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Abstract. Prostate cancer is the leading cause of cancer-related
mortality among men worldwide. In particular, castra-
tion-resistant prostate cancer presents a formidable clinical
challenge and emphasizes the need to develop novel thera-
peutic strategies. Forkhead box M1 (FOXM1) is a multifaceted
transcription factor that is implicated in the acquisition of the
multiple cancer hallmark capabilities in prostate cancer cells,
including sustaining proliferative signaling, resisting cell
death and the activation of invasion and metastasis. Elevated
FOXMI expression is frequently observed in prostate cancer,
and in particular, FOXMI1 overexpression is closely associated
with poor clinical outcomes in patients with prostate cancer. In
the present review, recent advances in the understanding of the
oncogenic role of deregulated FOXM1 expression in prostate
cancer were highlighted. In addition, the molecular mecha-
nisms by which FOXM1 regulates prostate cancer development
and progression were described, thereby providing knowledge
and a conceptual framework for FOXMI. The present review
also provided valuable insight into the inherent challenges
associated with translating biomedical knowledge into effec-
tive therapeutic strategies for prostate cancer.
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1. Introduction

Prostate cancer is a highly prevalent malignancy and the
leading cause of cancer-related deaths among men world-
wide (1,2). Localized or organ-confined prostate cancer can be
effectively managed via surgical intervention or radiotherapy.
Patients with de novo or recurrent metastatic prostate cancer
initially exhibit favorable responses to androgen deprivation
therapy, known as chemical castration. However, most patients
eventually relapse and the disease progresses to an incurable
or lethal castration-resistant state (3-5). The emergence of
castration-resistant prostate cancer poses a substantial clinical
challenge that highlights the need for the development of
promising therapeutic strategies to overcome anti-cancer
therapy resistance.

Forkhead box (FOX) proteins represent a superfamily of
transcription factors that share an evolutionarily conserved
DNA-binding domain called the ‘forkhead box” or winged helix
domain. FOX proteins are encoded by 50 genes in the human
genome and may be categorized into 19 subfamilies (6) (Fig. 1).
FOX proteins have crucial roles in regulating a wide spectrum
of biological and developmental processes in response to envi-
ronmental cues. The dysregulation of FOX alters cell fate and
underlies various human diseases, particularly cancer (7-9).
Furthermore, several FOX proteins, including FOXM1, have
been shown to drive tumor initiation, progression, metastasis
and drug resistance in various human cancers (9).

Among the FOX proteins, FOXMI is ubiquitously
expressed in various tissues during embryogenesis and its
knockout leads to embryonic lethality owing to multiple
developmental defects (10). FOXM1 expression is mark-
edly decreased in adult tissues but is induced under various
regenerative conditions (10). In addition, overexpression
and mutation of FOXMI1 are frequently observed in various
human cancers, including prostate cancer (11-15). It has also
been confirmed that FOXMI has a crucial role in tumori-
genesis by regulating a multitude of biological processes,
such as cell cycle, proliferation, migration, differentiation,
apoptosis and metabolism (12,13,16). Therefore, FOXMI has
garnered attention as a promising target for the development
of anti-cancer drugs. However, to the best of our knowledge,
no comprehensive review that encompasses the oncogenic role
and mechanisms of action of FOXMI1 in prostate cancer has so
far been compiled.

In the present review, recent advances in the understanding
regarding the oncogenic role of FOXMI1 and its underlying
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mechanisms in prostate cancer were presented. The challenges
associated with FOXM1 were discussed and perspectives were
provided for further related research and the application of
the results obtained regarding the development of therapeutic
strategies for prostate cancer.

2. Dysregulation of FOXM1 expression in prostate cancer

FOXMI1 expression is frequently elevated in prostate cancer
tissues (17-27). It is regulated at multiple levels, including the
transcription, post-transcription and protein stability (21-43)
(Fig. 2). FOXM1-activatory molecules are generally upregu-
lated in prostate cancer tissues (21,24,25,34-36), whereas
FOXMI-inhibitory molecules are downregulated during pros-
tate cancer progression (27,30,32,37). However, the molecular
mechanisms associated with FOXM1 regulation in prostate
cancer have remained to be fully elucidated, particularly
regarding the nuclear localization and posttranslational modi-
fication of FOXMI. Therefore, further studies are required to
elucidate the molecular mechanisms underlying dysregulated
FOXMI1 expression and accurately predict its transcriptional
output in prostate cancer.

Overexpression of FOXMI in prostate cancer tissues.
Immunohistochemical, reverse transcription-PCR and
transcriptomic analyses have consistently shown elevated
FOXMI expression levels in prostate cancer tissues compared
to adjacent normal tissues (17-27). A higher FOXMI1
expression level has also been found to be significantly
associated with tumor grade, disease severity or therapeutic
resistance (18-20,22-24,28,29). In addition, FOXM1 over-
expression is closely associated with poor prognosis in
patients with prostate cancer (20,22,25-28,30-33) (Table I).
Furthermore, several immunohistochemical studies have
revealed that FOXM1 overexpression in the nucleus is strongly
associated with tumor grade, disease severity and poor clinical
outcomes (17,22,28). Therefore, targeting FOXM1 may be a
clinically useful therapeutic approach for prostate cancer.

FOXM1 overexpression via transcription. FOXMI transcrip-
tion is activated by various transcription factors, including
chicken ovalbumin upstream promoter transcription
factor II (COUP-TFII), cellular myelocytomatosis (c-Myc),
hypoxia-inducible factor o. (HIFla) and E2 promoter binding
factor 1 (E2F1) (21,24,34,35). These transcription factors
induce FOXM1 expression by directly binding to the FOXM1
promoter. Specifically, E2F1 has been found to upregulate
FOXMI expression by recruiting su(var)3-9, enhancer-of-zeste
and trithorax domain containing 1A (SETDI1A), a histone
H3K4 methyltransferase (25). Conversely, specificity protein 1,
which is upregulated by G2 and S phase-expressed-1, also
upregulates FOXM1 expression (36).

FOXM1 overexpression via derepression. Liver X receptor o
(LXRa) knockdown was reported to upregulate FOXM1
expression (27).Indeed, a negative association has been observed
between LXRa and FOXMI1 in prostate tumor tissues (27).
SAM-pointed domain-containing ETS transcription factor
(SPDEF) also represses FOXM1 gene transcription by directly
binding to the FOXMI1 promoter (30). In addition, regucalcin

and dachshund homolog 1 (DACH1), a winged helix/forkhead
DNA-binding protein, suppresses FOXM1 expression (32,37).
However, the expression levels of these repressive proteins are
markedly reduced during prostate cancer progression and this
leads to the derepression of FOXMI expression.

FOXM1 overexpression via post-transcription. FOXM1
expression is increased by long noncoding RNAs, such
as homeobox D cluster antisense RNA 1 (HOXD-ASI1)
and dipeptidyl peptidase-like 10-antisense RNA 1
(DPP10-AS1) (38,39). Furthermore, HOXD-AS1 mediates
H3 lysine 4 (H3K4) trimethylation at the FOXM1 promoter
by binding with tryptophan-aspartate repeat domain 5
(38). HOXD-ASI also upregulates FOXMI1 expression by
sponging micro (mi)RNA miR-361-5p (40). By contrast,
DPP10-AS1 induces cyclic AMP response element-binding
protein-binding protein-mediated H3K27 acetylation at the
FOXM1 promoter (39).

The post-transcriptional stability of FOXM1 mRNA
is decreased by several miRNAs, including miR-31 and
miR-193b (23,41). By contrast, miR-101 and miR-27a indirectly
reduce FOXM1 expression by inhibiting COUP-TFII (34).
MiR-877-5p also suppresses FOXM1 expression (42). These
miRNAs are frequently downregulated in prostate cancer and
this may partly explain the underlying mechanism of FOXM1
overexpression.

FOXM1 overexpression by protein stability. FOXMI1 expres-
sion is regulated by altering O-linked [-N-acetylglucosamine
transferase (OGT)-mediated protein stability (43). OGT
upregulates FOXMI expression by preventing its proteasomal
degradation. However, as FOXM1 is not O-GlcNAcylated,
OGT appears to indirectly regulate FOXM1 stability.

Other mechanisms. Transgenic adenocarcinoma of the mouse
prostate (TRAMP) mice show upregulated FOXM1 expres-
sion, which is reversed via surgical castration (44). However,
the synthetic androgen R1881 does not affect FOXMI1 expres-
sion levels (45). This suggests that FOXM1 expression is
upregulated in TRAMP mice through a mechanism that is
independent of androgen receptor (AR) signaling. By contrast,
p66Shc, an oxidative stress response protein, upregulates
FOXML1 protein levels (46).

Summary of the regulation of FOXM1 expression. Several
studies have contributed to the current knowledge regarding
FOXMI1 expression. However, the determinants of the expres-
sion levels of FOXMI and its activity have remained to be fully
elucidated. For instance, it remains unclear whether molecular
signaling or nuclear transport pathways have crucial roles in
the direct regulation of FOXM1 expression in prostate cancer.
Therefore, efforts are required to further provide a compre-
hensive explanation and prediction of FOXMI-mediated
biological outcomes.

3. Role of FOXM1 in prostate cancer
FOXM1 regulates various cancer hallmark-related biological

processes, including cell cycle, survival, proliferation, apop-
tosis, autophagy, migration and invasion (Table II). In this
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Figure 1. Overview of the structural organization of FOXM1 subfamily members. FOX, forkhead box.
Transcription Posttranscription _Protein stability Others with prostate cancer (50,51). By contrast, FOXM1 knockdown
C%L_J;;F" SP1 ;‘F?;ﬂ%'_’)\ss} oeT ,peesm induces prostate cancer cell apoptosis (26,48). In addition,
"é'zF;? : FOXMI1 inhibition by miRNAs (e.g., miR-193b) or chemical
\ compounds [e.g., forkhead domain inhibitory compound-6
\ v Yoo (FDI-6), niclosamide, siomycin A, SR9009, morusin, cinnam-
aldehyde, cinnamic acid and eugenol] was reported to induce
7 = apoptosis (23,26,27,33,50,52,53).
[ It has also been observed that FOXM1 attenuates cell death
miR-27a > Activation by inducing protective autophagy (49). Furthermore, FOXM1
crogr | Couealan - mRSt m'i’;{‘z‘;%p a1 | = '[’,‘i*,‘:’cif“’” overexpression activates adenosine monophosphate-activated
Transcription Posttranscription Others - Indirect protein kinase (AMPK) and inhibits mammalian target of

Figure 2. Regulation of FOXM1 expression in human prostate cancer. FOX,
forkhead box. COUP-TFII, chicken ovalbumin upstream promoter transcrip-
tion factor II; c-Myc, cellular myelocytomatosis; HIF1a, hypoxia-inducible
factor a; E2F1, E2 promoter binding factor; SPI1, specificity protein 1;
HOXD-ASI, homeobox D cluster antisense RNA 1; DPP10-ASl1, dipeptidyl
peptidase-like 10-antisense RNA 1; OGT, O-linked f-N-acetylglucosamine
transferase; SPDEF, SAM-pointed domain-containing ETS transcription
factor; LXRa, liver X receptor o; DACH1, dachshund homolog 1.

section, the molecular mechanisms and biological roles of
FOXMI in prostate cancer were summarized.

Apoptosis and autophagy. In cell culture models, FOXM1
was observed to enable prostate cancer cells to acquire
a cancer hallmark capability of resistance or evasion of
apoptosis. Furthermore, FOMXI1 overexpression suppresses
apoptosis (47-49) by inducing the ribonucleotide reductase
small subunit M2 (RRM2) or enhancer of zeste homolog 2
(EZH?2) (26,50). The expression levels of RRM2 and EZH?2 are
frequently elevated in prostate cancer and their upregulation
is closely associated with poor clinical outcomes in patients

rapamycin (mTOR) activity, leading to autophagy. However,
AMPK inhibitor compound C and mTOR activator MHY 1485
were observed to abolish FOXM1-mediated autophagy and
trigger apoptosis (49).

Cell proliferation and tumor growth. FOXMI1 exerts
oncogenic effects by sustaining proliferative signaling and
evading growth suppressors in various experimental models,
including cell cultures, xenografts and genetically engi-
neered mouse models. Furthermore, FOXM1 knockdown
suppresses cell cycle progression, cell viability, prolif-
eration, colony formation or tumor growth (17,23,26,27,36
,48-50,52,54). In addition, FOXMI1 inhibition by miRNAs
(e.g., miR-877-5p) or chemical compounds [e.g., natura-a,
tetramethylpyrazine (TMP), thiostrepton, monensin, FDI-6,
thiostrepton, SR9009, morusin and baicalin] also reproduces
knockdown phenotypes (20,27,33,36,42,47,50,55,56). By
contrast, upregulation of FOXM1 by upstream molecules,
such as c-Myc, DPP10-AS1, HOXD-ASI and SETDIA, or
dibutyl phthalate, was observed to promote cell prolifera-
tion, colony formation and tumor growth (21,25,38,39,57).
Furthermore, FOXMI1 upregulation following SPDEF
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Table I. Survival outcome of patients with prostate cancer based on forkhead box M1 expression level.

First author, year Data source Hazard ratio; P-value Clinical outcome (Refs.)
Cheng, 2014 GSE16560 P=0.049 Overall survival 30)
Ketola, 2017 GSE21032 (Taylor dataset) P<0.001 Disease-free survival (20)
Xu, 2022 GEPIA 1.9; P=0.0049 Disease-free survival 27
Tian, 2021 Rembrandt P=0.0107 Overall survival (26)
Sharma, 2021 TCGA P<0.01 Recurrence-free survival (32)
Koo, 2023 TCGA 3.7; P=2.8x107 Overall survival (33)
Kim, 2019 Korea prostate bank 10.524; P=0.022 Biochemical recurrence-free survival 22)
Tian, 2021 Private data P=0.0125 Overall survival (26)

TCGA, The Cancer Genome Atlas.

inhibition also stimulated cell proliferation and tumor
growth (30).

The possible mechanisms of cell proliferation and
tumor growth mediated by FOXMI1 include the induction of
11B-hydroxysteroid dehydrogenase 2, cell division cycle 6
(CDC6) and exonuclease 1 by FOXM1 (52,58,59), which also
cooperates with other oncogenes, including AR and centromere
protein F (CENPF) (28,31,34,59). The FOXM1-AR interaction
has a crucial role in CDC6 upregulation (59), whereas the
FOXMI1-CENPF interaction activates various signaling path-
ways associated with prostate cancer malignancy, including
the cell cycle and the PI3K and MAPK pathways (28). The
combined inhibition of FOXM1 and AR or FOXMI1 and
CENPF using small interfering RNAs or chemical inhibitors
significantly inhibit cell proliferation, colony formation and
tumor growth (28,31,59).

Invasion and metastasis. FOXM1 has been shown to accel-
erate tumor malignancy by inducing angiogenesis and
activating invasion and metastasis in cell cultures, xenografts
and genetically engineered mouse models, while its knock-
down inhibits cell migration and invasion (19,24,26,48,50).
Furthermore, FOXM1 inhibition by miRNAs (miR-193b and
miR-877-5p) or chemical compounds (FDI-6, TMP, thio-
strepton, SR9009, natura-o and docetaxel plus anestat) also
suppresses cell migration and invasion (23,27,42.,46,55,56,60).
In addition, FOXM1 inactivation via OGT depletion, regu-
calcin overexpression or FOXM1 gene ablation was reported
to reduce angiogenesis, cell invasion and tumor metastasis
(32,43,58). By contrast, ectopic FOXMI1 expression or FOXM1
upregulation by COUP-TFII, c-Myc, HIFla and exosomal
HOXD-AS1 was observed to stimulate cell migration and
invasion (21,24,34,40,48). Furthermore, FOXM1 upregulation
following SPDEF inhibition also promoted cell migration and
invasion (30).

The possible mechanisms of FOXMIl-activated angio-
genesis, invasion and metastasis include the upregulation of
vascular endothelial growth factor, lysyl oxidase, versican and
RRM2, as well as the stimulation of TGFB-mediated epithe-
lial-mesenchymal transition by FOXM1 (19,24,43,50,58).
Of note, FOXMI inhibition suppressed the expression of
E-cadherin and upregulates the expression of vimentin, Slug
and zinc finger E-box binding homeobox 2 (19,24).

Drug resistance. FOXM1 has been shown to confer resistance
to chemical castration and nonselective chemotherapy in pros-
tate cancer cells. FOXM1 knockdown enhances the efficacy
of enzalutamide, an anti-androgen drug, as well as that of
docetaxel (34,49). Furthermore, FOXMI1 inhibition by miRNAs
(e.g., miR-101 and miR-27a) or chemicals (e.g., thiostrepton)
also increases sensitivity to docetaxel (34,48). HOXD-ASI1
knockdown also represses resistance to bicalutamide and
paclitaxel, possibly by suppressing FOXM1 expression (38).
Furthermore, inhibition of FOXM1-induced autophagy via the
knockdown of autophagy-related (ATG) protein 7 or beclin-1
or using chloroquine, compound C or MHY 1485 restored
sensitivity to docetaxel in FOXM]1-overexpressing cells (49).
Conversely, FOXM1 overexpression leads to enzalutamide and
docetaxel resistance (34,48.,49).

The upregulation of the plant homeodomain and an
interesting new gene, finger domain-containing 1 is involved
in FOXM1-mediated therapeutic resistance (29). In addi-
tion, FOXM1-mediated AR upregulation provides a possible
explanation for resistance to chemical castration in prostate
cancer (45).

Other biological processes. FOXMI1 regulates cancer stem-
ness and metabolic programs in cell culture and xenograft
models. Specifically, inhibition of FOXMI by thiostrepton
or monensin suppresses cancer stemness (20), while its
overexpression increases the expression levels of cancer stem
cell-associated molecules, such as aldehyde dehydrogenase 1
(ALDH1), NANOG homeobox, sex-determining region of
Y-related high mobility group-box (SOX) and sonic hedgehog
(SHH) (29). Furthermore, FOXM!1 inhibition using morusin
suppresses glycolysis by reducing the expression of hexokinase
2 (HK?2), pyruvate kinase M2 (PKM?2) and lactate dehydro-
genase A (LDHA) (33), implicating FOXM1 in deregulating
cellular energetics, a cancer hallmark.

Summary of the role of FOXM1 in prostate cancer. FOXM1 is
a crucial determinant of tumor cell physiology in established
prostate cancer cells, as evidenced by loss-of-function experi-
ments, which showed reduced cell survival, proliferation,
migration and invasion. However, the role of FOXM1 in driving
prostate cancer remains inconclusive, as FOXMI transgenic
mice do not develop prostate tumors or hyperplasia (17,58).
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Table II. Summary of the biological roles of FOXM1 in human prostate cancer.
First author, Possible molecular
year Phenomenon Effect mechanism Cell model Animal model (Refs.)
Tian, 2021 Apoptosis Inhibition Increase in Bcl-2 and  22Rv1,C4-2, siFOXM1-expressing (26)
RRM2 expression DU145,DU145-DR, PC3-DR-
Xu, 2022 LNCaP, PC3, PC3- xenografted mouse 27
Yu, 2020 DR, VCaP, VCaP- “7n
Yu, 2020 DR (48)
Lin, 2020 49)
Mazzu, 2019 (50)
Wu, 2018 54
Lin, 2020 Autophagy  Activation Increase in AMPK PC3,PC3-DR, / (49)
activity; Decrease in VCaP, VCaP-DR
mTOR activity
Kalin, 2006  Cell Activation Increase in AR, 22Rv1,C4-2, LNCaP-xenografted (17
Pan, 2018 proliferation EXO0O1,CDC6, DU145,DU145-DR, mouse; LNCaP-Al-
Mazzu, 2019 and tumor 113-HSD2, LNCaP, Myc-CaP, xenografted mouse; 21
Tian, 2021 growth KIF20A, RRM2, PC3, TRAMP C2, DU145-DR-xenografted
Xu, 2022 cyclin A2, cyclin VCaP, VCaP-DR mouse; FOXM1- (23)
Aytes, 2014 B1, cyclin B2, overexpressing PC3- (26)
Cheng, 2014 cyclin E1, cyclin D1, xenografted mouse; 27
Lai, 2021 Cdc25b and CDK1 FOXM1-overexpressing (28)
Yu, 2020 expression LADY mouse; FOXM1- 30)
Yu, 2020 overexpressing; TRAMP
Mazzu, 2019 mouse; FOXM]1-deleted 36)
Kim, 2021 TRAMP mouse; “@7n
Wu, 2018 shFOXM1-expressing (48)
Li, 2011 DU145-xenografted (50)
Zhou, 2017 mouse (52)
Cai, 2013 (62
Liu, 2014 (55)
(56)
(58)
(59)
Wang, 2014 Invasion and Activation Increase in EXOI, 22Rv1,C4-2, 22Rv1-xenografted (19)
Pan, 2018 metastasis KIF20A, RRM2, DU145,DU145-DR, mouse; FOXM1- 2n
Tang, 2019 vimentin, SLUG, LNCaP, PC3, PC3- overexpressing 24)
LOX, VCAN, ZEB2 ML, TRAMP C2, TRAMP mouse; TRAMP
and VEGF expression; VCaP, VCaP-DR FOXM1-deleted mouse
Tian, 2021 Decrease in (26)
Cheng, 2014 E-cadherin expression 30)
Lin, 2016 (34)
Lynch, 2012 43)
Yu, 2020 (48)
Mazzu, 2019 (50)
Kim, 2021 (52)
Li, 2011 (55)
Zhou, 2017 (56)
Cai, 2013 (58)
Qu, 2018 (60)
Yuan, 2018  Drug Activation Increase in UHRF1 DU145-DR, LNCaP- siFOXM]1-expressing (29)
Lin, 2016 resistance and AR expression ER, PC3-DR, VCaP- PC3-DR-xenografted (34)
Gu, 2017 DR mouse (38)
Liu, 2017 45)
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Table II. Continued.

First author,

Possible molecular

year Phenomenon Effect mechanism Cell model Animal model  (Refs.)
Yu, 2020 (48)
Lin, 2020 (49)
Yuan, 2018 Cancer Activation  Increase in ALDHI1, DU145,DU145-DR, / 29)
Koo, 2023 stemness and NANOG, SOX2 PC3 (30)
energy and SHH expression;
metabolism Increase in HK2, PKM2,

and LDHA expression

DR, docetaxel-resistant; ER, enzalutamide resistance; Al, androgen-independent; FOX, forkhead box; RRM2, ribonucleotide reductase small
subunit M2; EZH2, enhancer of zeste homolog 2; AMPK, adenosine monophosphate-activated protein kinase; mTOR, mammalian target
of rapamycin; AR, androgen receptor; EXO1, exonuclease 1; CDC6, cell division cycle 6; 113-HSD2, 113-hydroxysteroid dehydrogenase
2; KIF20A, kinesin family member 20A; cdc25b, cell division cycle 25b; CDK1, cyclin dependent kinase 1; LOX, lysyl oxidase; VCAN,
versican; ZEB2, zinc finger E-box binding homeobox 2; VEGF, vascular endothelial growth factor; ALDHI1, aldehyde dehydrogenase 1;
SOX2, sex-determining region of Y-related high mobility group-box; SHH, sonic hedgehog; HK2, hexokinase 2; PKM2, pyruvate kinase M2;

LDHA, lactate dehydrogenase A.

Furthermore, FOXM1 overexpression significantly accelerates
tumor development and growth in TRAMP or LADY prostate
cancer mouse models (17). These findings suggest that the
precise role of FOXMI and its underlying molecular mecha-
nisms in prostate cancer development and progression are yet
to be fully elucidated.

4. Therapeutic agents targeting FOXM1 in prostate cancer

Numerous synthetic and naturally occurring compounds
have been shown to inhibit FOXMI1 expression in prostate
cancer cells. These compounds include siomycin A (61), thio-
strepton (48,61), natura-a (55), metformin (19), TMP (39,56),
monensin (20), FDI-6 (46), mocetinostat (23), baicalin (47),
niclosamide (52), dilazep (62), MYCi975 (35), SR9009 (27)
and morusin (33). In addition, combination therapies with
rapamycin and PD0325901 (31) or docetaxel and aneustat (60)
have also been shown to inhibit FOXM1 activity or expression.
These compounds exert anti-cancer effects by modulating
various biological processes, including cell proliferation,
migration, invasion or apoptosis (Table III). Among them,
siomycin A has been found to potentiate the anti-cancer effects
of bicalutamide (45,59), whereas thiostrepton has been shown
to increase sensitivity to docetaxel (48). However, only a small
number of compounds have been validated via FOXMI rescue
experiments, which demonstrated their ability to reverse
phenotypic alterations. For instance, natura-a inhibits cell
proliferation and invasion (55); tetramethylpyrazine suppresses
cell proliferation, colony formation, migration and inva-
sion (56), and combined treatment with docetaxel and aneustat
reduces cell migration (60). It has also been noted that these
alterations can be reversed via forced FOXM1 expression.
Numerous compounds that suppress FOXM1 expression
exhibit anti-tumor activity against prostate cancer, suggesting
that therapeutic strategies targeting FOXM1 may be useful
in the treatment of prostate cancer. However, further studies
are necessary to establish whether these anti-tumor effects

are solely attributable to FOXMI inhibition. Moreover, the
specific mechanisms by which these compounds inhibit
FOXMI1 expression need to be elucidated.

5. Summary and future direction

Altered transcriptional programs improve the biological
fitness of prostate cancer cells under various stress conditions,
providing survival benefits to these cells in a given micro-
environment. FOXMI1, a representative transcription factor,
enhances prostate cancer cell survival by regulating tran-
scription. Increased FOXM1 expression, which is frequently
observed in prostate cancer cells, is associated with disease
severity and a poor prognosis in patients. FOXMI1 also mediates
cancer hallmarks, including sustaining proliferative signaling,
resisting cell death and activating invasion and metastasis.
Furthermore, FOXMI1 enhances sensitivity to anti-androgen
therapy or nonselective chemotherapy. Therefore, these
results suggest that FOXM1 holds promising potential as a
therapeutic target in prostate cancer. In addition, FOXM1 has
been indicated to have clinical utility as both a prognostic and
predictive marker in prostate cancer.

However, several challenges still exist with respect to
understanding the role of FOXMI in prostate cancer. First,
current research has mainly focused on identifying the
molecular mechanisms that regulate FOXMI1 expression.
Therefore, the molecular signaling mechanisms that control
FOXMI1 activity in prostate cancer, such as post-transla-
tional modifications and subcellular localization, require
further elucidation. Second, FOXM]1 has four different
splicing variants (11), and it remains unclear whether these
different variants have specific oncogenic functions. Third,
FOX proteins may act as monomers or dimers with other
interacting partners (8). Therefore, additional studies are
necessary to determine which transcription and chromatic
remodeling factors cooperate with FOXMI1 during prostate
cancer progression. Furthermore, it is necessary to investigate
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Table III. Anti-tumor activity of the compounds inhibiting FOXM1 expression.
Effective concentration or dose for inhibiting FOXM1 expression
In vitro experiment In vivo experiment
First author, Dose, Anti-tumor
year Compound name Model Concentration Model mg/kg activity (Refs.)
Pandit, 2010 Siomycin A DU145, 5uM / / Apoptosis? (61)
LNCaP, PC3 Proliferation
Pandit, 2010 Thiostrepton DU145, 5uM / / Apoptosis? 61)
LNCaP, PC3 Proliferation|
Yu, 2020 DU145-DR, 3uM DU145-DR- 30  Proliferation| (48)
VCaP-DR xenografted mouse
Li, 2011 Natura-a LNCaP, 4-10 mmol/l LNCaP and 100  Proliferation|  (55)
LNCaP-Al LNCaP-AI- Invasion]
xenografted mouse
Bu, 2023 C4-2 5.067 uM / / Apoptosis? 7
PC3 4.523 uM / / Proliferation
Wang, 2014 Metformin DU145 20 mM / / Proliferation|  (19)
Zhou, 2017 Tetramethylpyrazine PC3 100-1,000 PC3-xenografted 10-100 Proliferation]  (56)
g/l mouse Invasion|
Migration |
Zhou, 2020 / / DPP10-AS1- 50 Proliferation]  (39)
overexpressing
PC3-xenografted
mouse
Ketola, 2017 Monensin 42D-ER 10-100 nM 42D-ER- 10 Proliferation]  (20)
xenografted mouse
Ingersoll, 2018 FDI-6 LNCaP 5uM / / Proliferation]  (46)
Migration |
Mazzu, 2019  Mocetinostat LNCaP, 22Rvl 1 uM / / Proliferation|  (23)
Yu, 2020 Baicalin LNCaP, PC-3 10 pg/ml LNCaP- 10-40  Proliferation|  (47)
xenografted mouse
Kim, 2021 Niclosamide 22Rv1,PC3 0.25-10uM  22Rvl- 20-50  Apoptosis? (52)
xenografted mouse Proliferation|
Kaochar, 2021 Dilazep LNCaP, 50 uM MDA PCa337A- 50 Proliferation|  (62)
LNCaP-Abl, xenografted mouse
LNCaP-ER
Holmes, 2022 MYCi975 22Rv1 10 uM 22Rv1- 100  Proliferation]  (35)
xenografted mouse
Xu, 2022 SR9009 22Rv1,PC3 20 uM 22Rvl1- 100  Apoptosist 27)
xenografted mouse Proliferation|
Migration |
Koo, 2023 Morusin DU145,PC3 5-10 uM / / Apoptosis? (33)
Proliferation|
Mitrofanova, = Rapamycin + 22Rvl, 3uM+ / / Proliferation]  (31)
2015 PD0325901 DU145, PC3 1 uM
Qu, 2018 Aneustat + C4-2 100 pg/ml + / / Invasion| (60)
Docetaxel 5nM Migration |

DR, docetaxel-resistant; Al, androgen-independent; ER, enzalutamide-resistant; FDI-6, forkhead domain inhibitory compound-6; Abl, ablation

of androgen; FOX,

foxhead box.
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changes in FOXM1-mediated transcription programs and
outputs that drive tumor development and progression.
Fourth, it is important to clarify the molecular mechanisms
by which FOXMI1 contributes to therapeutic resistance
and androgen independence in prostate cancer. Finally, the
tumor microenvironment (TME) has an important role in
cancer evolution, with hypoxia leading to the selection of
more malignant prostate cancer cells. However, the role of
FOXM1 in the TME remains poorly understood. Therefore,
further research should focus on answering these questions to
improve our understanding of the role of FOXMI in prostate
cancer biology and treatment.
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