRMT1L, OS9, DARS, PARS2, LARS,
QARS, IARS, BMS1, PES1
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Figure 5. Integrated model of FOXM1-associated protein interaction and regulatory networks
underlying therapy resistance. Literature-supported and BioGRID-derived FOXM1 interactors
are classified according to their biological function (purple boxes), whereas downstream FOXM1-
regulated processes and representative target genes are shown on the right (green boxes). Through
coordinated regulation of proliferation, stress adaptation, metabolism, DNA repair, stemness, EMT,
angiogenesis, and drug resistance programs (solid lines), FOXM1 promotes the acquisition of therapy
resistance. In addition, selected FOXM1-regulated proteins identified in extracellular vesicle proteome
datasets are indicated by dashed lines, suggesting that they may be transferred via extracellular
vesicles between cells within the tumor microenvironment.
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Although the functional significance of many of these putative vesicle-associated
FOXM1 targets remains to be experimentally validated, these findings suggest that FOXM1
may contribute to shaping the extracellular signaling landscape of the tumor microenvi-
ronment not only through direct intercellular transfer but also by regulating the molecular
cargo of extracellular vesicles.

5. Pharmacological Inhibition of FOXM1 Activity

A growing body of evidence identifies FOXM1 as a key regulator of chemoresistance,
with its inhibition significantly enhancing tumor cell sensitivity to conventional anticancer
therapies [89,162]. These findings position FOXM1 as an attractive therapeutic target for
overcoming treatment resistance.

To date, several strategies have been proposed to suppress FOXM1 activity, includ-
ing small-molecule inhibitors, proton pump inhibitors, proteolysis-targeting chimeras
(PROTAC:S), inhibitory peptides, aptamers, and proteasome inhibitors. Among these,
several small-molecule compounds have been developed to directly target FOXM1, in-
cluding synthetic inhibitors such as FDI-6 [163], XST-20 [164], and XST-119 [165], as well
as thiazole antibiotics, including thiostrepton [166] and siomycin A [167]. These com-
pounds interact with FOXM1 by binding to its DNA-binding domain and impairing its
ability to activate the transcription of target genes. Despite promising preclinical results,
their clinical translation remains limited by poor pharmacokinetic properties, insufficient
selectivity, and off-target effects. For example, FDI-6 exhibits low systemic bioavailabil-
ity in vivo [168]. Thiostrepton has been shown to inhibit FOXM1 and sensitize ovarian
cancer cells to platinum-based drugs [89]; however, its lack of specificity, including its
activity as a proteasome inhibitor [169], raises concerns regarding off-target effects and
therapeutic selectivity.

Recent studies have identified FDA-approved proton pump inhibitors, including
pantoprazole and rabeprazole, as potential FOXM1 inhibitors [170]. These compounds have
been reported to bind the FOXM1 DNA-binding domain and suppress its transcriptional
activity. However, the current evidence is largely limited to in silico and in vitro studies,
and their therapeutic relevance in oncology remains to be established in vivo.

Alternative strategies focus on promoting FOXM1 degradation rather than directly
inhibiting its transcriptional activity. Small molecules such as STL427944 and STL001
induce FOXM1 translocation from the nucleus to the cytoplasm, thereby facilitating its
degradation via autophagy, although the precise molecular mechanisms underlying this
process remain unclear [171,172]. Targeted protein degradation technologies represent a
particularly promising avenue for FOXM1-directed therapy. PROTAC-based approaches
enable the selective ubiquitination and degradation of target proteins and may therefore
help overcome some of the challenges associated with targeting transcription factors [173].
Several FOXM1-directed PROTAC strategies have shown promising preclinical activity.
For example, cell-penetrating peptide PROTACs effectively induce FOXM1 degradation,
suppress tumor growth, and exhibit low toxicity in experimental models [174]. More
recently, nanoplatform-based systems such as the self-assembling PROTAC prodrug NFTP
have been developed to improve drug delivery, enhance bioavailability, increase tumor
specificity, and reduce systemic toxicity [175].

Additional strategies focus on disrupting FOXM1-associated protein interactions.
Peptides such as pl9ARF 26-44 [176] and M1-20 [177] interfere with FOXM1-associated
complexes, thereby attenuating its transcriptional activity. Nucleic acid-based approaches,
particularly DNA aptamers, have emerged as promising FOXM1 inhibitors [178]. These
aptamers bind to the FOXM1 DNA-binding domain and prevent its interaction with target
gene promoters. Compared with conventional small-molecule inhibitors, aptamers offer
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improved specificity and favorable opportunities for chemical optimization [178]. For
instance, phosphorothioate modifications can enhance resistance to nuclease-mediated
degradation and improve stability in the bloodstream [179].

Proteasome inhibitors, such as bortezomib and MG132, can indirectly suppress FOXM1
activity through the modulation of protein homeostasis. By inhibiting proteasomal degrada-
tion, these agents promote the accumulation of heat shock proteins, including HSP70, which
function as endogenous inhibitors of FOXM1 [180,181]. Several newly developed synthetic
FOXML1 inhibitors, including NB-55, NB-73, and NB-115, have demonstrated improved
pharmacokinetic properties compared with earlier FOXM1 inhibitors [168]. However,
these agents lack strict specificity and can also target other members of the FOX transcrip-
tion factor family, underscoring the persistent challenge of achieving selective FOXM1
inhibition [182].

Despite the diversity of these approaches, no FOXM1-targeting agent has yet been
approved for clinical use, and no clinical trials are currently underway [183]. This reflects
several fundamental challenges. First, as a transcription factor, FOXM1 lacks a well-defined
catalytic pocket, making the development of highly specific small-molecule inhibitors
inherently difficult [184]. Second, many currently available compounds exhibit limited
selectivity and are associated with significant off-target effects [168,169,182]. Third, the
inhibition of FOXM1 can be functionally compensated by the activation of alternative
oncogenic pathways, reducing the efficacy of monotherapeutic approaches [185].

Potential toxicity further complicates the therapeutic targeting of FOXM1 [186,187].
Although its expression is relatively low in most differentiated tissues (Figure 1) [188],
FOXM1 remains active in highly proliferative compartments, such as the bone marrow,
testis, and thymus, raising concerns regarding on-target adverse effects. Moreover, given
its role in normal tissue homeostasis, FOXM1 inhibition may impair regenerative processes
and tissue repair [189]. Nonetheless, the markedly higher expression of FOXM1 in tumor
cells compared with normal tissues suggests the existence of a potential therapeutic window
that could be exploited under carefully controlled conditions [9].

In light of these limitations, combination strategies are likely to represent the most
promising avenue FOXM1-targeted therapy [190]. Integrating FOXM1 inhibition with
conventional chemotherapeutic agents, BCL2 inhibitors, or cell cycle regulators has demon-
strated enhanced antitumor efficacy in preclinical models. Future efforts should, therefore,
focus on improving the specificity and pharmacological properties of FOXM1 inhibitors,
optimizing delivery platforms, and developing rational combination regimens. Targeting
downstream effectors or FOXM1-dependent signaling networks may provide an alternative
strategy to circumvent the challenges associated with direct FOXM1 inhibition [191].

6. Conclusions

FOXML1 has emerged as a central regulator of tumor cell adaptation to therapeutic
stress, orchestrating a broad spectrum of processes that collectively drive cancer pro-
gression and treatment resistance. Through its roles in cell cycle control, DNA damage
repair, metabolic reprogramming, and stress response, FOXM1 enables tumor cells to
maintain proliferative capacity and survive under the adverse conditions induced by
anticancer therapies.

Importantly, accumulating evidence indicates that FOXM1 function extends beyond
cell-intrinsic mechanisms. As highlighted in this review, FOXM1 participates in com-
plex protein—protein interaction networks and regulates multiple layers of gene expres-
sion, thereby integrating diverse intracellular signaling pathways. In addition, FOXM1
contributes to intercellular communication within the tumor microenvironment through
its involvement in extracellular vesicle-mediated signaling and responses to therapy-

https://doi.org/10.3390/ijms27125265


https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 15 of 23

induced secretomes. Collectively, the evidence discussed in this review supports the
view that FOXM1 should be considered not simply a regulator of individual oncogenic
pathways, but a systems-level integrator that coordinates intracellular stress adaptation
and microenvironment-driven mechanisms of therapy resistance. Despite its strong thera-
peutic potential, targeting FOXM1 remains challenging. The lack of well-defined druggable
domains, functional redundancy within oncogenic signaling networks, and compensatory
activation of alternative pathways limit the efficacy of current FOXM1-targeting strategies.
Furthermore, given the role of FOXM1 in normal proliferative tissues, careful consideration
of potential toxicity is required when developing therapeutic approaches.

Future studies should therefore focus on a more comprehensive characterization of
FOXM1-centered regulatory networks, including its interactome and role in intercellular
signaling. Particular attention should be paid to the identification of context-specific depen-
dencies and vulnerabilities that may enable selective targeting of FOXM1-driven pathways.
In this regard, combination strategies integrating FOXM1 inhibition with conventional
therapies, targeted agents, or modulators of the tumor microenvironment represent a
particularly promising direction. In addition, targeting downstream effectors or FOXM1-
dependent signaling circuits may provide an alternative approach for overcoming the
challenges associated with direct FOXM1 inhibition.

In summary, FOXM1 represents a critical node in the regulatory architecture of tumor
adaptation and therapy resistance. A deeper understanding of its multifaceted functions
may facilitate the development of more effective therapeutic strategies and ultimately
improve clinical outcomes for patients with cancer.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms27125265/s1.

Author Contributions: Conceptualization, A.D.K,, LV.B,, PV.S. and V.O.S.; writing—original draft
preparation, A.D.K. and I.V.B.; writing—review and editing, P.V.S. and V.O.S,; visualization, A.D.K.
and L.V.B,; supervision, V.O.S.; funding acquisition, P.V.S. and V.O.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation project No. 25-75-10152
(LV.B., PVS.).

Data Availability Statement: The data used in this study are available in the ChEA3, GEPIA2,
Vesiclepedia, and Human Protein Atlas databases. These data were derived from the following
resources available in the following public domains: https://maayanlab.cloud/chea3/ (ChEAS3,
accessed on 20 April 2022), http:/ /gepia2.cancer-pku.cn/ (GEPIA2, accessed on 5 April 2026), http://
www.microvesicles.org/ (Vesiclepedia, accessed on 5 April 2026), and https://www.proteinatlas.org/
(Human Protein Atlas, accessed on 2 December 2022).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Soragni, A.; Knudsen, E.S.; O’Connor, T.N.; Tognon, C.E.; Tyner, ] W.; Gini, B.; Kim, D.; Bivona, T.G.; Zang, X.; Witkiewicz, A.K,;
et al. Acquired Resistance in Cancer: Towards Targeted Therapeutic Strategies. Nat. Rev. Cancer 2025, 25, 613-633. [CrossRef]

2. Shnaider, P.V,; Ivanova, O.M.; Malyants, LK.; Anufrieva, K.S.; Semenov, I.A ; Pavlyukov, M.S.; Lagarkova, M.A.; Govorun, V.M.;
Shender, V.O. New Insights into Therapy-Induced Progression of Cancer. Int. J. Mol. Sci. 2020, 21, 7872. [CrossRef] [PubMed]

3. Tufail, M.; Hu, ].-J.; Liang, J.; He, C.-Y.; Wan, W.-D.; Huang, Y.-Q.; Jiang, C.-H.; Wu, H.; Li, N. Hallmarks of Cancer Resistance.
iScience 2024, 27,109979. [CrossRef]

4.  Jiang, C.; Shen, C,; Ni, M.; Huang, L.; Hu, H.; Dai, Q.; Zhao, H.; Zhu, Z. Molecular Mechanisms of Cisplatin Resistance in Ovarian
Cancer. Genes Dis. 2024, 11, 101063. [CrossRef]

5. Shender, V.O.; Anufrieva, K.S.; Shnaider, P.V.; Arapidi, G.P.; Pavlyukov, M.S.; Ivanova, O.M.; Malyants, L.K.; Stepanov, G.A.;

Zhuravlev, E.; Ziganshin, R.H.; et al. Therapy-Induced Secretion of Spliceosomal Components Mediates pro-Survival Crosstalk
between Ovarian Cancer Cells. Nat. Commun. 2024, 15, 5237, Erratum in Nat. Commun. 2024, 15, 6450. [CrossRef]

https://doi.org/10.3390/ijms27125265


https://www.mdpi.com/article/10.3390/ijms27125265/s1
https://www.mdpi.com/article/10.3390/ijms27125265/s1
https://maayanlab.cloud/chea3/
http://gepia2.cancer-pku.cn/
http://www.microvesicles.org/
http://www.microvesicles.org/
https://www.proteinatlas.org/
https://doi.org/10.1038/s41568-025-00824-9
https://doi.org/10.3390/ijms21217872
https://www.ncbi.nlm.nih.gov/pubmed/33114182
https://doi.org/10.1016/j.isci.2024.109979
https://doi.org/10.1016/j.gendis.2023.06.032
https://doi.org/10.1038/s41467-024-49512-6
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 16 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Galluzzi, L.; Vitale, I.; Michels, J.; Brenner, C.; Szabadkai, G.; Harel-Bellan, A.; Castedo, M.; Kroemer, G. Systems Biology of
Cisplatin Resistance: Past, Present and Future. Cell Death Dis. 2014, 5, €1257. [CrossRef]

Ramisetty, S.; Kulkarni, P.; Bhattacharya, S.; Nam, A.; Singhal, S.S.; Guo, L.; Mirzapoiazova, T.; Mambetsariev, B.; Mittan, S.;
Malhotra, J.; et al. A Systems Biology Approach for Addressing Cisplatin Resistance in Non-Small Cell Lung Cancer. J. Clin. Med.
2023, 12, 599. [CrossRef]

Zona, S.; Bella, L.; Burton, M.].; Nestal de Moraes, G.; Lam, E.W.-F. FOXM1: An Emerging Master Regulator of DNA Damage
Response and Genotoxic Agent Resistance. Biochim. Biophys. Acta 2014, 1839, 1316-1322. [CrossRef]

Pozzobon, D.; Bellezza, A.; Giorgi, FM. Pan-Cancer Upregulation of the FOXM1 Transcription Factor. Genes 2025, 16, 56.
[CrossRef] [PubMed]

Tassi, R.A.; Todeschini, P; Siegel, E.R.; Calza, S.; Cappella, P; Ardighieri, L.; Cadei, M.; Bugatti, M.; Romani, C.; Bandiera, E.; et al.
FOXM1 Expression Is Significantly Associated with Chemotherapy Resistance and Adverse Prognosis in Non-Serous Epithelial
Ovarian Cancer Patients. J. Exp. Clin. Cancer Res. 2017, 36, 63. [CrossRef] [PubMed]

Zhao, E; Siu, M.KY;; Jiang, L.; Tam, K.F,; Ngan, H.Y.S,; Le, X.F.; Wong, O.G.W.; Wong, E.S.Y.; Gomes, A.R; Bella, L.; et al.
Overexpression of Forkhead Box Protein M1 (FOXM1) in Ovarian Cancer Correlates with Poor Patient Survival and Contributes
to Paclitaxel Resistance. PLoS ONE 2014, 9, e113478. [CrossRef] [PubMed]

Wang, Y.; Wen, L.; Zhao, S.; Ai, Z.; Guo, J.; Liu, W. FoxM1 Expression Is Significantly Associated with Cisplatin-Based Chemother-
apy Resistance and Poor Prognosis in Advanced Non-Small Cell Lung Cancer Patients. Lung Cancer 2013, 79, 173-179. [CrossRef]
Gu, C,; Yang, Y.; Sompallae, R.; Xu, H.; Tompkins, V.S.; Holman, C.; Hose, D.; Goldschmidt, H.; Tricot, G.; Zhan, E; et al. FOXM1
Is a Therapeutic Target for High-Risk Multiple Myeloma. Leukemia 2016, 30, 873—-882. [CrossRef]

Dilmac, S.; Hamurcu, Z.; Ozpolat, B. Therapeutic Landscape of FOXM1 in Triple-Negative Breast Cancer and Aggressive Solid
Cancers. Cancers 2024, 16, 3823. [CrossRef] [PubMed]

Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An Enhanced Web Server for Large-Scale Expression Profiling and
Interactive Analysis. Nucleic Acids Res. 2019, 47, W556-W560. [CrossRef]

Korver, W.; Roose, J.; Heinen, K.; Weghuis, D.O.; De Bruijn, D.; Van Kessel, A.G.; Clevers, H. The HumanTRIDENT /HFH-
11/FKHL16Gene: Structure, Localization, and Promoter Characterization. Genomics 1997, 46, 435-442. [CrossRef]

Lam, A.K.Y,; Ngan, A.W.L,; Leung, M.-H.; Kwok, D.C.T;; Liu, VW.S.; Chan, D.W.; Leung, W.Y.; Yao, K.-M. FOXM1b, Which
Is Present at Elevated Levels in Cancer Cells, Has a Greater Transforming Potential than FOXMlc. Front. Oncol. 2013, 3, 11.
[CrossRef]

Klinhom-On, N.; Seubwai, W.; Sawanyawisuth, K.; Lert-Itthiporn, W.; Waraasawapati, S.; Detarya, M.; Wongkham, S. FOXM1c
Is the Predominant FOXM1 Isoform Expressed in Cholangiocarcinoma That Associated with Metastatic Potential and Poor
Prognosis of Patients. Heliyon 2021, 7, e06846. [CrossRef]

Zhang, X.; Zhang, L.; Du, Y,; Zheng, H.; Zhang, P; Sun, Y.; Wang, Y.; Chen, ]J.; Ding, P.; Wang, N.; et al. A Novel FOXM1
Isoform, FOXM1D, Promotes Epithelial-Mesenchymal Transition and Metastasis through ROCKs Activation in Colorectal Cancer.
Oncogene 2017, 36, 807-819. [CrossRef]

Jia, R,; Che, X;; Jia, J.; Guo, J. FOXM1a Isoform of Oncogene FOXM1 Is a Tumor Suppressor Suppressed by hnRNP C in Oral
Squamous Cell Carcinoma. Biomolecules 2023, 13, 1331. [CrossRef] [PubMed]

Huang, X.; He, J.; Sun, Q.; Zhang, L.; Niu, Y,; Cai, T; Ling, B.; Jiang, T.; Li, X.; Xie, K. Oncogenic Peptide Encoded by Noncoding
RNA of FOXM1 Promotes Pancreatic Cancer Malignancy Through PI3K/AKT Signaling. Mol. Carcinog. 2026, 65, 39-54. [CrossRef]
Barger, C.J.; Branick, C.; Chee, L.; Karpf, A.R. Pan-Cancer Analyses Reveal Genomic Features of FOXM1 Overexpression in
Cancer. Cancers 2019, 11, 251. [CrossRef]

Park, H.].; Gusarova, G.; Wang, Z.; Carr, ].R; Li, J.; Kim, K.-H.; Qiu, J.; Park, Y.-D.; Williamson, P.R.; Hay, N.; et al. Deregulation of
FoxM1b Leads to Tumour Metastasis. EMBO Mol. Med. 2011, 3, 21-34. [CrossRef]

Tan, X.-Q.; Guo, A.-Y.; Zheng, L.-F; Xiong, J. Research Progress on FOXM1 in Ovarian Cancer Diagnosis and Therapeutics. Front.
Oncol. 2025, 15, 1598868. [CrossRef]

Xie, E; Zhou, X.; Ran, Y,; Li, R.; Zou, J.; Wan, S.; Su, P.; Meng, X.; Yan, H.; Lu, H.; et al. Targeting FOXM1 Condensates Reduces
Breast Tumour Growth and Metastasis. Nature 2025, 638, 1112-1121. [CrossRef]

Khan, M.A; Khan, P.; Ahmad, A.; Fatima, M.; Nasser, M.W. FOXM1: A Small Fox That Makes More Tracks for Cancer Progression
and Metastasis. Semin. Cancer Biol. 2023, 92, 1-15. [CrossRef] [PubMed]

Gormally, M.V.; Dexheimer, T.S.; Marsico, G.; Sanders, D.A.; Lowe, C.; Matak-Vinkovi¢, D.; Michael, S.; Jadhav, A.; Rai, G,;
Maloney, D.J.; et al. Suppression of the FOXM1 Transcriptional Programme via Novel Small Molecule Inhibition. Nat. Commun.
2014, 5, 5165. [CrossRef]

Zhang, H.; Dai, S.; Liang, X.; Li, J.; Chen, Y. Mechanistic Insights into the Preference for Tandem Binding Sites in DNA Recognition
by FOXM1. . Mol. Biol. 2022, 434, 167426. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.1038/cddis.2013.428
https://doi.org/10.3390/jcm12020599
https://doi.org/10.1016/j.bbagrm.2014.09.016
https://doi.org/10.3390/genes16010056
https://www.ncbi.nlm.nih.gov/pubmed/39858603
https://doi.org/10.1186/s13046-017-0536-y
https://www.ncbi.nlm.nih.gov/pubmed/28482906
https://doi.org/10.1371/journal.pone.0113478
https://www.ncbi.nlm.nih.gov/pubmed/25411964
https://doi.org/10.1016/j.lungcan.2012.10.019
https://doi.org/10.1038/leu.2015.334
https://doi.org/10.3390/cancers16223823
https://www.ncbi.nlm.nih.gov/pubmed/39594778
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1006/geno.1997.5065
https://doi.org/10.3389/fonc.2013.00011
https://doi.org/10.1016/j.heliyon.2021.e06846
https://doi.org/10.1038/onc.2016.249
https://doi.org/10.3390/biom13091331
https://www.ncbi.nlm.nih.gov/pubmed/37759731
https://doi.org/10.1002/mc.70051
https://doi.org/10.3390/cancers11020251
https://doi.org/10.1002/emmm.201000107
https://doi.org/10.3389/fonc.2025.1598868
https://doi.org/10.1038/s41586-024-08421-w
https://doi.org/10.1016/j.semcancer.2023.03.007
https://www.ncbi.nlm.nih.gov/pubmed/36958703
https://doi.org/10.1038/ncomms6165
https://doi.org/10.1016/j.jmb.2021.167426
https://www.ncbi.nlm.nih.gov/pubmed/34973238
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 17 of 23

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Cutano, V,; Chia, M.L.; Wigmore, E.M.; Hopcroft, L.; Williamson, S.C.; Christie, A.L.; Willis, B.; Kerr, J.; Ashforth, J.; Fox, R.; et al.
The Interplay between FOXO3 and FOXM1 Influences Sensitivity to AKT Inhibition in PIK3CA and PIK3CA /PTEN Altered
Estrogen Receptor Positive Breast Cancer. npj Breast Cancer 2025, 11, 36. [CrossRef]

Yang, L.; Wang, X.; Lin, Q.; Shen, G.; Chen, H. CLDN11 Deficiency Upregulates FOXM1 to Facilitate Breast Tumor Progression
through Hedgehog Signaling Pathway. J. Mol. Histol. 2024, 55, 1259-1270. [CrossRef] [PubMed]

Millour, J.; Lam, E. FOXM1 Is a Transcriptional Target of ERoc and Has a Critical Role in Breast Cancer Endocrine Sensitivity and
Resistance. Breast Cancer Res. 2010, 12, P2. [CrossRef]

Battistini, C.; Kenny, H.A.; Zambuto, M.; Nieddu, V.; Melocchi, V.; Decio, A.; Lo Riso, P; Villa, C.E.; Gatto, A.; Ghioni, M; et al.
Tumor Microenvironment-Induced FOXM1 Regulates Ovarian Cancer Stemness. Cell Death Dis. 2024, 15, 370. [CrossRef]
Eisinger-Mathason, T.S.K.; Mucaj, V.; Biju, KM.; Nakazawa, M.S.; Gohil, M.; Cash, T.P; Yoon, S.S.; Skuli, N.; Park, K.M.; Gerecht,
S.; et al. Deregulation of the Hippo Pathway in Soft-Tissue Sarcoma Promotes FOXM1 Expression and Tumorigenesis. Proc. Natl.
Acad. Sci. USA 2015, 112, E3402-E3411, Erratum in Proc. Natl. Acad. Sci. USA 2024, 121, €2321173121. [CrossRef]

O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef]

Kuthethur, R.; Adiga, D.; Kandettu, A.; Jerome, M.S.; Mallya, S.; Mumbrekar, K.D.; Kabekkodu, S.P.; Chakrabarty, S. MiR-4521
Perturbs FOXM1-Mediated DNA Damage Response in Breast Cancer. Front. Mol. Biosci. 2023, 10, 1131433. [CrossRef]

Senfter, D.; Samadaei, M.; Mader, R M.; Gojo, ].; Peyrl, A.; Krupitza, G.; Kool, M.; Sill, M.; Haberler, C.; Ricken, G.; et al. High
Impact of miRNA-4521 on FOXM1 Expression in Medulloblastoma. Cell Death Dis. 2019, 10, 696. [CrossRef]

Liu, S;; Qiu, J.; He, G; Liang, Y.; Wang, L.; Liu, C.; Pan, H. LncRNA MALAT1 Acts as a miR-125a-3p Sponge to Regulate FOXM1
Expression and Promote Hepatocellular Carcinoma Progression. J. Cancer 2019, 10, 6649-6659. [CrossRef]

Qi, L.; Wang, W.; Zhao, G,; Jiang, H.; Zhang, Y.; Zhao, D.; Jin, H.; Xu, H.; Yu, H. Circular RNA circCCDC66 Promotes Glioma
Proliferation by Acting as a ceRNA for miR-320a to Regulate FOXM1 Expression. Aging 2021, 13, 17673-17689. [CrossRef]
Chen, X; Liu, X,; Li, Q.; Lu, B.; Xie, B; Ji, Y.; Zhao, Y. A Patient-Derived Organoid-Based Study Identified an ASO Targeting
SNORDI14E for Endometrial Cancer through Reducing Aberrant FOXM1 Expression and (3-Catenin Nuclear Accumulation.
J. Exp. Clin. Cancer Res. 2023, 42, 230. [CrossRef]

Zhao, X.; Chen, H; Qiu, Y.; Cui, L. FAM64A Promotes HNSCC Tumorigenesis by Mediating Transcriptional Autoregulation of
FOXML. Int. |. Oral Sci. 2022, 14, 25. [CrossRef]

Liu, C.; Shi, J.; Li, Q.; Li, Z; Lou, C.; Zhao, Q.; Zhu, Y.; Zhan, F; Lian, J.; Wang, B.; et al. STAT1-Mediated Inhibition of FOXM1
Enhances Gemcitabine Sensitivity in Pancreatic Cancer. Clin. Sci. 2019, 133, 645-663. [CrossRef]

Barsotti, A.M.; Prives, C. Pro-Proliferative FoxM1 Is a Target of P53-Mediated Repression. Oncogene 2009, 28, 4295-4305. [CrossRef]
Hsu, C.-C.; Yao, X.; Chen, S.-Y,; Tsuo, T.-C.; Wang, I.-C. The Conformation of FOXM1 Homodimers in Vivo Is Crucial for
Regulating Transcriptional Activities. Nucleic Acids Res. 2024, 52, 13625-13643. [CrossRef]

Oughtred, R.; Rust, J.; Chang, C.; Breitkreutz, B.; Stark, C.; Willems, A.; Boucher, L.; Leung, G.; Kolas, N.; Zhang, F; et al. The
BioGRID Database: A Comprehensive Biomedical Resource of Curated Protein, Genetic, and Chemical Interactions. Protein Sci.
2021, 30, 187-200. [CrossRef]

Jeffery, ] M.; Kalimutho, M.; Johansson, P.; Cardenas, D.G.; Kumar, R.; Khanna, K.K. FBXO31 Protects against Genomic Instability
by Capping FOXM1 Levels at the G2/M Transition. Oncogene 2017, 36, 1012-1022. [CrossRef]

Wang, X.; Arceci, A.; Bird, K.; Mills, C.A.; Choudhury, R.; Kernan, J.L.; Zhou, C.; Bae-Jump, V.; Bowers, A.; Emanuele, M.].
VprBP/DCAF1 Regulates the Degradation and Nonproteolytic Activation of the Cell Cycle Transcription Factor FoxM1. Mol. Cell.
Biol. 2017, 37, e00609-16. [CrossRef]

Laoukili, J.; Alvarez, M.; Meijer, L.A.T.; Stahl, M.; Mohammed, S.; Kleij, L.; Heck, A.J.R.; Medema, R.H. Activation of FoxM1
during G2 Requires Cyclin A /Cdk-Dependent Relief of Autorepression by the FoxM1 N-Terminal Domain. Mol. Cell. Biol. 2008,
28,3076-3087. [CrossRef]

Park, HJ.; Costa, R.H.; Lau, L.F; Tyner, A.L.; Raychaudhuri, P. Anaphase-Promoting Complex/Cyclosome-CDH1-Mediated
Proteolysis of the Forkhead Box M1 Transcription Factor Is Critical for Regulated Entry into S Phase. Mol. Cell. Biol. 2008,
28, 5162-5171. [CrossRef]

Kongsema, M.; Zona, S.; Karunarathna, U.; Cabrera, E.; Man, E.PS.; Yao, S.; Shibakawa, A.; Khoo, U.-S.; Medema, R.H.; Freire, R.;
et al. RNF168 Cooperates with RNF8 to Mediate FOXM1 Ubiquitination and Degradation in Breast Cancer Epirubicin Treatment.
Oncogenesis 2016, 5, €252. [CrossRef]

Zhang, S.; Wang, J.; Hu, W,; He, L,; Tang, Q.; Li, J.; Jie, M,; Li, X.; Liu, C.; Ouyang, Q.; et al. RNF112-Mediated FOXM1
Ubiquitination Suppresses the Proliferation and Invasion of Gastric Cancer. JCI Insight 2023, 8, e166698. [CrossRef]

Wang, H.; Han, S.; Xiao, J.; Fu, X.; Chen, W.; Zhuo, D. OTUD7B Knockdown Inhibits the Proliferation and Stemness of Breast
Cancer Cells by Destabilizing FOXM1. Oncol. Lett. 2024, 27, 102. [CrossRef]

Du, J.; Yu, K,; Zeng, J.; Ma, L,; Yu, T;; Yu, R,; Luo, T. Avicularin Induces Apoptosis in NSCLC by Promoting USP7-Mediated
Degradation of FOXM1. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2026, 399, 1371-1380. [CrossRef]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.1038/s41523-025-00752-9
https://doi.org/10.1007/s10735-024-10267-5
https://www.ncbi.nlm.nih.gov/pubmed/39438406
https://doi.org/10.1186/bcr2499
https://doi.org/10.1038/s41419-024-06767-7
https://doi.org/10.1073/pnas.1420005112
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fmolb.2023.1131433
https://doi.org/10.1038/s41419-019-1926-1
https://doi.org/10.7150/jca.29213
https://doi.org/10.18632/aging.203258
https://doi.org/10.1186/s13046-023-02801-2
https://doi.org/10.1038/s41368-022-00174-4
https://doi.org/10.1042/CS20180816
https://doi.org/10.1038/onc.2009.282
https://doi.org/10.1093/nar/gkae988
https://doi.org/10.1002/pro.3978
https://doi.org/10.1038/onc.2016.268
https://doi.org/10.1128/MCB.00609-16
https://doi.org/10.1128/MCB.01710-07
https://doi.org/10.1128/MCB.00387-08
https://doi.org/10.1038/oncsis.2016.57
https://doi.org/10.1172/jci.insight.166698
https://doi.org/10.3892/ol.2024.14235
https://doi.org/10.1007/s00210-025-04529-6
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 18 of 23

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Xiao, J.; Wang, L.; Zhuang, Y.; Zhu, Q.; Li, W; Liao, H.; Chen, X,; Liu, Z. The Deubiquitinase OTUB2 Promotes Cervical Cancer
Growth through Stabilizing FOXM1. Am. |. Transl. Res. 2024, 16, 75-84. [CrossRef] [PubMed]

Liu, G; Claret, EX.; Zhou, F; Pan, Y. Jabl/COPS5 as a Novel Biomarker for Diagnosis, Prognosis, Therapy Prediction and
Therapeutic Tools for Human Cancer. Front. Pharmacol. 2018, 9, 135. [CrossRef]

Mao, L,; Le, S;; Jin, X,; Liu, G.; Chen, J.; Hu, ]. CSN5 Promotes the Invasion and Metastasis of Pancreatic Cancer by Stabilization of
FOXML1. Exp. Cell Res. 2019, 374, 274-281. [CrossRef]

Wertz, L.E.; O'Rourke, K.M.; Zhou, H.; Eby, M.; Aravind, L.; Seshagiri, S.; Wu, P.; Wiesmann, C.; Baker, R.; Boone, D.L.; et al.
De-Ubiquitination and Ubiquitin Ligase Domains of A20 Downregulate NF-«B Signalling. Nature 2004, 430, 694-699. [CrossRef]
Dong, Y.; Xiong, Y.; Zhou, D.; Yao, M.; Wang, X.; Bi, W.; Zhang, J. TRIM56 Reduces Radiosensitization of Human Glioblastoma by
Regulating FOXM1-Mediated DNA Repair. Mol. Neurobiol. 2022, 59, 5312-5325. [CrossRef] [PubMed]

Mpyatt, S.S.; Kongsema, M.; Man, C.W.-Y.; Kelly, D.].; Gomes, A.R.; Khongkow, P.; Karunarathna, U.; Zona, S.; Langer, ].K.; Dunsby,
C.W,; et al. SUMOylation Inhibits FOXM1 Activity and Delays Mitotic Transition. Oncogene 2014, 33, 4316—4329. [CrossRef]
Schimmel, J.; Eifler, K.; Sigurdsson, J.O.; Cuijpers, S.A.G.; Hendriks, I.A.; Verlaan-de Vries, M.; Kelstrup, C.D.; Francavilla, C.;
Medema, R.H.; Olsen, ].V,; et al. Uncovering SUMOylation Dynamics during Cell-Cycle Progression Reveals FoxM1 as a Key
Mitotic SUMO Target Protein. Mol. Cell 2014, 53, 1053-1066. [CrossRef] [PubMed]

Cirri, E.; Knaudt, H.; Di Fraia, D.; Pémpner, N.; Rahnis, N.; Heinze, I; Ori, A.; Dau, T. Optimized Automated Workflow for BiolD
Improves Reproducibility and Identification of Protein—Protein Interactions. J. Proteome Res. 2024, 23, 4359—-4368. [CrossRef]
Nandi, I.; Smith, HW.; Sanguin-Gendreau, V.; Ji, L.; Pacis, A.; Papavasiliou, V.; Zuo, D.; Nam, S.; Attalla, S.S.; Kim, S.H.; et al.
Coordinated Activation of C-Src and FOXM1 Drives Tumor Cell Proliferation and Breast Cancer Progression. J. Clin. Investig.
2023, 133, €162324. [CrossRef]

Anders, L.; Ke, N.; Hydbring, P.; Choi, Y.J.; Widlund, H.R.; Chick, ].M.; Zhai, H.; Vidal, M.; Gygi, S.P,; Braun, P,; et al. A Systematic
Screen for CDK4/6 Substrates Links FOXM1 Phosphorylation to Senescence Suppression in Cancer Cells. Cancer Cell 2011,
20, 620-634. [CrossRef]

Major, M.L.; Lepe, R.; Costa, R.H. Forkhead Box M1B Transcriptional Activity Requires Binding of Cdk-Cyclin Complexes for
Phosphorylation-Dependent Recruitment of P300/CBP Coactivators. Mol. Cell. Biol. 2004, 24, 2649-2661. [CrossRef]

Sullivan, C; Liu, Y; Shen, J.; Curtis, A.; Newman, C.; Hock, ].M,; Li, X. Novel Interactions between FOXM1 and CDC25A Regulate
the Cell Cycle. PLoS ONE 2012, 7, €51277. [CrossRef]

Liischer-Firzlaff, ].M.; Lilischkis, R.; Liischer, B. Regulation of the Transcription Factor FOXM1c by Cyclin E/CDK2. FEBS Lett.
2006, 580, 1716-1722. [CrossRef] [PubMed]

Park, H.J.; Wang, Z.; Costa, R H.; Tyner, A.; Lau, L.F,; Raychaudhuri, P. An N-Terminal Inhibitory Domain Modulates Activity of
FoxM1 during Cell Cycle. Oncogene 2008, 27, 1696-1704. [CrossRef]

Yi, J.; Li, H.; Chu, B.; Kon, N.; Hu, X.; Hu, J.; Xiong, Y.; Kaniskan, H.U.; Jin, J.; Gu, W. Inhibition of USP7 Induces P53-Independent
Tumor Growth Suppression in Triple-Negative Breast Cancers by Destabilizing FOXM1. Cell Death Differ. 2023, 30, 1799-1810.
[CrossRef] [PubMed]

Zhang, J.; Yuan, C.; Wu, J.; Elsayed, Z.; Fu, Z. Polo-like Kinase 1-Mediated Phosphorylation of Forkhead Box Protein M1b
Antagonizes Its SUMOylation and Facilitates Its Mitotic Function. J. Biol. Chem. 2015, 290, 3708-3719. [CrossRef]

Fu, Z.; Malureanu, L.; Huang, J.; Wang, W.; Li, H.; Van Deursen, ].M.; Tindall, D.].; Chen, ]J. Plk1-Dependent Phosphorylation of
FoxM1 Regulates a Transcriptional Programme Required for Mitotic Progression. Nat. Cell Biol. 2008, 10, 1076-1082. [CrossRef]
Li, J.; Wang, Y.; Wei, S.; Xu, S.; Dai, S.; Zhang, L.; Tian, Z.; Zhao, L.; Lv, H. NEK2 Promotes ESCC Malignant Progression by
Inhibiting Cellular Senescence via the FOXM1/c-Myc/P27 Signaling Pathway. Mol. Carcinog. 2025, 64, 244-259. [CrossRef]
[PubMed]

Tan, X,; Liang, X; Feng, Y.; Xie, M.; Zhong, K.; Luo, W,; Wang, Y.; Yin, Y.; Cai, Y. NEK2 Promotes the Progression of Osteosarcoma
through the AKT/p-AKT Pathway and Interacts with FoxM1. Med. Oncol. 2025, 42, 120. [CrossRef]

Alvarez-Ferndndez, M.; Halim, V.A.; Aprelia, M.; Mohammed, S.; Medema, R.H. Protein Phosphatase 2A (B55x) Prevents
Premature Activation of Forkhead Transcription Factor FoxM1 by Antagonizing Cyclin A/Cyclin-Dependent Kinase-Mediated
Phosphorylation. J. Biol. Chem. 2011, 286, 33029-33036. [CrossRef]

Chen, Y,; Li, Y.;; Xue, J.; Gong, A.; Yu, G.; Zhou, A.; Lin, K,; Zhang, S.; Zhang, N.; Gottardi, C.J.; et al. Wnt-induced Deubiquitination
FoxM1 Ensures Nucleus B-catenin Transactivation. EMBO J. 2016, 35, 668—684. [CrossRef] [PubMed]

Lv, C,; Zhao, G.; Sun, X.; Wang, P; Xie, N.; Luo, J.; Tong, T. Acetylation of FOXM1 Is Essential for Its Transactivation and Tumor
Growth Stimulation. Oncotarget 2016, 7, 60366—-60382. [CrossRef] [PubMed]

Yildiz, B.; Demirel, R.; Staudacher, J.J.; Beseren, H,; Yildiz, G.; Akpinar, A.E.; Park, S.; Ozden, O. SIRT2 Deacetylates and Decreases
the Expression of FOXM1 in Colon Cancer. J. Biochem. Mol. Toxicol. 2024, 38, €70018. [CrossRef]

Cohn, O.; Feldman, M.; Weil, L.; Kublanovsky, M.; Levy, D. Chromatin Associated SETD3 Negatively Regulates VEGF Expression.
Sci. Rep. 2016, 6, 37115. [CrossRef]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.62347/UJNC4213
https://www.ncbi.nlm.nih.gov/pubmed/38322554
https://doi.org/10.3389/fphar.2018.00135
https://doi.org/10.1016/j.yexcr.2018.10.012
https://doi.org/10.1038/nature02794
https://doi.org/10.1007/s12035-022-02898-0
https://www.ncbi.nlm.nih.gov/pubmed/35696011
https://doi.org/10.1038/onc.2013.546
https://doi.org/10.1016/j.molcel.2014.02.001
https://www.ncbi.nlm.nih.gov/pubmed/24582501
https://doi.org/10.1021/acs.jproteome.4c00308
https://doi.org/10.1172/JCI162324
https://doi.org/10.1016/j.ccr.2011.10.001
https://doi.org/10.1128/MCB.24.7.2649-2661.2004
https://doi.org/10.1371/journal.pone.0051277
https://doi.org/10.1016/j.febslet.2006.02.021
https://www.ncbi.nlm.nih.gov/pubmed/16504183
https://doi.org/10.1038/sj.onc.1210814
https://doi.org/10.1038/s41418-023-01180-7
https://www.ncbi.nlm.nih.gov/pubmed/37291217
https://doi.org/10.1074/jbc.M114.634386
https://doi.org/10.1038/ncb1767
https://doi.org/10.1002/mc.23839
https://www.ncbi.nlm.nih.gov/pubmed/39503194
https://doi.org/10.1007/s12032-025-02657-w
https://doi.org/10.1074/jbc.M111.253724
https://doi.org/10.15252/embj.201592810
https://www.ncbi.nlm.nih.gov/pubmed/26912724
https://doi.org/10.18632/oncotarget.11332
https://www.ncbi.nlm.nih.gov/pubmed/27542221
https://doi.org/10.1002/jbt.70018
https://doi.org/10.1038/srep37115
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 19 of 23

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Chand, V,; Liao, X.; Guzman, G.; Benevolenskaya, E.; Raychaudhuri, P. Hepatocellular Carcinoma Evades RB1-Induced Senescence
by Activating the FOXM1-FOXO1 Axis. Oncogene 2022, 41, 3778-3790, Erratum in Oncogene 2022, 41, 5315-5316. [CrossRef]
Carr, J.R,; Kiefer, M.M.; Park, H.J.; Li, ].; Wang, Z.; Fontanarosa, J.; DeWaal, D.; Kopanja, D.; Benevolenskaya, E.V.; Guzman, G,;
et al. FoxM1 Regulates Mammary Luminal Cell Fate. Cell Rep. 2012, 1, 715-729. [CrossRef]

Corbin, J.; Yu, X,; Jin, ].; Cai, L.; Wang, G.G. EZH2 PROTACSs Target EZH2- and FOXM1-Associated Oncogenic Nodes, Suppressing
Breast Cancer Cell Growth. Oncogene 2024, 43, 2722-2736. [CrossRef] [PubMed]

Mabhara, S.; Lee, P.L.; Feng, M.; Tergaonkar, V.; Chng, W.J.; Yu, Q. HIFI-x Activation Underlies a Functional Switch in the
Paradoxical Role of Ezh2 /PRC2 in Breast Cancer. Proc. Natl. Acad. Sci. USA 2016, 113, E3735-E3744. [CrossRef] [PubMed]
Chen, X.; Chen, J.; Yu, X,; Lin, G.; Chen, T. FOXM1 Promotes Malignant Proliferation of Esophageal Squamous Cell Carcinoma
Through Transcriptional Activating CDC6. DNA Cell Biol. 2022, 41, 671-682. [CrossRef]

Chai, N.; Xie, H.; Yin, J.; Sa, K,; Guo, Y.; Wang, M.; Liu, J.; Zhang, X.; Zhang, X.; Yin, H.; et al. FOXM1 Promotes Proliferation
in Human Hepatocellular Carcinoma Cells by Transcriptional Activation of CCNB1. Biochem. Biophys. Res. Commun. 2018,
500, 924-929. [CrossRef]

Polito, M.P.; Romaldini, A.; Tagliazucchi, L.; Marini, G.; Radice, F.; Gozza, G.A.; Bergamini, G.; Costi, M.P,; Enzo, E. Biochemical
Characterization of the Feedforward Loop between CDK1 and FOXM1 in Epidermal Stem Cells. Biol. Direct 2024, 19, 91.
[CrossRef]

Khurana, S.; Varma, D.; Foltz, D.R. Contribution of CENP-F to FOXM1-Mediated Discordant Centromere and Kinetochore
Transcriptional Regulation. Mol. Cell. Biol. 2024, 44, 209-225. [CrossRef]

Pan, F; Chocarro, S.; Ramos, M.; Chen, Y.; Alonso De La Vega, A.; Somogyi, K.; Sotillo, R. FOXM1 Is Critical for the Fitness
Recovery of Chromosomally Unstable Cells. Cell Death Dis. 2023, 14, 430. [CrossRef]

Tan, J.; Ma, J.; Zhang, W.; Zhao, J.; Liu, K. Overexpressed FOXM1 Collaborates with MMB to Increase WEE1 Inhibitor Sensitivity
in NSCLC. J. Thorac. Dis. 2023, 15, 3350-3358. [CrossRef]

De Queiroz, RM.; Moon, S.-H.; Prives, C. O-GlcNAc Transferase Regulates P21 Protein Levels and Cell Proliferation through the
FoxM1-Skp2 Axis in a P53-Independent Manner. . Biol. Chem. 2022, 298, 102289. [CrossRef]

Wang, I.-C.; Chen, Y.-J.; Hughes, D.; Petrovic, V.; Major, M.L.; Park, H.J.; Tan, Y.; Ackerson, T.; Costa, R.H. Forkhead Box M1
Regulates the Transcriptional Network of Genes Essential for Mitotic Progression and Genes Encoding the SCF (Skp2-Cks1)
Ubiquitin Ligase. Mol. Cell. Biol. 2005, 25, 10875-10894. [CrossRef]

Briickner, L.; Reinshagen, A.; Hoang, N.A.; Hohn, A K,; Lordick, F.; Bechmann, I.; Aktas, B.; Nel, I.; Kallendrusch, S. FOXM1
Inhibition in Ovarian Cancer Tissue Cultures Affects Individual Treatment Susceptibility Ex Vivo. Cancers 2021, 13, 956. [CrossRef]
Zhou, J.; Wang, Y.; Wang, Y,; Yin, X.; He, Y.; Chen, L.; Wang, W.; Liu, T.; Di, W. FOXM1 Modulates Cisplatin Sensitivity by
Regulating EXO1 in Ovarian Cancer. PLoS ONE 2014, 9, €96989. [CrossRef]

Hou, H.; Geng, X.; Shao, X.; Wang, J.; Xia, W.; Chen, H. FOXM1 Transcriptionally Activates NEIL3 to Inhibit Ferroptosis in Lung
Adenocarcinoma Cells. J. Clin. Biochem. Nutr. 2025, 77, 10-17. [CrossRef]

Yu, G.; Zhou, A ; Xue, J.; Huang, C.; Zhang, X.; Kang, S.-H.; Chiu, W.-T.; Tan, C; Xie, K.; Wang, J.; et al. FoxM1 Promotes Breast
Tumorigenesis by Activating PDGF-A and Forming a Positive Feedback Loop with the PDGF/AKT Signaling Pathway. Oncotarget
2015, 6, 11281-11294. [CrossRef]

Zhang, Y.; Zhang, N.; Dai, B.; Liu, M.; Sawaya, R.; Xie, K.; Huang, S. FoxM1B Transcriptionally Regulates Vascular Endothelial
Growth Factor Expression and Promotes the Angiogenesis and Growth of Glioma Cells. Cancer Res. 2008, 68, 8733-8742.
[CrossRef]

Yang, Y.; Jiang, H.; Li, W.; Chen, L.; Zhu, W.; Xian, Y,; Han, Z.; Yin, L.; Liu, Y.; Wang, Y.; et al. FOXM1/DVL2/5nail Axis Drives
Metastasis and Chemoresistance of Colorectal Cancer. Aging 2020, 12, 24424-24440. [CrossRef]

Ahmed, M.; Uddin, S.; Hussain, A.R.; Alyan, A,; Jehan, Z.; Al-Dayel, F; Al-Nuaim, A.; Al-Sobhi, S.; Amin, T.; Bavi, P; et al.
FoxM1 and Its Association with Matrix Metalloproteinases (MMP) Signaling Pathway in Papillary Thyroid Carcinoma. J. Clin.
Endocrinol. Metab. 2012, 97, E1-E13. [CrossRef]

Hsieh, N.; Huang, C.; Li, C.; Wang, 1.; Lee, M. MED28 and Forkhead Box M1 (FOXM1) Mediate Matrix Metalloproteinase
2 (MMP2)-dependent Cellular Migration in Human Nonsmall Cell Lung Cancer (NSCLC) Cells. J. Cell. Physiol. 2019, 234,
11265-11275. [CrossRef]

Miao, L.; Xiong, X; Lin, Y.; Cheng, Y.; Lu, J.; Zhang, J.; Cheng, N. Down-Regulation of FoxM1 Leads to the Inhibition of the
Epithelial-Mesenchymal Transition in Gastric Cancer Cells. Cancer Genet. 2014, 207, 75-82. [CrossRef]

Modi, A.; Purohit, P; Roy, D.; Vishnoi, ].R.; Pareek, P; Elhence, P; Singh, P.; Sharma, S.; Sharma, P.; Misra, S. FOXM1 Mediates
GDF-15 Dependent Stemness and Intrinsic Drug Resistance in Breast Cancer. Mol. Biol. Rep. 2022, 49, 2877-2888. [CrossRef]
Xie, Z.; Tan, G.; Ding, M.; Dong, D.; Chen, T.; Meng, X.; Huang, X.; Tan, Y. Foxm1 Transcription Factor Is Required for Maintenance
of Pluripotency of P19 Embryonal Carcinoma Cells. Nucleic Acids Res. 2010, 38, 8027-8038. [CrossRef]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.1038/s41388-022-02394-8
https://doi.org/10.1016/j.celrep.2012.05.005
https://doi.org/10.1038/s41388-024-03119-9
https://www.ncbi.nlm.nih.gov/pubmed/39112519
https://doi.org/10.1073/pnas.1602079113
https://www.ncbi.nlm.nih.gov/pubmed/27303043
https://doi.org/10.1089/dna.2022.0169
https://doi.org/10.1016/j.bbrc.2018.04.201
https://doi.org/10.1186/s13062-024-00540-8
https://doi.org/10.1080/10985549.2024.2350543
https://doi.org/10.1038/s41419-023-05946-2
https://doi.org/10.21037/jtd-23-750
https://doi.org/10.1016/j.jbc.2022.102289
https://doi.org/10.1128/mcb.25.24.10875-10894.2005
https://doi.org/10.3390/cancers13050956
https://doi.org/10.1371/journal.pone.0096989
https://doi.org/10.3164/jcbn.24-136
https://doi.org/10.18632/oncotarget.3596
https://doi.org/10.1158/0008-5472.CAN-08-1968
https://doi.org/10.18632/aging.202300
https://doi.org/10.1210/jc.2011-1506
https://doi.org/10.1002/jcp.27784
https://doi.org/10.1016/j.cancergen.2014.02.008
https://doi.org/10.1007/s11033-021-07102-5
https://doi.org/10.1093/nar/gkq715
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 20 of 23

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Alizadeh, H.; Akbarabadi, P.; Dadfar, A.; Tareh, M.R.; Soltani, B. A Comprehensive Overview of Ovarian Cancer Stem Cells:
Correlation with High Recurrence Rate, Underlying Mechanisms, and Therapeutic Opportunities. Mol. Cancer 2025, 24, 135.
[CrossRef]

Yang, Q.; Wu, F; Zhang, Y.; Wang, R. FOXM1 Regulates Glycolysis in Nasopharyngeal Carcinoma Cells through PDKI. J. Cell.
Mol. Med. 2022, 26, 3783-3796. [CrossRef] [PubMed]

Li, P-C,; Dai, S.-Y; Lin, Y.-S.; Chang, Y.-T.; Liu, C.-C.; Wang, I.-C.; Lee, M.-F. Forkhead Box M1 Mediates Metabolic Reprogramming
in Human Colorectal Cancer Cells. Am. J. Physiol.-Gastrointest. Liver Physiol. 2024, 327, G284-G294. [CrossRef]

Li, X.; Su, W,; Wu, H,; Xu, J; Tang, H.; Chen, X; Yin, Z.; Zhang, C.; Yang, J.; Yang, Y.; et al. FOXM1 Maintains Fatty Acid
Homoeostasis through the SET7-H3K4mel-FASN Axis. Cell Death Discov. 2023, 9, 310. [CrossRef]

Huang, B.; Shen, W.; Jia, Y.; Qin, L.; Wang, H.; Sun, Q.; Xiao, Z.; Zhang, R.; Wang, H. LDHA, a Lactate Dehydrogenase A Isoform,
Promotes Glycolysis and Tumor Progression. FEBS ]. 2025, 292, 2223-2236. [CrossRef]

Shang, R.; Pu, M.; Li, Y,; Wang, D. FOXM1 Regulates Glycolysis in Hepatocellular Carcinoma by Transactivating Glucose
Transporter 1 Expression. Oncol. Rep. 2017, 37, 2261-2269. [CrossRef]

Zhao, L.-Q.; Sun, W.; Zhang, P.; Gao, W.; Fang, C.-Y.; Zheng, A.-W. MFAP2 Aggravates Tumor Progression through Activating
FOXM1/ 3-Catenin-Mediated Glycolysis in Ovarian Cancer. Kaohsiung J. Med. Sci. 2022, 38, 772-780. [CrossRef]

Zhang, X.; Huang, C.; Yuan, Y,; Jin, S.; Zhao, J.; Zhang, W.; Liang, H.; Chen, X.; Zhang, B. FOXM1-Mediated Activation of
Phospholipase D1 Promotes Lipid Droplet Accumulation and Reduces ROS to Support Paclitaxel Resistance in Metastatic Cancer
Cells. Free Radic. Biol. Med. 2022, 179, 213-228. [CrossRef]

Hong, Y,; Sun, Y.; Ainiwaer, M.; Xiao, B.; Zhang, S.; Ning, L.; Zhu, X; Ji, Y. A Role for YAP/FOXM1/Nrf2 Axis in Oxidative Stress
and Apoptosis of Cataract Induced by UVB Irradiation. FASEB J. 2024, 38, e23832. [CrossRef] [PubMed]

Zhao, Z.; Cai, Z.; Zhang, S.; Yin, X,; Jiang, T.; Shen, C.; Yin, Y,; Sun, H.; Chen, Z.; Han, J.; et al. Activation of the
FOXM1/ASF1B/PRDX3 Axis Confers Hyperproliferative and Antioxidative Stress Reactivity to Gastric Cancer. Cancer Lett. 2024,
589, 216796. [CrossRef]

Takeshita, H.; Yoshida, R.; Inoue, J.; Ishikawa, K.; Shinohara, K.; Hirayama, M.; Oyama, T.; Kubo, R.; Yamana, K.; Nagao, Y.; et al.
FOXM1-Mediated Regulation of Reactive Oxygen Species and Radioresistance in Oral Squamous Cell Carcinoma Cells. Lab.
Invest. 2023, 103, 100060. [CrossRef] [PubMed]

Halasi, M.; Gartel, A.L. Suppression of FOXM1 Sensitizes Human Cancer Cells to Cell Death Induced by DNA-Damage. PLoS
ONE 2012, 7, €31761. [CrossRef]

Hu, C.-J.; Wang, B.; Tang, B.; Chen, B; Xiao, Y.-F,; Qin, Y.; Yong, X.; Luo, G.; Zhang, ].-W.; Zhang, D.; et al. The FOXM1-Induced
Resistance to Oxaliplatin Is Partially Mediated by Its Novel Target Gene Mcl-1 in Gastric Cancer Cells. Biochim. Biophys. Acta
BBA—Gene Regul. Mech. 2015, 1849, 290-299. [CrossRef]

Raghuwanshi, S.; Magdy, A.; Hay, N.; Gartel, A. A Novel FOXM1-BCL2A1 Axis Determines Unfavorable Response to Venetoclax
in AML. J. Biol. Chem. 2025, 301, 108240. [CrossRef]

Zhou, M.; Shi, J.; Lan, S.; Gong, X. FOXM1 Regulates the Proliferation, Apoptosis and Inflammatory Response of Keratinocytes
through the NF-«B Signaling Pathway. Hum. Exp. Toxicol. 2021, 40, 1130-1140. [CrossRef]

Nakagawa-Saito, Y.; Mitobe, Y.; Suzuki, S.; Togashi, K.; Sugai, A.; Kitanaka, C.; Okada, M. Domatinostat Targets the FOXM1-
Survivin Axis to Reduce the Viability of Ovarian Cancer Cells Alone and in Combination with Chemotherapeutic Agents. Int. .
Mol. Sci. 2023, 24,10817. [CrossRef] [PubMed]

Nestal De Moraes, G.; Delbue, D.; Silva, K.L.; Robaina, M.C.; Khongkow, P.; Gomes, A.R.; Zona, S.; Crocamo, S.; Mencalha, A.L.;
Magalhaes, L.M.; et al. FOXM1 Targets XIAP and Survivin to Modulate Breast Cancer Survival and Chemoresistance. Cell. Signal.
2015, 27, 2496-2505. [CrossRef]

Vaz, S.; Ferreira, EJ.; Macedo, ].C.; Leor, G.; Ben-David, U.; Bessa, J.; Logarinho, E. FOXM1 Repression Increases Mitotic Death
upon Antimitotic Chemotherapy through BMF Upregulation. Cell Death Dis. 2021, 12, 542. [CrossRef] [PubMed]
Ernesti-Soldatkin, A.; Neu, C.T.; Heydel, B.; Krannich, F; Laumen, H.; Gutschner, T.; Haemmerle, M. FOXM1 Regulates
Platelet-Induced Anoikis Resistance in Pancreatic Cancer Cells. Cell Commun. Signal. 2026, 24, 53. [CrossRef]

Xu, M.; Pan, G.; Zhang, Q.; Huang, J.; Wu, Y.; Ashan, Y. FOXM1 Boosts Glycolysis by Upregulating SQLE to Inhibit Anoikis in
Breast Cancer Cells. J. Cancer Res. Clin. Oncol. 2025, 151, 162. [CrossRef]

Hamurcu, Z.; Delibasi, N.; Nalbantoglu, U.; Sener, E.F.; Nurdinov, N.; Tasci, B.; Taheri, S.; Ozkul, Y.; Donmez-Altuntas, H.;
Canatan, H.; et al. FOXM1 Plays a Role in Autophagy by Transcriptionally Regulating Beclin-1 and LC3 Genes in Human
Triple-Negative Breast Cancer Cells. J. Mol. Med. 2019, 97, 491-508. [CrossRef] [PubMed]

Huang, X.,; Huang, W.; Wu, K.; Lin, Q.; Chen, G. PRRX1/FOXM1 Reduces Gemcitabin-Induced Cytotoxicity by Regulating
Autophagy in Bladder Cancer. Transl. Androl. Urol. 2022, 11, 1116-1129. [CrossRef]

Lin, J.; Wang, W,; Hu, T,; Zhu, G.; Li, L.; Zhang, C.; Xu, Z.; Yu, H.; Wu, H.; Zhu, ]. FOXM1 Contributes to Docetaxel Resistance in
Castration-Resistant Prostate Cancer by Inducing AMPK/mTOR-Mediated Autophagy. Cancer Lett. 2020, 469, 481-489. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.1186/s12943-025-02345-3
https://doi.org/10.1111/jcmm.17413
https://www.ncbi.nlm.nih.gov/pubmed/35656815
https://doi.org/10.1152/ajpgi.00032.2024
https://doi.org/10.1038/s41420-023-01540-9
https://doi.org/10.1111/febs.17374
https://doi.org/10.3892/or.2017.5472
https://doi.org/10.1002/kjm2.12546
https://doi.org/10.1016/j.freeradbiomed.2021.11.024
https://doi.org/10.1096/fj.202400848R
https://www.ncbi.nlm.nih.gov/pubmed/39046354
https://doi.org/10.1016/j.canlet.2024.216796
https://doi.org/10.1016/j.labinv.2022.100060
https://www.ncbi.nlm.nih.gov/pubmed/36801643
https://doi.org/10.1371/journal.pone.0031761
https://doi.org/10.1016/j.bbagrm.2014.11.008
https://doi.org/10.1016/j.jbc.2025.108240
https://doi.org/10.1177/0960327120984225
https://doi.org/10.3390/ijms241310817
https://www.ncbi.nlm.nih.gov/pubmed/37445993
https://doi.org/10.1016/j.cellsig.2015.09.013
https://doi.org/10.1038/s41419-021-03822-5
https://www.ncbi.nlm.nih.gov/pubmed/34035233
https://doi.org/10.1186/s12964-025-02644-8
https://doi.org/10.1007/s00432-025-06174-1
https://doi.org/10.1007/s00109-019-01750-8
https://www.ncbi.nlm.nih.gov/pubmed/30729279
https://doi.org/10.21037/tau-22-415
https://doi.org/10.1016/j.canlet.2019.11.014
https://www.ncbi.nlm.nih.gov/pubmed/31738958
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 21 0f23

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Wang, K.; Zhu, X.; Yin, Y. Maslinic Acid Enhances Docetaxel Response in Human Docetaxel-Resistant Triple Negative Breast
Carcinoma MDA-MB-231 Cells via Regulating MELK-FoxM1-ABCB1 Signaling Cascade. Front. Pharmacol. 2020, 11, 835.
[CrossRef] [PubMed]

Zhu, X.; Xue, L.; Yao, Y.; Wang, K.; Tan, C.; Zhuang, M.; Zhou, F; Zhu, L. The FoxM1-ABCC4 Axis Mediates Carboplatin
Resistance in Human Retinoblastoma Y-79 Cells. Acta Biochim. Biophys. Sin. 2018, 50, 914-920. [CrossRef]

Hou, Y.; Dong, Z.; Zhong, W.; Yin, L.; Li, X.; Kuerban, G.; Huang, H. FOXM1 Promotes Drug Resistance in Cervical Cancer Cells
by Regulating ABCC5 Gene Transcription. BioMed Res. Int. 2022, 2022, 3032590. [CrossRef] [PubMed]

Campbell, A.E.; Ferraz Franco, C.; Su, L.-I.; Corbin, E.K,; Perkins, S.; Kalyuzhnyy, A.; Jones, A.R.; Brownridge, PJ.; Perkins, N.D.;
Eyers, C.E. Temporal Modulation of the NF-«B RelA Network in Response to Different Types of DNA Damage. Biochem. J. 2021,
478,533-551. [CrossRef]

Kalkat, M.; Resetca, D.; Lourenco, C.; Chan, P-K.; Wei, Y.; Shiah, Y.-J.; Vitkin, N.; Tong, Y.; Sunnerhagen, M.; Done, S.J.; et al. MYC
Protein Interactome Profiling Reveals Functionally Distinct Regions That Cooperate to Drive Tumorigenesis. Mol. Cell 2018,
72, 836-848.e7. [CrossRef]

Phan, R.T,; Saito, M.; Kitagawa, Y.; Means, A.R.; Dalla-Favera, R. Genotoxic Stress Regulates Expression of the Proto-Oncogene
Bcl6 in Germinal Center B Cells. Nat. Immunol. 2007, 8, 1132-1139. [CrossRef]

Xia, L.; Huang, W.; Wang, B.; Liu, M.; Zhang, Q.; Yan, W.; Zhu, Q.; Luo, M.; Zhou, Z.; Tian, D. Transcriptional Up-regulation of
FoxM1 in Response to Hypoxia Is Mediated by HIF-1. |. Cell. Biochem. 2009, 106, 247-256. [CrossRef]

Xue, J.; Lin, X.; Chiu, W.-T; Chen, Y.-H.; Yu, G.; Liu, M.; Feng, X.-H.; Sawaya, R.; Medema, R.H.; Hung, M.-C.; et al. Sustained
Activation of SMAD3/SMAD4 by FOXM1 Promotes TGF-B-Dependent Cancer Metastasis. J. Clin. Investig. 2014, 124, 564-579.
[CrossRef]

Xu, K.; Shu, H.-K.G. Transcription Factor Interactions Mediate EGF-Dependent COX-2 Expression. Mol. Cancer Res. 2013,
11, 875-886. [CrossRef] [PubMed]

Malaymar Pinar, D.; G66s, H.; Tan, Z.; Kumpula, E.-P.; Chowdhury, I.; Wang, Z.; Zhang, Q.; Salokas, K.; Keskitalo, S.; Wei, G.-H.;
et al. Nuclear Factor I Family Members Are Key Transcription Factors Regulating Gene Expression. Mol. Cell. Proteom. MCP 2025,
24,100890. [CrossRef]

Ma, W.; Huang, G.; Wang, Z.; Wang, L.; Gao, Q. IRF7: Role and Regulation in Immunity and Autoimmunity. Front. Immunol. 2023,
14, 1236923. [CrossRef]

Yin, B.-K.; Wang, Z.-Q. Beyond HAT Adaptor: TRRAP Liaisons with Sp1-Mediated Transcription. Int. J. Mol. Sci. 2021, 22, 12445.
[CrossRef]

Seifert-Davila, W.; Girbig, M.; Hauptmann, L.; Hoffmann, T.; Eustermann, S.; Miiller, C.W. Structural Insights into Human TFIIIC
Promoter Recognition. Sci. Adv. 2023, 9, eadh2019. [CrossRef] [PubMed]

Grand, R.S.; Burger, L.; Grawe, C.; Michael, A.K;; Isbel, L.; Hess, D.; Hoerner, L.; lesmantavicius, V.; Durdu, S.; Pregnolato, M.;
et al. BANP Opens Chromatin and Activates CpG-Island-Regulated Genes. Nature 2021, 596, 133-137. [CrossRef]

Jiang, X.; Liu, J.; Wang, K.; Sun, J.; Yin, H.; Jiang, Y.; Liu, Y.; Wang, N.; Ding, X.; Gao, P et al. ASPM Mediates Nuclear Entrapment
of FOXM1 via Liquid-Liquid Phase Separation to Promote Progression of Hepatocarcinoma. Genome Biol. 2025, 26, 68. [CrossRef]
Sachini, N.; Arampatzi, P.; Klonizakis, A.; Nikolaou, C.; Makatounakis, T.; Lam, E.W.-F,; Kretsovali, A.; Papamatheakis, J.
Promyelocytic Leukemia Protein (PML) Controls Breast Cancer Cell Proliferation by Modulating Forkhead Transcription Factors.
Mol. Oncol. 2019, 13, 1369-1387. [CrossRef] [PubMed]

Fischer, M.; Miiller, G.A. Cell Cycle Transcription Control: DREAM/MuvB and RB-E2F Complexes. Crit. Rev. Biochem. Mol. Biol.
2017, 52, 638-662. [CrossRef]

Miiller, G.A.; Asthana, A.; Rubin, S.M. Structure and Function of MuvB Complexes. Oncogene 2022, 41, 2909-2919. [CrossRef]
Hein, M.Y.; Hubner, N.C.; Poser, I.; Cox, ].; Nagaraj, N.; Toyoda, Y.; Gak, L.A.; Weisswange, I.; Mansfeld, ].; Buchholz, F; et al.
A Human Interactome in Three Quantitative Dimensions Organized by Stoichiometries and Abundances. Cell 2015, 163, 712-723.
[CrossRef]

Li, X;; Wang, W.; Wang, J.; Malovannaya, A.; Xi, Y,; Li, W.; Guerra, R.; Hawke, D.H.; Qin, J.; Chen, J. Proteomic Analyses Reveal
Distinct Chromatin-associated and Soluble Transcription Factor Complexes. Mol. Syst. Biol. 2015, 11, 775. [CrossRef]

Tang, Q.; Liu, C.; Zhang, S.; He, L.; Liu, Y,; Wang, J.; Zhao, X.; Li, X. FOXM1 Increases hTERT Protein Stability and Indicates Poor
Prognosis in Gastric Cancer. Neoplasia 2023, 36, 100863. [CrossRef]

Lambert, J.-P.; Tucholska, M.; Go, C.; Knight, ].D.R.; Gingras, A.-C. Proximity Biotinylation and Affinity Purification Are
Complementary Approaches for the Interactome Mapping of Chromatin-Associated Protein Complexes. ]. Proteom. 2015,
118, 81-94. [CrossRef]

Aydin, 0.Z,; Marteijn, J.A.; Ribeiro-Silva, C.; Rodriguez Lépez, A.; Wijgers, N.; Smeenk, G.; Van Attikum, H.; Poot, R.A;
Vermeulen, W.; Lans, H. Human ISWI Complexes Are Targeted by SMARCAS5 ATPase and SLIDE Domains to Help Resolve
Lesion-Stalled Transcription. Nucleic Acids Res. 2014, 42, 8473-8485. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.3389/fphar.2020.00835
https://www.ncbi.nlm.nih.gov/pubmed/32581798
https://doi.org/10.1093/abbs/gmy080
https://doi.org/10.1155/2022/3032590
https://www.ncbi.nlm.nih.gov/pubmed/35141332
https://doi.org/10.1042/BCJ20200627
https://doi.org/10.1016/j.molcel.2018.09.031
https://doi.org/10.1038/ni1508
https://doi.org/10.1002/jcb.21996
https://doi.org/10.1172/JCI71104
https://doi.org/10.1158/1541-7786.MCR-12-0706
https://www.ncbi.nlm.nih.gov/pubmed/23635401
https://doi.org/10.1016/j.mcpro.2024.100890
https://doi.org/10.3389/fimmu.2023.1236923
https://doi.org/10.3390/ijms222212445
https://doi.org/10.1126/sciadv.adh2019
https://www.ncbi.nlm.nih.gov/pubmed/37418517
https://doi.org/10.1038/s41586-021-03689-8
https://doi.org/10.1186/s13059-025-03526-5
https://doi.org/10.1002/1878-0261.12486
https://www.ncbi.nlm.nih.gov/pubmed/30927552
https://doi.org/10.1080/10409238.2017.1360836
https://doi.org/10.1038/s41388-022-02321-x
https://doi.org/10.1016/j.cell.2015.09.053
https://doi.org/10.15252/msb.20145504
https://doi.org/10.1016/j.neo.2022.100863
https://doi.org/10.1016/j.jprot.2014.09.011
https://doi.org/10.1093/nar/gku565
https://www.ncbi.nlm.nih.gov/pubmed/24990377
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 22 0f 23

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Bollu, L.R.; Shepherd, J.; Zhao, D.; Ma, Y.; Tahaney, W.; Speers, C.; Mazumdar, A.; Mills, G.B.; Brown, PH. Mutant P53 Induces
MELK Expression by Release of Wild-Type P53-Dependent Suppression of FOXML. npj Breast Cancer 2020, 6, 2. [CrossRef]

Tan, Y.; Raychaudhuri, P.; Costa, R.H. Chk2 Mediates Stabilization of the FoxM1 Transcription Factor To Stimulate Expression of
DNA Repair Genes. Mol. Cell. Biol. 2007, 27, 1007-1016. [CrossRef] [PubMed]

Quan, J.-J.; Song, J.-N.; Qu, J.-Q. PARP3 Interacts with FoxM1 to Confer Glioblastoma Cell Radioresistance. Tumor Biol. 2015, 36,
8617-8624. [CrossRef] [PubMed]

Darweesh, M.; Younis, S.; Hajikhezri, Z.; Ali, A,; Jin, C.; Punga, T.; Gupta, S.; Essand, M.; Andersson, L.; Akusjarvi, G. ZC3H11A
Loss of Function Enhances NF-«B Signaling through Defective IkBx Protein Expression. Front. Immunol. 2022, 13, 1002823.
[CrossRef]

Hia, F; Wu, Y;; Yoshinaga, M.; Goto-Ito, S.; Iwasaki, W.; Imami, K.; Toh, H.; Han, P; Cai, T.; Ohira, T; et al. Human DHX29 Detects
Nonoptimal Codon Usage to Regulate mRNA Stability. Science 2026, 392, eadw0288. [CrossRef] [PubMed]

Yu, W.; Ma, H.; Li, J.; Ge, ].; Wang, P.; Zhou, Y.; Zhang, J.; Shi, G. DDX52 Knockdown Inhibits the Growth of Prostate Cancer Cells
by Regulating C-Myc Signaling. Cancer Cell Int. 2021, 21, 430. [CrossRef]

Xiao, X.; Wang, W.; Li, Y; Yang, D.; Li, X,; Shen, C.; Liu, Y.; Ke, X.; Guo, S.; Guo, Z. HSP90AA1-Mediated Autophagy Promotes
Drug Resistance in Osteosarcoma. J. Exp. Clin. Cancer Res. 2018, 37, 201. [CrossRef] [PubMed]

Balachandra, V.; Shrestha, R.L.; Hammond, C.M,; Lin, S.; Hendriks, .A.; Sethi, S.C.; Chen, L.; Sevilla, S.; Caplen, N.J.; Chari, R,;
et al. DNAJC9 Prevents CENP-A Mislocalization and Chromosomal Instability by Maintaining the Fidelity of Histone Supply
Chains. EMBO J. 2024, 43, 2166-2197. [CrossRef]

Chai, Q.; Qi, Y; Nie, X.; Wang, H. APOC1, Transcriptionally Regulated by FOXM1, Promotes M2 Macrophage Polarization and
Cervical Cancer Progression. Mutat. Res.—Fundam. Mol. Mech. Mutagen. 2025, 830, 111904. [CrossRef] [PubMed]

Wang, T.; Zhang, Y.; Liu, H.; Wu, J]. FOXM1 Derived from Triple-Negative Breast Cancer Exosomes Promotes Cancer Progression
by Activating IDO1 Transcription in Macrophages to Suppress Ferroptosis and Induce M2 Polarization of Tumor-Associated
Macrophages. Genes Genet. Syst. 2025, 100, 24-00079. [CrossRef] [PubMed]

Wang, S.; Wang, J.; Chen, Z.; Luo, J.; Guo, W.; Sun, L.; Lin, L. Targeting M2-like Tumor-Associated Macrophages Is a Potential
Therapeutic Approach to Overcome Antitumor Drug Resistance. npj Precis. Oncol. 2024, 8, 31. [CrossRef]

Zhang, Y.; Ding, N.; Li, Y.; Ouyang, M.; Fu, P; Peng, Y.; Tan, Y. Transcription Factor FOXM1 Specifies Chromatin DNA to
Extracellular Vesicles. Autophagy 2024, 20, 1054-1071. [CrossRef]

Qu, Q.; Liu, L,; Cui, Y; Chen, Y.; Wang, Y.; Wang, Y. Exosomes from Human Omental Adipose-Derived Mesenchymal Stem Cells
Secreted into Ascites Promote Peritoneal Metastasis of Epithelial Ovarian Cancer. Cells 2022, 11, 3392. [CrossRef]

Keenan, A.B.; Torre, D.; Lachmann, A.; Leong, A K.; Wojciechowicz, M.L.; Utti, V.; Jagodnik, K.M.; Kropiwnicki, E.; Wang,
Z.; Ma’ayan, A. ChEA3: Transcription Factor Enrichment Analysis by Orthogonal Omics Integration. Nucleic Acids Res. 2019,
47, W212-W224. [CrossRef]

Chitti, S.V.; Gummadi, S.; Kang, T.; Shahi, S.; Marzan, A.L.; Nedeva, C.; Sanwlani, R.; Bramich, K.; Stewart, S.; Petrovska, M.; et al.
Vesiclepedia 2024: An Extracellular Vesicles and Extracellular Particles Repository. Nucleic Acids Res. 2024, 52, D1694-D1698.
[CrossRef]

Uhlén, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A Kampf, C.; Sjostedt, E.;
Asplund, A ; et al. Tissue-Based Map of the Human Proteome. Science 2015, 347, 1260419. [CrossRef]

Carr, J.R; Park, HJ.; Wang, Z.; Kiefer, M.M.; Raychaudhuri, P. FoxM1 Mediates Resistance to Herceptin and Paclitaxel. Cancer Res.
2010, 70, 5054-5063. [CrossRef] [PubMed]

Wang, S5.-P.; Wu, S.-Q.; Huang, S.-H.; Tang, Y.-X.; Meng, L.-Q.; Liu, E; Zhu, Q.-H.; Xu, Y.-G. FDI-6 Inhibits the Expression and
Function of FOXM1 to Sensitize BRCA-Proficient Triple-Negative Breast Cancer Cells to Olaparib by Regulating Cell Cycle
Progression and DNA Damage Repair. Cell Death Dis. 2021, 12, 1138. [CrossRef] [PubMed]

Zhang, Z.; Xue, S.; Gao, Y.; Li, Y.; Zhou, Z.; Wang, J.; Li, Z.; Liu, Z. Small Molecule Targeting FOXM1 DNA Binding Domain
Exhibits Anti-Tumor Activity in Ovarian Cancer. Cell Death Discov. 2022, 8, 280. [CrossRef] [PubMed]

Xie, Z.-S.; Zhou, Z.-Y.; Sun, L.-Q.; Yi, H.; Xue, S.-T.; Li, Z.-R. Structure-Based Virtual Screening Towards the Discovery of Novel
FOXML1 Inhibitors. Future Med. Chem. 2022, 14, 207-219. [CrossRef]

Kongsema, M.; Wongkhieo, S.; Khongkow, M.; Lam, E.; Boonnoy, P.; Vongsangnak, W.; Wong-Ekkabut, ]. Molecular Mechanism
of Forkhead Box M1 Inhibition by Thiostrepton in Breast Cancer Cells. Oncol. Rep. 2019, 42, 953-962. [CrossRef]

Klinhom-on, N.; Seubwai, W.; Sawanyawisuth, K.; Obchoei, S.; Mahalapbutr, P.; Wongkham, S. FOXM1 Inhibitor, Siomycin A,
Synergizes and Restores 5-FU Cytotoxicity in Human Cholangiocarcinoma Cell Lines via Targeting Thymidylate Synthase. Life
Sci. 2021, 286, 120072. [CrossRef]

Ziegler, Y.; Laws, ML].; Sanabria Guillen, V.; Kim, S.H.; Dey, P.; Smith, B.P.; Gong, P.; Bindman, N.; Zhao, Y.; Carlson, K; et al.
Suppression of FOXM1 Activities and Breast Cancer Growth in Vitro and in Vivo by a New Class of Compounds. npj Breast
Cancer 2019, 5, 45. [CrossRef]

https://doi.org/10.3390/ijms27125265


https://doi.org/10.1038/s41523-019-0143-5
https://doi.org/10.1128/mcb.01068-06
https://www.ncbi.nlm.nih.gov/pubmed/17101782
https://doi.org/10.1007/s13277-015-3554-4
https://www.ncbi.nlm.nih.gov/pubmed/26040766
https://doi.org/10.3389/fimmu.2022.1002823
https://doi.org/10.1126/science.adw0288
https://www.ncbi.nlm.nih.gov/pubmed/41855277
https://doi.org/10.1186/s12935-021-02128-y
https://doi.org/10.1186/s13046-018-0880-6
https://www.ncbi.nlm.nih.gov/pubmed/30153855
https://doi.org/10.1038/s44318-024-00093-6
https://doi.org/10.1016/j.mrfmmm.2025.111904
https://www.ncbi.nlm.nih.gov/pubmed/40139083
https://doi.org/10.1266/ggs.24-00079
https://www.ncbi.nlm.nih.gov/pubmed/39428479
https://doi.org/10.1038/s41698-024-00522-z
https://doi.org/10.1080/15548627.2023.2284523
https://doi.org/10.3390/cells11213392
https://doi.org/10.1093/nar/gkz446
https://doi.org/10.1093/nar/gkad1007
https://doi.org/10.1126/science.1260419
https://doi.org/10.1158/0008-5472.CAN-10-0545
https://www.ncbi.nlm.nih.gov/pubmed/20530690
https://doi.org/10.1038/s41419-021-04434-9
https://www.ncbi.nlm.nih.gov/pubmed/34880209
https://doi.org/10.1038/s41420-022-01070-w
https://www.ncbi.nlm.nih.gov/pubmed/35680842
https://doi.org/10.4155/fmc-2021-0282
https://doi.org/10.3892/or.2019.7225
https://doi.org/10.1016/j.lfs.2021.120072
https://doi.org/10.1038/s41523-019-0141-7
https://doi.org/10.3390/ijms27125265

Int. J. Mol. Sci. 2026, 27, 5265 23 0f 23

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Sandu, C.; Chandramouli, N.; Glickman, J.F.; Molina, H.; Kuo, C.; Kukushkin, N.; Goldberg, A.L.; Steller, H. Thiostrepton Interacts
Covalently with Rpt Subunits of the 19S Proteasome and Proteasome Substrates. J. Cell. Mol. Med. 2015, 19, 2181-2192. [CrossRef]
Abusharkh, K.A.N.; Comert Onder, F.; Cinar, V.; Hamurcu, Z.; Ozpolat, B.; Ay, M. A Drug Repurposing Study Identifies Novel
FOXML1 Inhibitors with in Vitro Activity against Breast Cancer Cells. Med. Oncol. 2024, 41, 188. [CrossRef]

Chesnokov, M.S.; Halasi, M.; Borhani, S.; Arbieva, Z.; Shah, B.N.; Oerlemans, R.; Khan, I.; Camacho, C.J.; Gartel, A.L. Novel
FOXM1 Inhibitor Identified via Gene Network Analysis Induces Autophagic FOXM1 Degradation to Overcome Chemoresistance
of Human Cancer Cells. Cell Death Dis. 2021, 12, 704. [CrossRef]

Raghuwanshi, S.; Zhang, X.; Arbieva, Z.; Khan, I.; Mohammed, H.; Wang, Z.; Domling, A.; Camacho, C.J.; Gartel, A.L. Novel
FOXM1 Inhibitor STL001 Sensitizes Human Cancers to a Broad-Spectrum of Cancer Therapies. Cell Death Discov. 2024, 10, 211.
[CrossRef]

Békés, M.; Langley, D.R.; Crews, C.M. PROTAC Targeted Protein Degraders: The Past Is Prologue. Nat. Rev. Drug Discov. 2022, 21,
181-200. [CrossRef]

Wang, K,; Dai, X.; Yu, A,; Feng, C.; Liu, K.; Huang, L. Peptide-Based PROTAC Degrader of FOXM1 Suppresses Cancer and
Decreases GLUT1 and PD-L1 Expression. J. Exp. Clin. Cancer Res. 2022, 41, 289. [CrossRef] [PubMed]

Zeng, H.; Fang, Z.; Feng, Y.; Su, T.; Miao, W.; Wang, Z. Self-Assembled Peptide PROTAC Prodrugs Targeting FOXM1 for Cancer
Therapy. Mol. Pharm. 2025, 22, 3286-3296. [CrossRef] [PubMed]

Kalinichenko, V.V.; Major, M.L.; Wang, X.; Petrovic, V.; Kuechle, J.; Yoder, H.M.; Dennewitz, M.B.; Shin, B.; Datta, A.; Raychaudhuri,
P, et al. Foxm1b Transcription Factor Is Essential for Development of Hepatocellular Carcinomas and Is Negatively Regulated by
the p19ARF Tumor Suppressor. Genes Dev. 2004, 18, 830-850. [CrossRef] [PubMed]

Bu, H.; Lan, X.; Cheng, H.; Pei, C.; Ouyang, M.; Chen, Y;; Huang, X,; Yu, L.; Tan, Y. Development of an Interfering Peptide M1-20
with Potent Anti-Cancer Effects by Targeting FOXM1. Cell Death Dis. 2023, 14, 533. [CrossRef]

Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as Therapeutics. Nat. Rev. Drug Discov. 2010, 9, 537-550, Erratum in Nat. Rev. Drug
Discov. 2010, 9, 660. [CrossRef]

Xiang, Q.; Tan, G.; Jiang, X.; Wu, K,; Tan, W,; Tan, Y. Suppression of FOXM1 Transcriptional Activities via a Single-Stranded DNA
Aptamer Generated by SELEX. Sci. Rep. 2017, 7, 45377. [CrossRef]

Gartel, A.L. Suppression of the Oncogenic Transcription Factor FOXM1 by Proteasome Inhibitors. Scientifica 2014, 2014, 596528.
[CrossRef]

Halasi, M.; Varaljai, R.; Benevolenskaya, E.; Gartel, A.L. A Novel Function of Molecular Chaperone HSP70. |. Biol. Chem. 2016,
291, 142-148. [CrossRef]

Liu, C.; Vorderbruggen, M.; Mufioz-Trujillo, C.; Kim, S.H.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S.; Karpf, A.R. NB
Compounds Are Potent and Efficacious FOXM1 Inhibitors in High-Grade Serous Ovarian Cancer Cells. J. Ovarian Res. 2024,
17, 94. [CrossRef]

Raghuwanshi, S.; Gartel, A.L. FOXM1 Induces Therapy Resistance and Inhibits Apoptosis in a Variety of Human Cancers. Cell
Death Dis. 2026, 17, 230. [CrossRef]

Chen, A.; Koehler, A.N. Transcription Factor Inhibition: Lessons Learned and Emerging Targets. Trends Mol. Med. 2020, 26,
508-518. [CrossRef]

Kumar, S.; Ziegler, Y.; Plotner, B.N.; Flatt, KM.; Kim, S.H.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S. Resistance to FOXM1
Inhibitors in Breast Cancer Is Accompanied by Impeding Ferroptosis and Apoptotic Cell Death. Breast Cancer Res. Treat. 2024,
208, 307-320. [CrossRef]

Baranski, O.A.; Kalinichenko, V.V,; Adami, G.R. Increased FOXM1 Expression Can Stimulate DNA Repair in Normal Hepatocytes
in Vivo but Also Increases Nuclear Foci Associated with Senescence. Cell Prolif. 2015, 48, 105-115. [CrossRef]

Smirnov, A.; Panatta, E.; Lena, A.; Castiglia, D.; Di Daniele, N.; Melino, G.; Candi, E. FOXM1 Regulates Proliferation, Senescence
and Oxidative Stress in Keratinocytes and Cancer Cells. Aging 2016, 8, 1384-1397. [CrossRef] [PubMed]

Halasi, M.; Pandit, B.; Wang, M.; Nogueira, V.; Hay, N.; Gartel, A.L. Combination of Oxidative Stress and FOXM1 Inhibitors
Induces Apoptosis in Cancer Cells and Inhibits Xenograft Tumor Growth. Am. J. Pathol. 2013, 183, 257-265. [CrossRef]
Katzenellenbogen, B.S.; Guillen, V.S.; Katzenellenbogen, J.A. Targeting the Oncogenic Transcription Factor FOXM1 to Improve
Outcomes in All Subtypes of Breast Cancer. Breast Cancer Res. BCR 2023, 25, 76. [CrossRef] [PubMed]

Merjaneh, N.; Hajjar, M.; Lan, Y.-W.; Kalinichenko, V.V.; Kalin, T.V. The Promise of Combination Therapies with FOXM1 Inhibitors
for Cancer Treatment. Cancers 2024, 16, 756. [CrossRef] [PubMed]

Borhani, S.; Gartel, A.L. FOXM1: A Potential Therapeutic Target in Human Solid Cancers. Expert Opin. Ther. Targets 2020,
24,205-217. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27125265


https://doi.org/10.1111/jcmm.12602
https://doi.org/10.1007/s12032-024-02427-0
https://doi.org/10.1038/s41419-021-03978-0
https://doi.org/10.1038/s41420-024-01929-0
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1186/s13046-022-02483-2
https://www.ncbi.nlm.nih.gov/pubmed/36171633
https://doi.org/10.1021/acs.molpharmaceut.5c00219
https://www.ncbi.nlm.nih.gov/pubmed/40367368
https://doi.org/10.1101/gad.1200704
https://www.ncbi.nlm.nih.gov/pubmed/15082532
https://doi.org/10.1038/s41419-023-06056-9
https://doi.org/10.1038/nrd3141
https://doi.org/10.1038/srep45377
https://doi.org/10.1155/2014/596528
https://doi.org/10.1074/jbc.M115.678227
https://doi.org/10.1186/s13048-024-01421-4
https://doi.org/10.1038/s41419-025-08321-5
https://doi.org/10.1016/j.molmed.2020.01.004
https://doi.org/10.1007/s10549-024-07420-9
https://doi.org/10.1111/cpr.12153
https://doi.org/10.18632/aging.100988
https://www.ncbi.nlm.nih.gov/pubmed/27385468
https://doi.org/10.1016/j.ajpath.2013.03.012
https://doi.org/10.1186/s13058-023-01675-8
https://www.ncbi.nlm.nih.gov/pubmed/37370117
https://doi.org/10.3390/cancers16040756
https://www.ncbi.nlm.nih.gov/pubmed/38398147
https://doi.org/10.1080/14728222.2020.1727888
https://doi.org/10.3390/ijms27125265

	Introduction 
	Structure of the FOXM1 Gene and Protein 
	Mechanisms Regulating FOXM1 Expression and Activity 
	Regulation of FOXM1 Expression 
	Post-Translational Regulation of FOXM1 
	Ubiquitination and Degradation 
	Deubiquitination 
	SUMOylation and Interaction with Proteasome Components 
	Phosphorylation 
	Acetylation 
	Methylation 


	FOXM1 Involvement in Cellular Process Regulation 
	FOXM1 Transcriptional Activity 
	FOXM1 Protein–Protein Interactions Mediating Its Functions 
	Interactions with Expression Regulators 
	Nuclear Condensate Formation 
	Regulation of Cell Division 
	Interactions with DNA Repair Factors 
	Interactions with mRNA and Protein Metabolism Proteins 
	FOXM1 in Intercellular Communication 


	Pharmacological Inhibition of FOXM1 Activity 
	Conclusions 
	References

