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Abstract: Transcription factors (TFs) are proteins essential for the regulation of gene expression, and
they regulate the genes involved in different cellular processes, such as proliferation, differentiation,
survival, and apoptosis. Although their expression is essential in normal physiological conditions,
abnormal regulation of TFs plays critical role in several diseases, including cancer. In prostate cancer,
the most common malignancy in men, TFs are known to play crucial roles in the initiation, progression,
and resistance to therapy of the disease. Understanding the interplay between these TFs and their
downstream targets provides insights into the molecular basis of prostate cancer pathogenesis. In
this review, we discuss the involvement of key TFs, including the E26 Transformation-Specific
(ETS) Family (ERG and SPDEF), NF-«B, Activating Protein-1 (AP-1), MYC, and androgen receptor
(AR), in prostate cancer while focusing on the molecular mechanisms involved in prostate cancer
development. We also discuss emerging diagnostic strategies, early detection, and risk stratification
using TFs. Furthermore, we explore the development of therapeutic interventions targeting TF
pathways, including the use of small molecule inhibitors, gene therapies, and immunotherapies,
aimed at disrupting oncogenic TF signaling and improving patient outcomes. Understanding the
complex regulation of TFs in prostate cancer provides valuable insights into disease biology, which
ultimately may lead to advancing precision approaches for patients.
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1. Introduction

According to the last Global Cancer Observatory (GLOBOCAN) report, approximately
20 million people are affected by some type of cancer manifestation. Prostate cancer (PCa)
is the second most common type of cancer and holds the second highest rate of mortality
among men worldwide [1]. Researchers globally commit their efforts to discovering
effective treatments and more accurate diagnostic tools to address the challenges posed
by PCa. Achieving this goal requires a comprehensive understanding of the mechanistic
aspects of PCa. Regulation of protein expression is a complex event that involves tight
regulation of different components. One class of proteins essential in protein expression
is transcription factors (TFs). TFs play a critical role in the regulation of genes during
homeostasis and across various cancer types. TFs recognize and bind directly to specific
DNA sequences, resulting in direct and/or indirect activation of downstream genes [2,3].

PCa exhibits remarkable diversity in transcription factor involvement, reflecting the
complexity of its pathogenesis and heterogeneity across patients. Transcription factors
play pivotal roles in modulating gene expression programs that drive various aspects of
PCa development, including proliferation, survival, differentiation, and metastasis. Key
transcription factors implicated in PCa encompass a diverse array of families. The role
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of TFs in PCa is highly diverse. For instance, pioneer factors, such as FOXA1, are also
targeted for therapeutic purposes in PCa [4]. In addition, TP53, RB1, and BRCA1-2 play
an important role as tumor suppressors. Interestingly, these genes are commonly mutated
in cancer patients, and the loss of their function often results in a more aggressive cancer
phenotype. Although not acting mechanistically as a TF, BRCA1-2 directly influence TFs,
such as AR [5] and MYC [6]. Given their importance, the discussion surrounding their
roles in cancer and their potential as therapy targets is a topic of significant debate [7-13].

In this review, we will discuss the roles of TFs that play direct and significant roles
in regulating key cellular processes in PCa, thus providing information regarding the
molecular interactions that drive disease progression. We provide a significant discussion
on SPDEF (SAM Pointed Domain Containing ETS Transcription Factor), ERG, andro-
gen receptor (AR), Activating Protein-1 (AP-1), NF-«B (nuclear factor kappa-light-chain-
enhancer of activated B cells), and MYC in PCa development, focusing on the molec-
ular mechanisms involved in PCa development as well as their use in diagnostics and
therapeutic approaches.

2. The ETS Family

The oncogenes family, ETS, is composed of 28 members divided into 11 sub-families
that function as TFs in cells [14]. They share a conserved DNA-binding domain (DBD) with
a helix-turn-helix structure named the ETS domain (Figure 1A) [14]. The transactivation of
ETS factors is regulated by phosphorylation as well as interactions with other TFs [15]. They
have key roles in essential physiological processes, such as hematopoiesis, angiogenesis,
organogenesis, tissue development, differentiation, cell-cycle control, and cell proliferation,
acting as transcriptional enhancers and repressors [4]. Interestingly, members of the ETS
family are linked to oncogenesis because deregulation causes cellular transformation.
Furthermore, differential expression or activation of various members of the ETS family is
known to play a role in tumor progression and metastasis of cancer [15].
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Figure 1. Representation of the ETS family of transcription factor SPDEF and ERG. (A) Gen-
eral structure of the ETS family of TFs showing the PNT (SAM pointed domain, which mediates
protein—protein interactions within the ETS family) and the ETS (E26 transformation-specific) flanked
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by the Id region (interaction domains). (B) The SPDEF protein structure, including the PNT domain
responsible for mediating protein—protein interactions within the ETS family, in addition to an
ETS domain. (C) Example crosstalk between AR and SPDEF. Interaction of DHT and AR leads to
activation of SPDEF and its transport to the nucleus. The complex AR/SPDEF interacts with RNApol,
activating the transcription of target genes, such as ZBTB46, TGFBI, and CCL2. In turn, SPDEF targets
genes, such as ZBTB46, leading to upregulation of PTGS1, LIF, Snail, and CCL2 proteins involved
in processes, such as tumor progression and metastasis. SPEDF activation leads to activation of
inflammatory-associated gene and cancer pathophysiology, cell proliferation, EMT, and metastasis
that result in CRPC-NE differentiation and progression. (D) The ERG protein structure features
a PNT domain, an ETS domain, and a TAD domain (transactivation domain). (E) TMPRSS2-ERG
fusion. TMPRSS2-ERG fusion occurs in both normal and tumor cells. In prostate cancer, genomic
rearrangement leads to TMPRSS2-ERG fusion, resulting in overexpression of genes associated with
WNT and TGFB1/BMP transduction cascades and deregulation of tumor suppressor genes, such as
BRCAL1, BRCAZ2, p53, and PTEN. (Abbreviations: CRPC-NE, castration-resistant prostate cancer with
neuroendocrine differentiation; EMT, Epithelial-to-Mesenchymal Transition).

2.1. SPDEF in PCa, the Double Agent

SPDEF (SAM Pointed Domain Containing ETS Transcription Factor), also called
prostate-derived ETS factor (PDEF), has a vital function not only in normal cell development
but also in cancer development. SPDEF is a member of the ETS transcription factor family,
which controls important cellular processes, such as cytoskeleton organization and cell cycle
progression [16,17]. Like all members of the ETS, SPDEF contains the highly conserved
ETS DNA binding domain; however, the N-terminal SAM or pointed (PNT) domain
that aids protein—protein interactions and dimerization in SPDEF shows weak homology.
Therefore, SPDEF only binds to the GGAT DNA motif rather than the GGAA DNA motif
(Figure 1B) [18]. SPDEF expression in tumor tissue is organ- as well as subtype-specific. In
lung, brain, metastatic gastric, and ovarian cancer, SPDEF expression is higher compared to
the normal organ tissue [19-21] and acts as an oncogene, promoting proliferation, migration,
and invasion in other cancer types, like head-and-neck squamous cancer [22], and in hepatic
carcinoma decreased expression is reported [17,23].

SPDEF has a dual role in cancer by potentializing or inhibiting and acting upon
features, such as adhesion, migration, invasion, and epithelial-mesenchymal transition
(EMT) [16,17]. The loss of function of SPDEF combined with TGFBI and androgen-
deprivation therapy (ADT) promotes EMT and bone metastasis [24]. In contrast, the
overexpression of SPDEF leads to a reduction in mRNA and protein levels of TF Foxm1,
leading to tumor proliferation. Targeting Foxm1 through SPDEF may be an option to
disrupt the positive feedback loop that accelerates tumor cell proliferation (Figure 1C) [25].

The chemokine C-C motif ligand 2 (CCL2) is essential in recruiting tumor-associated
macrophages. It mediates EMT induced by ADT and reduces the transcriptional repressor
SPDEEF. In tissues from PCa patients receiving ADT, low SPDEEF levels were correlated with
high CCL2 expression compared to treatment-naive patients [26,27].

The interplay between SPDEF and other TFs, signaling pathways, and microenviron-
mental cues likely determines the effect of SPDEF on cancer cell behavior. In PCa, SPDEF
was first reported as an oncogenic driver [18,28]. However, in other reports, SPDEF has
been identified as a tumor suppressor, especially in metastatic PCa cases [25,29-31].

SPDEF is significantly upregulated in PCa tissue compared to normal epithelial tissue
and is associated with Gleason grade, lymph node metastasis, prostate-specific antigen
(PSA), and aggressive behavior [32]. Also, SPDEF is more frequently overexpressed in
ERG (ETS-related Gene)-positive PCa than in ERG-negative cases [32]. Interestingly, the
androgen regulates NK3 Homeobox 1 (NKX3.1) gene, whose expression is predominantly
localized in the prostate epithelium and has a close correlation with SPDEF function in
PCa. It acts as a negative regulator of cell growth in prostate tissue. NKX3.1 was identified
as a SPDEEF partner that inactivates SPDEF transcriptional activation [33]. Moreover, our
group demonstrated that in PCa cell lines, SPDEF inhibition results in morphological cell
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changes accompanied by decreased epithelial markers, increased mesenchymal markers,
decreasing cell adhesion, and increasing invasion and migration through activation of
the TGEFP pathway [29]. In addition, we demonstrated that SPDEF protein stability and
its effects on progression and metastasis are regulated by the CDK11p58/GADD45c/y
pathway [34].

Applications of SPDEF in Prostate Cancer Detection

SPDEEF plays a crucial role in regulating genes associated with PCa progression and
metastasis, making it a potential biomarker for risk stratification and treatment decisions.
For instance, the detection of TMPRSS2 (Transmembrane Protease Serine 2) linked to
SPDEF in urine can be an indicator of the aggressiveness and metastatic potential of PCa
tumors [35,36].

RNA expression of SPDEF, ERG, and Prostate Cancer Antigen 3 (PCA3) detected
in urine samples outperformed mainstream markers in the prediction of PCa with high
sensitivity and specificity to PCa [37]. The RNA levels of these same genes (SPDEF,
ERG, and PCA3) when isolated from urine-derived exosomes can be used to predict the
probability of a high-grade PCa without the necessity of a digital rectal exam
(DRE) [36,38—41]. The evaluation of these markers allied with the standard clinical crite-
ria analysis increased by 30% the detection of high-grade PCa, thus improving patient
stratification and medical practitioners’ decision making [42].

2.2. ERG and ERG Translocations

The ERG gene is located on chromosome 21q22 (Figure 1D) and is expressed in
mesodermal cells, hematopoietic stem cells, and endothelial cells. ERG overexpression
is known to inhibit programmed cell death and induce cell transformation and tumor
development [43]. Once activated, ERG can modulate several signaling pathways impli-
cated in PCa progression. It has been shown to upregulate the expression of Phosphoinosi-
tide 3-Kinase (PI3K) pathway components, leading to increased activation of downstream
signaling molecules and enhanced tumor growth. The ERG gene plays a role in PCa de-
velopment and is upregulated in metastatic PCa [44,45]. In PCa, ERG activates proteins,
such as WNT, EZH2, TGFB, and SOX9 [46,47], and is known to induce NF-kB-mediated
transcription through phosphorylation of NF-«kB p65 [48], thus playing an important role in
inducing the invasion of PCa cells. Moreover, ERG can affect EMT, a process implicated in
cancer metastasis. ERG expression has been associated with the induction of EMT-related
genes, such as FZD4, and loss of epithelial markers, such as E-cadherin [46,49,50]. Also,
transactivation of vimentin (another EMT marker) mediated by ERG is known to increase
cell mobility and invasion, thus promoting a more aggressive phenotype in PCa cells.

However, the most well-known mechanism of ERG activation in PCa is through gene
fusions. In fact, gene rearrangement is observed in the majority (57-80%) of PCa tissue
samples, and the TMPRSS2/ERG rearrangement in particular is present in 50% of prostate
tumors [44,45]. TMPRSS?2 is a type II transmembrane serine protease expressed in epithelial
cells associated with physiological and pathological processes. Interestingly, TMPRSS2
is expressed at higher levels in the prostate when compared to other tissues [51]. The
androgen-responsive promoter elements of TMPRSS2 mediate the overexpression of ETS
family members in PCa. The TMPRSS2/ERG fusion results in the overexpression of ERG
through the fusion of the 5’ untranslated region of the androgen-regulated TMPRSS2 gene
to the ERG gene, resulting in a full-length ERG protein altering the expression pattern
and function of ERG [44,45] (Figure 1E). Mechanistically, TMPRSS2/ERG has been demon-
strated to play a causal role in the transformation of the prostate epithelium as it activates
cell invasion programs that displace basal cells through neoplastic transformation of the
prostate epithelium [52]. Also, TMPRSS2-ERG fusion together with the loss of the tumor
suppressor Phosphatase and Tensin homolog (PTEN) cooperates with the initiation of
neoplasia [53]. Loss of PTEN causes overactivation of Akt, which is viewed as an indirect
physiological target of PTEN as regulation of PI3K is linked to increased tumor angiogen-



Genes 2024, 15, 450

50f25

esis, reduced apoptosis, and uncontrolled cell proliferation [54-56]. In this context, the
PI3K/AKT pathway is activated and cooperates with TMPRSS2-ERG fusion to regulate the
expression of genes involved in cancer initiation of neoplasia and proliferation as well as
in EMT. Additionally, ERG fusion is known to synergize with K-Ras to promote invasion
and suppress senescence in a TP53-independent manner [57]. Also, ERG interacts with
the AR and enhances its transcriptional activity, thus promoting the expression of genes
involved in cell proliferation and survival [58,59]. Finally, evidence obtained in PCa cell
lines demonstrated [48] that co-binding of ERG and AP-1 elicits a synergistic effect on
transcriptional activation [45].

Targeting ERG and ERG Translocations for Diagnostic and Therapeutic Purposes

As previously discussed, TMPRSS2 /ERG rearrangement is present in about half of
prostate tumors [53] and is associated with distinct clinicopathological features, including
younger age at diagnosis, higher Gleason score, and more aggressive disease behavior,
highlighting its potential prognostic significance as ERG fusions are prevalent in both
primary and advanced PCa. In this sense, the detection of ERG rearrangements has
emerged as a promising diagnostic marker in PCa [60-64]. Techniques, such as fluorescence
in situ hybridization (FISH), immunohistochemistry (IHC), and reverse transcription-
polymerase chain reaction (RT-PCR), are employed for detecting ERG fusion events in
clinical specimens [65,66]. However, the prognostic value of ERG expression in PCa is still
not fully understood and may depend on several factors, including patient heterogeneity
and the methods used for detection. Studies evaluating ERG as a prognostic biomarker
have shown more consistent results in cohorts assessing disease progression from precursor
lesions or during active surveillance. High-grade prostatic intraepithelial neoplasia (PIN)
patients with ERG overexpression have a higher risk of PCa progression compared to
ERG-negative patients, indicating that ERG positivity may correlate with increased disease
progression and a higher incidence of PCa-specific death [67]. Furthermore, recently, it was
found that the detection of TMPRSS2-ERG fusion in circulating tumor cells of castration-
resistant prostate cancer (CRPC) patients may predict resistance to taxanes [68,69].

Nonetheless, no clear association has been observed between ERG fusions and other
genetic alterations implicated in PCa initiation and progression. However, clinical trials are
in the course of evaluating ERG fusions in the prognostic and predictive values at different
stages of the disease as well as during treatment (NCT02573636) (see Table 1). TMPRSS2-
ERG fusion serves as a cancer-specific biomarker for early PCa diagnosis and can be
detected non-invasively in urine samples, thus potentially reducing overtreatment. Initial
attempts to target ERG involved PARP inhibitors, showing promise in preclinical models
but failing in clinical trials for metastatic castration-resistant prostate cancer (mCRPC)
patients. HDAC inhibitors also showed promise in preclinical models but failed in clinical
trials. Additionally, small molecule inhibitors targeting ERG directly have been developed,
such as YK-4-279, DB1255, VPC-18005, and ERGi-USU, with varying success in preclinical
models [69-73]. Alternative approaches include RNA interference and peptides targeting
ERG, showing efficacy in reducing tumor growth in preclinical models. However, despite
these efforts, there is still a lack of a specific therapeutic strategy targeting ERG in clinical
practice (Figure 1E, Table 1).
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Table 1. Phase III and IV in clinical trials and observational studies related to transcription factors

(last 5 years).
Study ID TF Treatment Phase Status Application of TF in the Study
Comparison of 177Lu-PSMA-617 vs. a
177Lu-PSMA- Active/not change in androgen-receptor-directed
NCT04689828 AR 617/68Ga-PSMA- Phase III i th in the Treat tof ..
11/ ARDT recruiting erapy in the Treatment of taxane-naive
men with progressive mCRPC
177Lu-PSMA- . . .
NCT04720157 AR 617/68Ga-PSMA-  Phase III ?zz‘r‘;‘jt/lﬁ(’t In itﬁé?fiizieiogﬁ;%ei“:g;‘s a
11/ARDT/ADT &
ADT/AR targeted
ther- o Adjustment of ADT treatment cycles in
NCT05352178 AR apy/radiotherapy Phase III Recruiting PMFS and/or mCRPCFS patients
and/or surgery
Use of short-term androgen deprivation
NCT05191680 AR Apalutamide/placebo  Phase III Recruiting (Erﬁ::l?;?nurlnte}fiﬁ);ftlisi Zﬁiiﬁﬁ:;f: for
prostate cancer
Determines the optimal method to
determine AR-V7 status. Also
NCT03601143 AR Observational study N/A Recruiting investigates AR-V7-independent
mechanisms of resistance and their
predictive value for proper treatment
[Lu-177]- Evaluates the efficacy and safety of
NCTO04647526 AR PNT2002/ Abiraterone/ Phasellr ~ “ctive/not [Lu-177}- PNT2002 in patients with
Enzalutamide recruiting metastatic mMCRPC who have progressed
following treatment with ARAT
MK-
5684 /dexamethasone/
eg?j;ﬁcgﬁzgﬁei;;e / Study of MK-5684 versus alternative
NCT06136650 AR Y Phase III Recruiting NHA in mCRPC post one NHA
Abiraterone (MK-5684-004)
acetate/prednisone
ac-
etate/Enzalutamide
NCT03665922 MYC/AR  BroccoMax/placebo  N/A Active/not  MYC and AR as a marker o evaluate
recruiting prostate adenocarcinoma
Evaluation of genomic alterations of
NCT04601441  MYC/ERG Apalutamide Phase IV Recruiting 73 PCa driver genes between pre- and
posttreatment
Evaluates the predictive value of
NCT02573636 ERG Observational study N/A Recruiting ‘Zﬁipﬁ fo:;ﬁ(; ieﬁiaf;sclloxiltr}ll I;ii:iﬁfe
LHRHa after biochemical failure
Observational study for the
NCT05612880 AR Observational study N/A Recruiting iiﬁ:g:ﬁ?:;ggfzg ;ﬁgiﬁfiﬁig
(ARSI) in men with advanced PCa
Darolutamide/
Goserelin . ..
NCT04484818 AR acetate/Leuprolide  Phase III ?;er‘l’lelt/;"t Andro%snrfs;eiﬁt;r acviyasa
acetate/placebo/ & prog &
Triptorelin
Observational .
NCT05819606 AR study/immunohisto- N/A Not'y'et AR expression as a tool to evaluate the
recruiting progress of the treatment

chemistry analysis
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Table 1. Cont.

Study ID

TF

Treatment Phase Status Application of TF in the Study

NCT04769817

NCT03903835

NCTO03784924

AR/ERG

AR/ERG

ERG

Observational study N/A Recruiting AR as a prognostic biomarker
Enzalutamidde/
Abiraterone/
Carboplatin/
Cabazitaxel /
Docetaxel/
Radium Chloride
Ra223/ Phase III Recruiting
Niraparib +
Abiraterone + Pred-
nisone/Capivasertib+
Docetaxel/
Apalutamide/
Darolutamide
MRI (diagnos-
tics)/Observational N/A Recruiting
study

Androgen receptor as a
biomarker signature

ERG used in the study as a
diagnostic tool

All of the studies cited above are available on the clinicaltrials.gov website by searching with the terms “prostate
cancer”, “NF-«B”, “PTEN”, “MYC”, “AP-1”, “androgen receptor”, “SPDEF”, and “ERG” combined with the

”ou

selection of the following filters: “Looking for participants: not yet recruiting/recruiting”, “No longer looking
for participants: active, not recruiting”, “Sex: male”, “Studies from 1 January 2019 to 1 January 2024”, and “Age
range: adult/older adult”. Only advanced phase (IIl and IV) and observational studies were selected.

Additionally, therapeutic strategies targeting ERG-positive PCa are currently under
investigation. The identification of synthetic lethal interactions through advanced genomic
and epigenomic characterization could reveal novel therapeutic targets. CRISPR-based
technologies, utilizing intronic genomic breakpoints from gene rearrangements, present a
genotype-specific approach for personalized treatment. Computational approaches and
proteolysis-targeting chimeras (PROTACs) offer additional strategies [74,75]. These diverse
approaches hold promise for future therapies targeting ERG-positive PCa.

3. Androgen Receptor, the Great Player

The AR plays a significant role in regulating growth, differentiation, angiogenesis, and
metabolism in both normal prostate and human PCa. It is classified as a nuclear steroid
receptor and is transcribed from the AR gene situated on Chromosome Xq11-12 [76]. It is
associated with other receptors, such as estrogen receptor (ER), glucocorticoid receptor
(GR), progesterone receptor, and mineralocorticoid receptor [77-79]. Binding of AR to its
natural ligands, testosterone and 5x-dihydrotestosterone (DHT), starts the development
and differentiation of male sexuality. AR has been shown to play a significant role in
biological activities in the bone, muscle, prostate, and adipose tissue and the reproductive,
cardiovascular, immunological, neurological, and hemopoietic systems [77,80]. Three
primary functional domains are thought to make up the structure of AR: the most variable
N-terminal transcriptional regulatory domain, the highly conserved DNA binding domain
(DBD), and, lastly, the ligand binding domain (Figure 2A) [81,82].

AR is the main signaling pathway involved in both the development of PCa and
normal prostatic growth. It plays a critical role in PCa by regulating the development and
normal physiology of the prostate gland, it mediates the pathology associated with cancer
development and progression, and it determines the progression to advanced metastatic
PCa by driving tumor survival (Figure 2B) [83]. Activation of AR requires binding to
specific ligands, receptor dimerization, phosphorylation, and translocation into the nucleus,
where it interacts with its coregulatory proteins to recognize response elements located in
the proximal or distal intragenic and intergenic regions of androgen target genes, such as
KLK3, NKX3.1, FKBP5, and TMPRSS2-ERG, which promotes prostate development and
cancer progression [84,85].
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Figure 2. Androgen receptor structure and signaling pathway in PCa. (A) Representation of protein
domains of AR. It comprises domains for transcription factor binding, DNA recognition, hormone
binding/chaperone binding, and a nuclear localization signal (NLS). (B) Example crosstalk between
AR and SPDEF. Interaction of DHT and AR leads to activation of SPDEF and its transport to the
nucleus. The complex AR/SPDEF interacts with RNApol, thus activating the transcription of target
genes, such as ZBTB46, TGFBI, and CCL2. In turn, SPDEF targets genes, such as ZBTB46, leading to
upregulation of PTGS], LIF, Snail, and CCL2 proteins involved in certain processes, such as tumor
progression and metastasis. SPEDF activation leads to the activation of inflammatory-associated
gene and cancer pathophysiology, cell proliferation, EMT, and metastasis that result in CRPC-NE
differentiation and progression.

3.1. AR’s Diagnostic and Therapeutic Applications

ADT is the first-line systemic therapeutic approach for patients with high-risk lo-
calized, recurrent, or advanced PCa. It can be administered through chemical meth-
ods or surgical castration and works by blocking the ARs from interacting with AR
signaling molecules, resulting in apoptosis of malignant cells and inhibition of disease
progression [76,84,86]. However, AR-targeting ADT treatment commonly leads to the
development of resistant cells.

Castration resistance arises from a series of complex molecular events, including
oncogene activation, inactivation of tumor suppressor genes, evasion of apoptosis, intra-
tumoral androgen production, and abnormal AR activation [76]. In CRPC, AR is believed
to be constitutively active, hypersensitive to androgens, or activated through non-canonical
pathways, which leads to AR activation even in the presence of low levels of androgens. In
addition, tumor cells in CRPC may exhibit increased extragonadal androgen production
and AR activation independent of ligands.

3.2. Mechanism of Resistance Mediated by AR

In patients with CRPC, a primary therapeutic intervention is to directly target the AR.
The AR pathway inhibitors, such as Abiraterone, which inhibit androgen synthesis, and
Enzalutamide, which prevents AR activation, have emerged as foundational treatments
in PCa treatment. As a result, these medications are effective in managing CRPC because
they disrupt AR signaling, thus preventing the nuclear translocation of AR, and while
they do not exhibit agonistic properties, resistance to this class of compounds has already
emerged [83,87]. The resistance to Abiraterone and anti-androgens is mediated by mech-
anisms, such as AR overexpression, AR splice variants that enable ligand-independent
AR transactivation, and changes in the expression and recruitment of AR coregulators
(Figure 2B) [70].

The AR splice variant 7 (AR-V7) lacks the ligand-binding domain, which is a necessary
component for constitutive activity and has an exon 7 deletion. As seen in Figure 2A, the
presence of AR-V7 has been linked to a lower overall survival rates in patients receiving En-
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zalutamide or Abiraterone treatment, and it is implicated in the development of CRPC [88].
Interestingly, AR-V7 may be a predictive biomarker for therapy selection in men with
metastatic mCRPC because patients positive for AR-V7 subjected to taxane therapy present
better survival outcomes [89-91]. Additionally, AR splice variants lacking LBD may have
therapeutic significance because they do not require androgens for activation [79]. Further-
more, AR variants can exhibit ligand-independent constitutive activity. The signaling of
AR may also work together with other oncogenic pathways associated with EMT and cell
survival to promote progression to metastatic CRPC.

Novel approaches to eradicate AR signaling are constantly being explored. Strategies
target the inhibition of receptor-ligand binding or blocking the expression of proteins down-
stream to the AR signaling pathway. Another strategy employed is the use of PROTACs,
small molecules that selectively degrade target proteins through the ubiquitin-proteasome
system [92]. In fact, clinical trials using PROTACs like ARV-110 (NCT03888612) and ARV-
766 (NCT05067140) are ongoing (Table 1), and results may represent the development of
novel therapeutic agents for mCRPC.

An additional treatment option for AR is to suppress AR gene expression at the tran-
scriptional level. In this context, Wang and collaborators demonstrated that the nuclear
receptor named RAR-related orphan receptor y (RORy) regulated AR expression in mCRPC
through transcriptional inhibition [93]. Additionally, they demonstrated that RORy an-
tagonists XY018 and SR2211 reduce the growth of PCa tumors resistant to Enzalutamide,
suggesting that this strategy may be able to get around second-generation antiandrogen
resistance [87]. Nevertheless, no comprehensive analysis of AR binding between primary
and resistant tumor specimens has been conducted yet.

3.3. Neuroendocrine Prostate Cancer (NEPC) Transcription Factors

NEPC, categorized as an aggressive variant of prostate cancer (AVPC), typically
emerges in advanced stages of the disease as a response to ADT, displaying neuroendocrine
features while reducing adenocarcinoma luminal traits. NEPC tumors are less dependent
on the canonical AR signaling, highly spread, and may progress with low or any rise in
PSA levels [94,95]. Under the genomic perspective, it has been reported that in general,
NEPC shows TMPRSS2-ERG gene fusion [96] and loss of tumor suppressors TP53 and
RB1 [97]. Due to its particularities, NEPC also presents diverse set of TFs as players in its
development and pathology.

The aberrant expression of the TF ONECUT2 contributes to the development of neu-
roendocrine features in CRPC by downregulating AR and FOXA1 signaling [98]. Targeting
ONECUT?2 for therapeutic ends may lead to unfavorable side effects; on the other hand,
ONECUT2-dependent tumor hypoxia can be more effective for NEPC patients [99].

Achaete-scute homolog-1 (ASCL1) is a pro-neural TF that has recently been found
to trigger changes in chromatin through epigenetic remodeling in NEPC, promoting the
activity of neuronal stem cells by modulating the enhancer of zeste homolog 2 (EZH2) [100],
the catalytic subunit of polycomb repressive complex 2 (PRC2). EZH2 has already been
considered a target for cancer therapy, as reviewed by Duan and colleagues [101], and
recent efforts suggest that ASCL1 can also be a valuable clinical target in NEPC [100].

SOX2 (Sry-related HMG box-2) is mostly known for its role in reprogramming so-
matic cells into induced pluripotent stem cells (iPSCs) [102]. Its expression starts during
early embryo development and increases considerably between the morula and blasto-
cyst stages [103]. In NEPC, SOX2 has the potential to decrease the expression of specific
adenocarcinoma prostate cancer genes while slightly contributing to the expression of
neuroendocrine markers in vitro [104]. Also, SOX2 can promote tumorigenesis, metastasis,
and drug resistance [105]. SOX2 is considered undruggable; however, several approaches
have been administered to target SOX2 for cancer therapeutics, as reviewed by Zhang and
colleagues [105].

NEURODI1 is a neuronal TF able to convert epithelial cells into neurons [106]. Along-
side ASCL1, it significantly contributes to the promotion of malignant behavior and survival
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of human small cell lung carcinoma (SCLC) cell lines [107]. Therapy-induced NEPC can be
categorized into subtypes based on the expression profiles of ASCL1 and NEUROD1 [108].

4. Activating Protein-1

AP-1 is a family of TFs including four sub-families of hetero- and homo-dimers
(Figure 3A), the Jun (c-Jun, JunB, JunD), Fos (c-Fos, FosB, Fral, Fra2), BATF (BATF, BATF2,
BATEF3), and Maf (c-Maf, MafB, MafA) [109]. AP-1 TFs regulate a variety of cellular pro-
cesses, such as cell division, apoptosis, senescence, differentiation, cell migration, immunity,
oncogenic processes, and inflammation [110,111]. Signals of physiological and environ-
mental stressors, such as growth factors, cytokines, tumor promoter molecules, and UV
radiation, can activate AP-1 (Figure 3B).
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Figure 3. Representation of the diversity of the AP-1 family of TF. (A) Members of the AP-1 family,
including C-Jun, JunB, c-Fos, BATF, and C-Maf, share a conserved bZip (basic leucine zipper) domain
and its activation. (B) External stimuli, including growth factors, TNF«, and cytokines, activate
G proteins, initiating MEK1/MEK2, MKK3/MKKS6, and MKK3/MKXK6 cascades. These cascades
culminate in the transcriptional activation of AP-1, a transcription factor that regulates various
cellular processes, such as growth, cell migration, differentiation, and proliferation pathways.
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It has been observed that the Fos proteins and members of the Jun family hetero-
dimerize; on the other hand, the Jun proteins can form transcriptionally active complexes
by both homo- and hetero-dimerizing with the Fos members [112]. When activated, DNA-
binding activity and the formation of Jun homo-dimers or Jun/Fos hetero-dimers occur.
Interactions with other transcriptional regulators modulate the activity of AP-1, which
is further regulated by upstream kinases connecting AP-1 proteins to different signal
transduction pathways (Figure 3B).

The dimeric complex of AP-1, which includes leucine zipper proteins from the
JUN, FOS, ATF, and MAF multigene families, is responsible for maintaining fine cell
homeostasis [113]. While JUND and JUNB demonstrate tumor-suppressive activity, JUN
and FOS frequently display oncogenic characteristics when acting as either tumor sup-
pressors or oncogenes in cancer [113]. In PCa, JUNB, Fos, and JUND are associated with
combinations of signaling events, including c-JUN amino-terminal kinase (JNKs), extracel-
lular signal-regulated kinases (ERKs), and other regulatory pathways, like PI3K and the p38
family of kinases, which directly activate the transcription of Jun and Fos and are responsi-
ble for activating AP-1 [114]. These signaling events are stimulated by mitogen-activated
protein kinases (MAPKSs) (Figure 3B) [115,116].

AP-1 Roles in Prostate Cancer

Human cancers exhibit differential expression of the AP-1 protein family, which may
contribute to cancer development. Alterations in the composition of AP-1 complexes are
linked to increased proliferation rates, malignant transformation, and tumor aggressive-
ness [117]. PCa cell lines become more invasive when c-Jun or c-Fos are overexpressed.
Also, the phosphorylation of c-Jun is elevated in PCa samples [114], suggesting that the
upstream kinases of AP-1 play a key role in PCa initiation and progression [117,118].

A stage- and tissue-specific variation in the AP-1 factor expression pattern may be es-
sential to the oncogenesis process. Remarkably, in a mouse model of androgen-independent
tumors, it has been proposed that there was a definite elevation of the Fos and Jun proteins.
The crosstalk between AP-1 and AR may therefore play a significant role in the initiation
and advancement of PCa [114].

AP-1 can also trigger proliferation when growth factors and stress signals are activated
upstream [119]. Molecular evidence suggests that the network of pro-inflammatory AP-1
and associated chemokines is highly enriched in symptomatic prostate disease [97] and
shares similarities with other chronic autoimmune diseases at a molecular level [112].

In advanced and metastatic PCa, there is upregulation of c-Jun and c-Fos, which is
linked to a poor prognosis and recurrence of the disease [120]. Higher levels of active
c-Jun were found to be associated with tumor growth that was resistant to castration
in a clinical study [121]. Furthermore, patients with greater active forms of phosphory-
lated c-Jun expression had shorter relapse-free survival durations than those with lower
levels of phosphorylated c-Jun protein expression. Furthermore, activation of Fra-1, Jun-
D, and c-Jun is linked to the advancement of PCa [120,122]. Our group also demon-
strated that combined aberrant activation of NF-kB and AP-1 in CRPC deregulates IL-6
expression [114,122]. Elevated IL-6 levels in patients with mCRPC predict malignant
prostate cancer progression and poor outcomes in patients with localized tumors [123,124]
Furthermore, we demonstrated that JunD inhibition results in GADD45x- and y-dependent
induction of cell death and inhibition of tumor growth [110].

An association with 5-« reductase inhibitor (5ARI) treatment and an increased expres-
sion of c-FOS have been observed [112,125]. As a result, AP-1 inhibitors are a remarkably
effective therapeutic strategy to stop the onset, spread, and invasion of tumors [126].
A key regulator of the development of tumors is the expression of the Jun/Fos oncogene
protein [127].

Curcumin has a great deal of potential for blocking AP-1 activation by directly inter-
acting with the AP-1 DNA-binding motif [128]. It has also been demonstrated to block
JNK activation and to promote cell cycle arrest and apoptosis by regulating the level of
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c-Jun proteins, a critical component of the AP-1 complex that is primarily activated via
phosphorylation by JNK [129]. These analyses have been reported on a cellular level, where
curcumin appears to suppress tumor progression through AP-1. These results suggest
that curcumin might be a strong AP-1 inhibitor and a potential therapeutic option for PCa
treatment [130].

5. NF-kB, beyond the Inflammation Response

Eukaryotic transcription factor NF-kB is a family of TFs involved in immune response,
inflammation, cell proliferation, differentiation, and cell survival [131]. In humans, the
NEF-«B superfamily comprises five TFs subdivided in two distinct groups: Rel proteins
(REL, RELA, and RELB, also known as c-rel, p65, and p50, respectively) and NFKB proteins
(p105 and p100), which can form homo- and hetero-dimeric complexes in almost any
combination. The Rel family proteins have C-terminal transactivation domains, whereas
the NF-«B proteins have C-terminal ankyrin (ANK) repeat domains (Figure 4A) [132].
Besides these five proteins, the modulation of NF-«kB dimer activity is regulated through
interaction with a family of inhibitor proteins known as IkBs (Figure 4B) [132].
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Figure 4. NF-«B and signaling pathways. (A) The NF-«kB family members, including RelA /p65, C-Rel,
P105/p50, P100/p52, and RelB, are characterized by the conserved signature RHD (Rel homology
domain). (B) Canonical and non-canonical NF-«B signaling pathway. Receptors, such as TLRs, IL-1R,
and TNFRs, initiate the canonical pathway. This triggers a cascade leading to the degradation of IkB
and the subsequent release of the NF-«B dimer (P50/P65). This dimer is translocated into the nucleus,
where it induces the transcription of target genes. On the other hand, the non-canonical pathway
is activated by receptors, such as BAFFR, CD40, and RANK. Activation of this pathway triggers a
cascade resulting in the release of the p52-RelB dimer, which is then translocated to the nucleus to
induce the transcription of target genes.
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The NF-«B pathway has two forms of action. The fundamental process of the canoni-
cal NF-«B signaling involves a sequence of positive and negative regulatory components.
Stimuli that initiate the process lead to the activation of IKK, resulting in the phosphory-
lation, ubiquitination, and subsequent degradation of IkB proteins. The liberated NF-«B
dimers undergo additional activation through diverse posttranslational modifications.
These activated dimers then migrate to the nucleus, where they bind to specific DNA
sequences and facilitate the transcription of target genes [133]. The noncanonical NF-«B
signaling pathway is responsible for activating the p52/RelB NF-kB complex, influencing
specific immunological processes. Unlike the canonical pathway, this pathway involves
the inducible processing of NF-kB2 precursor protein, p100, rather than the degradation of
IkBo. NF-kB-inducing kinase (NIK) and inhibitor of NF-«B kinase « (IKK«) play pivotal
roles, leading to phosphorylation-dependent ubiquitination and processing of p100. NIK’s
degradation is normally continuous but can be stabilized upon TRAF3 (TNF receptor asso-
ciated factor 3) degradation in response to signals from certain TNF receptor superfamily
members [134]. It is widely recognized that the canonical pathway essential for controlling
the inflammatory response, the noncanonical pathway, is regarded as a crucial regulator of
the immune response (Figure 4B) [135].

The inflammation response is one of the factors that influences the metastasis and
therapeutic resistance in PCa. The activation of NF-«kB plays a crucial role in regulating
the expression of various cytokines and factors associated with cancer development. This
activation leads to the expression of interleukins, such as IL-6, for tumor cell survival,
as well as angiogenic factors, like VEGF and IL-8. Also, it triggers the production of
inflammatory mediators, promoting the recruitment of immune cells. NF-«B activation is
observed in multiple cancer types, including PCa, where it is linked to survival, progression,
resistance to chemotherapy, and metastasis [136-138].

Considering the various functions that NF-«B performs in different stages of PCa
progression, it emerges as a potent instrument for diagnosis and prognostic and
therapeutic interventions.

NF-xB in Prostate Cancer

NEF-kB p65 has been proven to be a relevant biomarker for several PCa features.
Immunohistochemical staining of PC tissues from patients treated through radical prosta-
tectomy targeting NF-«B p65 revealed a strong correlation with the nuclear localization
of this molecule and PCa biochemical recurrence (BCR) [139]. Not only a predictor pf
BCR, NF-«B p65 is also associated with bone metastasis and PCa-specific death [139]. Also,
the constitutive activation of NF-kB p65 has been identified during the progression of
CRPC [140].

The NF-kB pathway is the target of several studies that aim to find novel approaches
for PCa treatment or optimize the treatments that are already available. Roburic acid, a
natural compound derived from oak galls and Gentiana macrophyla Pall, demonstrates the
ability to inhibit nitric oxide and IL-6 by targeting the NF-kB and MAPK pathway in RAW
264.7 murine macrophages. When combined with docetaxel (the primary chemotherapeutic
agent for advanced PCa), roburic acid leads to the suppression of NF-kB and Bcl2 (in the
intrinsic apoptosis pathway), along with an upregulation of Bax (apoptosis regulator Bax).
This combined effect results in reduced cell growth, sphere formation, migration, and
invasion, accompanied by an increase in apoptosis [141]. CRPC is a recurrent condition that
usually emerges because of ADT. Dimethylaminopathenolide (DMAPT), a Parthenolide
analogue that inhibits NF-kB activity by preventing the degradation of IkB-« and IkB-f3,
increases the sensitivity of PCa cells to X-rays in vitro and in vivo [142]. In vitro, DMAPT
treatment resulted in a recovery of sensibilization to ADT in castration-resistant cell lines
through AR and AR-V7 downregulation mediated by NF-«B inhibition [143]. 3-elemonic
is another compound that also has an impact on castration-resistant cell lines by inducing
apoptosis inhibiting JAK2/STAT3/MCL-1 and NF-«B pathways (Figure 4B) [144].
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6. MYC, a Master Regulator of Transcription

The master TF, MYC (also called c-MYC), is intricately regulated under normal physi-
ological conditions. As with TF, MYC regulates the activity of approximately 15% of all
genes [145], playing a pivotal role in maintaining cellular homeostasis. This regulation
extends to multiple fundamental biological processes, such as cell cycle progression, apop-
tosis, metabolism, protein synthesis, cell growth, and cell differentiation, underscoring
MYC’s multifaceted influence on cellular dynamics. In cancer, MYC is one of the most
frequently deregulated genes. Many of the cancer hallmarks are activated by MYC deregu-
lation, including proliferation, genomic instability, cell survival, self-renewal, metabolism,
invasiveness, immune evasion, and angiogenesis [146]. Its deregulation is a potent driver
of oncogenesis in other cancer types, including PCa.

To regulate transcription, MYC forms a hetero-dimer with MYC-associated factor X
(MAX). The MYC-MAX hetero-dimer can bind to DNA response elements, also known as
enhancers, or the E-box region in altering the transcription (Figure 5A) [147]. In addition to
its fundamental role in transcription, MYC also contributes to chromatin remodeling and
DNA replication (Figure 5B).
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Figure 5. Schematic representation of MYC protein and its signaling pathway. (A) The protein
structure of MYC includes a transcriptional activation domain, nuclear localization signal (NLS), and
DNA binding/MAX dimerization domain. (B) Transcriptional activation of MYC expression. MYC
transcription is regulated by the receptor signal transduction pathways, including the TGFf3, TCR,
RTK, and WNT pathway. (C) Regulation of transcription by MYC. MYC binds with Max and binds to
the target DNA sequences or E-boxes (with the sequence 5'-CANNTG-3'), thereby controlling the
transcription of genes associated with cell growth and proliferation.

Transcriptional PCa studies indicate that MYC is upregulated in PCa tissue compared
to normal prostate tissue or benign prostatic hyperplasia. Furthermore, MYC amplification
is associated with a higher Gleason grade and unfavorable prognosis in patients with
PCa [148,149]. Interestingly, alterations in MYC are more frequently reported in black
men than white men [149,150]. MYC overexpression was identified as an early event in
PIN [151]. In mice models, MYC overexpression in normal prostate luminal cell leads to
the development of PCa [152]. It has been speculated that these 8q24 genetic variants on
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the 8q24 chromosome affect MYC expression by altering its regulation or amplification
status. Germline variations in this genomic region are reported in about 25% of familial
PCa patients [153,154]. The chromosomal region 8q24 is the second most amplified region
within CRPC [63]. Together, these results illustrate that MYC is an important driver of PCa
(Figure 5B).

6.1. Diagnostic Potential of MYC

The idea to use MYC as a diagnostic or prognostic marker lies in the role it plays in
PCa development and progression. Studies consistently report that MYC is overexpressed
in PCa tissues compared to normal prostate tissues. This aberrant expression is indicative
of dysregulation and can serve as a distinguishing factor to distinguish cancer from normal
tissue; therefore, it can serve as a diagnostic marker. Elevated tissue levels of MYC have
been associated with more aggressive PCa phenotypes. PCa with high MYC expression
exhibit increased tumor growth, invasion, and metastasis. Therefore, MYC can potentially
be used as a prognostic marker, as assessing MYC tissue levels can contribute to determining
the aggressiveness of the disease.

MYC-positive cancer can also be detected through real-time transferrin-based PET
(Positron Emission Tomography) scans that utilize Gallium-68 Citrate [155]. In the blood,
Gallium-68 Citrate binds to circulation transferrin, and the complex is transported into
the cell by the transferrin receptor (TFRC). As MYC is responsible for the transcription
of TFRC, cells overexpressing MYC will usually have alleviated levels of TFRC, thereby
increasing the uptake of Gallium-68 Citrate [155]. This technique can identify patients
who may benefit from MYC-targeted treatment as well as provide a means to measure the
activity of MYC transcription in real time with quantitative imaging.

Beyond tissue analysis and imaging, MYC copy-number gain is detectable in cell-free
DNA (cfDNA) isolated from blood [149,150] and urine [156], opening the potential of MYC
to be used as a circulating biomarker. The detection of MYC levels in bodily fluids, such
as blood or urine, may provide a less invasive method for diagnosing and monitoring
PCa when compared to biopsy from a single site [156]. In CRPC, MYC copy number gain,
detectable in ¢fDNA analysis, was reported in 20% of patients [149,157] and was associated
with a shorter overall survival [157], implying that it may be a key factor to consider in
treatment selection towards personalized medicine.

Given that MYC expression correlated with cancer progression, monitoring circulat-
ing alterations in MYC over time would offer insight into the advancement of disease.
When combined with other markers and clinical assessments, MYC data may enhance the
accuracy of the diagnostic and prognostic process.

6.2. MYC as a Therapeutic Target

MYC has been termed “undruggable” due to its protein structure that contains regions
of intrinsic disorder with the absence of favorable target-binding moieties [158]. Addition-
ally, the protein has a critical function in normal cells [159], which can lead to off-target
effects in normal tissue and drug treatment side effects. Complicating matters further, two
paralogues (MYCN and MYCL) with overlapping functions but distinct expression patterns
are found in vertebrate [160]; for effective inhibition, these need to be targeted as well.
Despite these obstacles, several new MYC-directed therapies are in the research and clinical
stages of development. The therapies are directed to either reduce MYC levels (by targeting
transcription and mRNA translation or by reducing protein stability) or disrupt MYC’s
function (by interfering with the protein-DNA or protein—protein interaction, particularly
with MAX) [161].

The promoter region of MYC contains a G-quadruplex (G4) motif. Small molecule
inhibitors can bind and stabilize the region, thereby reducing transcription of MYC [162].
Several small molecule inhibitors for G4 stabilization are currently under investigation, in-
cluding Quarfloxin (CX-3543), Pidnarulex (CX-5461), and APTO-253. Although Quarfloxin
reached Phase II clinical trials for neuroendocrine carcinoma treatment (NCT00780663) [163],
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it had poor clinical outcomes. In Phase I clinical trials, both Pidnarulex (NCT04890613 for
solid tumor treatment, including PCa) and APTO-253 (NCT02267863) were well-tolerated.

Bromodomain extra terminal (BET) inhibitors are small molecule inhibitors designed
to interact with proteins containing bromodomains, such as the TFs MYC (Figure 5A).
These inhibitors disrupt the ability of BET proteins to bind to acetylated lysine amino
acids on histones, thereby influencing the control of gene transcription. BET inhibitors
are being explored as treatments for a range of cancers, particularly those associated with
MYC dysregulation. Examples of BET inhibitors include JQ1, I-BET762 (Ibrutinib), OTX015
(MK-8628), RVX-208, and ZEN-3694. A Phase II clinical trial (NCT04471974) is investigating
the MYC inhibitor ZEN-3694 in combination with Pembrolizumab and Enzalutamide for
the treatment of CRPC. ZEN-3694 treatment led to the downregulation of MYC, GR, and
AR signaling that prevent cellular growth. The clinical trial show acceptable tolerance and
provide promising preliminary efficacy result [164].

Small molecule inhibitors that disrupt the dimerization between MYC and MAX
include the 1-ring heterocyclic compound 10074-G5 and its second-generation congener
JY-3-094 and 3JC48-3 [165]. 3JC48-3 is five times more potent than 10074-G5. The inhibition
of the c-MYC/MAX hetero-dimer by 3JC48-3 is linked to reduced growth and viability
of PCa cells, which is correlated with an increase in kinase protein kinase D1 (PrKD1)
expression and kinase activity. Additionally, animal models show favorable tolerability
of 3JC48-3 in both patient-derived xenograft and wild-type mouse models, suggesting its
potential suitability for advancing into additional preclinical investigations [166,167]. Other
small molecule inhibitors that disrupt the MYC-MAX hetero-dimer are MYCi975 [168].

OmoMYC is a synthetic 90 amino acid peptide designed to mimic the structure of
the MYC protein [169]. OmoMYC inhibits cancer growth by forming homo-dimers as
well as hetero-dimers with MYC and MAX. The OmoMYC homo-dimer and OmoMYC-
MAX hetero-dimer bind to DNA but do not activate transcription. Instead, it competes
with the binding of the MYC-MAX hetero-dimer to the DNA and subsequently inhibits
MYC-mediated transcription of the target genes [170,171]. The binding of OmoMYC
to MYC, on the other hand, disrupts the DNA binding domain and thereby prevents
transcriptional activation.

A new and intriguing treatment approach in precision medicine is to target oncogenes
at the genomic DNA level. Recently, a 'y peptide nucleic acid (yYPNA)-based genomic DNA-
targeted platform was used to silence MYC in cell lines and preclinical mouse models [172].
Interestingly, co-treatment employing histone deacetylase inhibitors and chemotherapeutic
drugs demonstrated strong antitumor activity in patient-derived xenografts. This strategy
offers an exceptional therapeutic platform aiming to target genomic DNA to inhibit onco-
genes. In summary, this approach presents an innovative therapeutic framework aimed at
targeting genomic DNA to suppress oncogenes as a means of cancer treatment [172]. MYC
exerts such a broad impact on cell metabolism that even elevated fat consumption may
exacerbate the characteristics of MYC and intensify its transcriptional activities. The MYC
signature triggered by fat intake could be valuable for identifying patients at greater risk
of developing more aggressive and fatal PCs. Patients exhibiting this MYC signature may
benefit from epigenetic treatments directed at MYC or dietary interventions aimed at the
metabolic requirements controlled by MYC [173].

7. Concluding Remarks

As a global regulator of protein expression, imbalance of TF expression is linked to
the development of diseases, such as cancer. In PCa, this imbalance can result in more
aggressive forms of disease, and it is linked to the development of drug resistance disease,
considerably worsening patients” prognostics. Because TFs permeate cell metabolism in
a very intricate manner, they may lead to either increased carcinogenesis or inhibition
of tumor progression, and strategies for their suppression or overexpression are being
historically employed. As discussed in this review, the mechanisms of action of different
TFs are peculiar. They can act alone in triggering different pathways, but they can also
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control the expression of other TFs (as observed for AR/ERG and ERG/AP-1, for example).
The diversity in TFs’ signaling pathways and the difficulty in understanding their precise
role in PCa have meant that they have been considered “undruggable” for a long time. The
complex interaction between TF and DNA represents a significant hurdle, as designing
molecules to selectively inhibit these interactions without disrupting essential cellular
processes is challenging. In addition, target specificity is complicated because TF regulates
multiple downstream genes, which can lead to undesirable consequences and off-target
effects, and its intracellular localization complicates drug delivery. Also, lack of well-
defined binding pockets and the fact that TFs have large, flexible structures unsuitable for
small molecule binding present a significant obstacle for drug development. Moreover,
cellular transcriptional plasticity and redundancy can limit the efficiency of therapeutic
efficacy by compensating for the loss of targeted TFs or through overlapping functions
within TF families.

Different approaches can be employed to inhibit TFs, such as, for example, direct
targeting aiming to inhibit DNA-binding activity or disrupting essential protein—protein
interactions in TFs” function. However, achieving specificity and selectivity for the target
TF while avoiding off-target effects is still a challenge. In this sense, indirect inhibition
via modulation of upstream pathways or post-translational modifications that regulate
TF activity may be an alternative. Furthermore, genetic inhibition via RNA interference
(RNAi) and CRISPR-based approaches for selectively silencing TF expression can lead to
efficient outcomes, although challenges, such as delivery and off-target effects, need to be
addressed for clinical translation.

More than treatment targets, another feature that has been explored is their use for
diagnostics and prognostic purposes. Because the seminal report of Tomlins [52] correlated
higher frequency of translocations with the aggressive phenotype of PCa, identifying the
expression/suppression of TFs in different stages of PCa development or even as a predictor
of response to treatment may have a huge impact on decision making for therapy. In this
sense, it is important to highlight that the differences in the genetic makeup of different
populations may influence the level of expression or the frequency of translocations of
otherwise relevant PCa TFs. These studies are essential for the development of population-
specific diagnostic/prognostic and therapeutic approaches.

The studies of TFs and their TFs interactions are still being use for the development
of prognostic and therapeutic approaches. Prognostic data from genomic classifiers or
molecular biomarkers should be incorporated into standard clinical parameters if doing
so would affect short- or long-term clinical management to close these gaps and enhance
risk stratification and treatment management of PCa patients. Interestingly, clinical trials
evaluating TFs for diagnostic, prognostic, and therapeutic purposes are common and
promising, as observed regarding the elevated number of clinical trials in the last five years
(see Table 1 for a summary of active trials in the mentioned period).

Furthermore, we observed a huge tendency in studies focusing on the use of TFs’
target molecules as adjuvant therapy for patients receiving ADT. This approach can lead to
resensitization of CRPC to ADT, therefore regaining its efficacy, and it is a good example
of multi-target approaches for PCa treatment. TFs in PCa have being extensively studied,
but their role as drug targets or even as diagnostic or prognostic players is still not fully
elucidated, which makes it a hot topic. The diversity in interactions of these molecules
is still a challenge for the development of specific drugs and multitarget approaches.
Although challenging, the clinical trials in the last five years suggest that TFs are promising
therapeutic targets and reliable markers for diagnosis and prognosis.

Author Contributions: Conceptualization: J.D.P. and L.F.Z; Literature search: K.C.S.S., N.T., D.H.M,,
MW, S.C., ].D.P. and L.EZ,; Image preparation: K.C.S.S., N.T. and M.W.; Writing: K.C.S.S., N.T.,
D.HM., MW, S.C,, J.D.P. and L.EZ; Reviewing: K.C.S.S.,].D.P. and L.EZ. All authors have read and
agreed to the published version of the manuscript.



Genes 2024, 15, 450 18 of 25

Funding: This research was funded by the International Centre for Genetic Engineering and Biotech-
nology (ICGEB). L.EZ. was funded by the ICGEB.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.

10.

11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide Fir 36 Cancers in 185 Countries. CA Cancer |. Clin. 2024, 71, 209-249. [CrossRef]
[PubMed]

Allen, B.L.; Taatjes, D.J. The Mediator Complex: A Central Integrator of Transcription. Nat. Rev. Mol. Cell Biol. 2015, 16, 155-166.
[CrossRef]

Lambert, S.A ; Jolma, A.; Campitelli, L.F.; Das, PK; Yin, Y.; Albu, M.; Chen, X.; Taipale, J.; Hughes, T.R.; Weirauch, M.T. The
Human Transcription Factors. Cell 2018, 172, 650-665. [CrossRef] [PubMed]

Teng, M.; Zhou, S.; Cai, C.; Lupien, M.; He, H.H. Pioneer of Prostate Cancer: Past, Present and the Future of FOXA1. Protein Cell
2021, 12, 29-38. [CrossRef] [PubMed]

Park, J.].; Irvine, R.A.; Buchanan, G.; Koh, S.S.; Park, ].M.; Tilley, W.D.; Stallcup, M.R; Press, M.E.; Coetzee, G.A. Breast Cancer
Susceptibility Gene 1 (BRCAI) Is a Coactivator of the Androgen Receptor. Cancer Res. 2000, 60, 5946-5949. [PubMed]

Chen, Y.; Xu, J.; Borowicz, S.; Collins, C.; Huo, D.; Olopade, O.I. C-Myc Activates BRCA1 Gene Expression through Distal
Promoter Elements in Breast Cancer Cells. BMC Cancer 2011, 11, 246. [CrossRef] [PubMed]

Hassin, O.; Oren, M. Drugging P53 in Cancer: One Protein, Many Targets. Nat. Rev. Drug Discov. 2023, 22, 127-144. [CrossRef]
Knudsen, E.S.; Pruitt, S.C.; Hershberger, P.A.; Witkiewicz, A.K.; Goodrich, D.W. Cell Cycle and Beyond: Exploiting New RB1
Controlled Mechanisms for Cancer Therapy. Trends Cancer 2019, 5, 308-324. [CrossRef] [PubMed]

Jiménez, N.; Garcia De Herreros, M.; Reig, oF Marin-Aguilera, M.; Aversa, C.; Ferrer-Mileo, L.; Garcia-Esteve, S.; Rodriguez-
Carunchio, L.; Trias, I.; Font, A.; et al. Development and Independent Validation of a Prognostic Gene Expression Signature Based
on RB1, PTEN, and TP53 in Metastatic Hormone-Sensitive Prostate Cancer Patients. Eur. Urol. Oncol. 2024, S2588931124000257.
[CrossRef]

Nyquist, M.D.; Corella, A.; Coleman, I.; De Sarkar, N.; Kaipainen, A.; Ha, G.; Gulati, R.; Ang, L.; Chatterjee, P.; Lucas, J.; et al.
Combined TP53 and RB1 Loss Promotes Prostate Cancer Resistance to a Spectrum of Therapeutics and Confers Vulnerability to
Replication Stress. Cell Rep. 2020, 31, 107669. [CrossRef]

Bykov, V.J.N.; Eriksson, S.E.; Bianchi, J.; Wiman, K.G. Targeting Mutant P53 for Efficient Cancer Therapy. Nat. Rev. Cancer 2018,
18, 89-102. [CrossRef] [PubMed]

Wang, H.; Guo, M.; Wei, H.; Chen, Y. Targeting P53 Pathways: Mechanisms, Structures, and Advances in Therapy. Signal
Transduct. Target. Ther. 2023, 8, 92. [CrossRef] [PubMed]

Dhawan, M.; Ryan, C.J. BRCAness and Prostate Cancer: Diagnostic and Therapeutic Considerations. Prostate Cancer Prostatic Dis.
2018, 21, 488-498. [CrossRef] [PubMed]

Findlay, V.J.; LaRue, A.C.; Turner, D.P; Watson, PM.; Watson, D.K. Understanding the Role of ETS-Mediated Gene Regulation in
Complex Biological Processes. Adv. Cancer Res. 2013, 119, 1-61. [CrossRef] [PubMed]

Sharrocks, A.D. The ETS-Domain Transcription Factor Family. Nat. Rev. Mol. Cell Biol. 2001, 2, 827-837. [CrossRef] [PubMed]
Bao, K.-C.; Wang, E.-F. The Role of SPDEF in Cancer: Promoter or Suppressor. Neoplasma 2022, 69, 1270-1276. [CrossRef]

Ye, T.; Feng, J.; Wan, X.; Xie, D.; Liu, J. Double Agent: SPDEF Gene with Both Oncogenic and Tumor-Suppressor Functions in
Breast Cancer. Cancer Manag. Res. 2020, 12, 3891-3902. [CrossRef] [PubMed]

Oettgen, P.; Finger, E.; Sun, Z.; Akbarali, Y.; Thamrongsak, U.; Boltax, J.; Grall, F.; Dube, A.; Weiss, A.; Brown, L.; et al. PDEF, a
Novel Prostate Epithelium-Specific Ets Transcription Factor, Interacts with the Androgen Receptor and Activates Prostate-Specific
Antigen Gene Expression. J. Biol. Chem. 2000, 275, 1216-1225. [CrossRef] [PubMed]

Zhang, Y.-Q.; Pei, ].-H.; Shi, S.-S.; Guo, X,; Cui, G.; Li, Y.-F; Zhang, H.-P.; Hu, W.-Q. CRISPR/Cas9-Mediated Knockout of
the PDEF Gene Inhibits Migration and Invasion of Human Gastric Cancer AGS Cells. Biomed. Pharmacother. 2019, 111, 76-85.
[CrossRef]

Guo, M,; Tomoshige, K.; Meister, M.; Muley, T.; Fukazawa, T.; Tsuchiya, T.; Karns, R.; Warth, A.; Fink-Baldauf, LM.; Nagayasu, T.;
et al. Gene Signature Driving Invasive Mucinous Adenocarcinoma of the Lung. EMBO Mol. Med. 2017, 9, 462-481. [CrossRef]
Rodabaugh, K.J.; Mhawech-Fauceglia, P.; Groth, J.; Lele, S.; Sood, A K. Prostate-Derived Ets Factor Is Overexpressed in Serous
Epithelial Ovarian Tumors. Int. J. Gynecol. Pathol. 2007, 26, 10-15. [CrossRef] [PubMed]

Wang, Y.; Ren, X,; Li, W.; Cao, R;; Liu, S.; Jiang, L.; Cheng, B.; Xia, ]. SPDEF Suppresses Head and Neck Squamous Cell Carcinoma
Progression by Transcriptionally Activating NR4A1. Int. J. Oral. Sci. 2021, 13, 33. [CrossRef] [PubMed]


https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1038/nrm3951
https://doi.org/10.1016/j.cell.2018.01.029
https://www.ncbi.nlm.nih.gov/pubmed/29425488
https://doi.org/10.1007/s13238-020-00786-8
https://www.ncbi.nlm.nih.gov/pubmed/32946061
https://www.ncbi.nlm.nih.gov/pubmed/11085509
https://doi.org/10.1186/1471-2407-11-246
https://www.ncbi.nlm.nih.gov/pubmed/21668996
https://doi.org/10.1038/s41573-022-00571-8
https://doi.org/10.1016/j.trecan.2019.03.005
https://www.ncbi.nlm.nih.gov/pubmed/31174843
https://doi.org/10.1016/j.euo.2023.12.012
https://doi.org/10.1016/j.celrep.2020.107669
https://doi.org/10.1038/nrc.2017.109
https://www.ncbi.nlm.nih.gov/pubmed/29242642
https://doi.org/10.1038/s41392-023-01347-1
https://www.ncbi.nlm.nih.gov/pubmed/36859359
https://doi.org/10.1038/s41391-018-0069-2
https://www.ncbi.nlm.nih.gov/pubmed/30131605
https://doi.org/10.1016/B978-0-12-407190-2.00001-0
https://www.ncbi.nlm.nih.gov/pubmed/23870508
https://doi.org/10.1038/35099076
https://www.ncbi.nlm.nih.gov/pubmed/11715049
https://doi.org/10.4149/neo_2022_220529N571
https://doi.org/10.2147/CMAR.S243748
https://www.ncbi.nlm.nih.gov/pubmed/32547225
https://doi.org/10.1074/jbc.275.2.1216
https://www.ncbi.nlm.nih.gov/pubmed/10625666
https://doi.org/10.1016/j.biopha.2018.12.048
https://doi.org/10.15252/emmm.201606711
https://doi.org/10.1097/01.pgp.0000225386.41244.bd
https://www.ncbi.nlm.nih.gov/pubmed/17197890
https://doi.org/10.1038/s41368-021-00138-0
https://www.ncbi.nlm.nih.gov/pubmed/34667150

Genes 2024, 15, 450 19 of 25

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chen, E.-B.; Zhou, S.-L.; Pang, X.-G.; Yin, D.; Miao, P-Z.; Yang, Y.; Chen, Q.; Zhu, K.; Gao, D.-M,; Liu, T.-S; et al. Prostate-Derived
ETS Factor Improves Prognosis and Represses Proliferation and Invasion in Hepatocellular Carcinoma. Oncotarget 2017, 8,
52488-52500. [CrossRef] [PubMed]

Chen, W.Y,; Tsai, Y.C.; Yeh, H.L.; Suau, F; Jiang, K.C.; Shao, A.N.; Huang, J.; Liu, Y.N. Loss of SPDEF and Gain of TGFBI Activity
after Androgen Deprivation Therapy Promote EMT and Bone Metastasis of Prostate Cancer. Sci. Signal 2017, 10, eaam6826.
[CrossRef]

Cheng, X.H.; Black, M.; Ustiyan, V.; Le, T.; Fulford, L.; Sridharan, A.; Medvedovic, M.; Kalinichenko, V.V.; Whitsett, J.A.; Kalin,
T.V. SPDEF Inhibits Prostate Carcinogenesis by Disrupting a Positive Feedback Loop in Regulation of the Foxm1 Oncogene. PLoS
Genet. 2014, 10, €1004656. [CrossRef] [PubMed]

Tsai, Y.-C.; Chen, W.-Y,; Abou-Kheir, W.; Zeng, T.; Yin, ].].; Bahmad, H.; Lee, Y.-C.; Liu, Y.-N. Androgen Deprivation Therapy-
Induced Epithelial-Mesenchymal Transition of Prostate Cancer through Downregulating SPDEF and Activating CCL2. Biochim.
Et Biophys. Acta (BBA)-Mol. Basis Dis. 2018, 1864, 1717-1727. [CrossRef] [PubMed]

Papanikolaou, S.; Vourda, A.; Syggelos, S.; Gyftopoulos, K. Cell Plasticity and Prostate Cancer: The Role of
Epithelial-Mesenchymal Transition in Tumor Progression, Invasion, Metastasis and Cancer Therapy Resistance. Cancers
2021, 13, 2795. [CrossRef] [PubMed]

Sood, A K,; Saxena, R.; Groth, ]J.; Desouki, M.M.; Cheewakriangkrai, C.; Rodabaugh, K.J.; Kasyapa, C.S.; Geradts, J. Expression
Characteristics of Prostate-Derived Ets Factor Support a Role in Breast and Prostate Cancer Progression. Hum. Pathol. 2007, 38,
1628-1638. [CrossRef] [PubMed]

Ghadersohi, A.; Sharma, S.; Zhang, S.; Azrak, R.G.; Wilding, G.E.; Manyjili, M.H.; Li, F. Prostate-derived Ets Transcription Factor
(PDEF) Is a Potential Prognostic Marker in Patients with Prostate Cancer. Prostate 2011, 71, 1178-1188. [CrossRef]

Gu, X.; Zerbini, L.E; Otu, H.H.; Bhasin, M.; Yang, Q.; Joseph, M.G.; Grall, F.; Onatunde, T.; Correa, R.G.; Libermann, T.A. Reduced
PDEF Expression Increases Invasion and Expression of Mesenchymal Genes in Prostate Cancer Cells. Cancer Res. 2007, 67,
4219-4226. [CrossRef]

Turner, D.P; Findlay, V.J.; Moussa, O.; Semenchenko, V.I.; Watson, PM.; LaRue, A.C.; Desouki, M.M.; Fraig, M.; Watson, D.K.
Mechanisms and Functional Consequences of PDEF Protein Expression Loss during Prostate Cancer Progression. Prostate 2011,
71,1723-1735. [CrossRef]

Meiners, J.; Schulz, K.; Moéller, K.; Héflmayer, D.; Burdelski, C.; Hube-Magg, C.; Simon, R.; Gobel, C.; Hinsch, A.; Reiswich, V.;
et al. Upregulation of SPDEF Is Associated with Poor Prognosis in Prostate Cancer. Oncol. Lett. 2019, 18, 5107-5118. [CrossRef]
Chen, H.; Nandi, A.K; Li, X.; Bieberich, C.J. NKX-3.1 Interacts with Prostate-Derived Ets Factor and Regulates the Activity of the
PSA Promoter. Cancer Res. 2002, 62, 338-340.

Tamura, R.E.; Paccez, ].D.; Duncan, K.C.; Morale, M.G.; Simabuco, EM.; Dillon, S.; Correa, R.G.; Gu, X.; Libermann, T.A.; Zerbini,
L.F. GADD45« and y Interaction with CDK11p58 Regulates SPDEF Protein Stability and SPDEF-Mediated Effects on Cancer Cell
Migration. Oncotarget 2016, 7, 13865-13879. [CrossRef]

Gan, J.; Zeng, X.; Wang, X.; Wu, Y; Lei, P; Wang, Z.; Yang, C.; Hu, Z. Effective Diagnosis of Prostate Cancer Based on MRNAs
From Urinary Exosomes. Front. Med. 2022, 9, 736110. [CrossRef]

Feng, Y.; Huo, Q.; Li, B.-Y.; Yokota, H. Unveiling the Dichotomy of Urinary Proteins: Diagnostic Insights into Breast and Prostate
Cancer and Their Roles. Proteomes 2023, 12, 1. [CrossRef]

Donovan, M.].; Noerholm, M.; Bentink, S.; Belzer, S.; Skog, J.; O’'Neill, V.; Cochran, J.S.; Brown, G.A. A Molecular Signature of
PCA3 and ERG Exosomal RNA from Non-DRE Urine Is Predictive of Initial Prostate Biopsy Result. Prostate Cancer Prostatic Dis.
2015, 18, 370-375. [CrossRef]

Zabegina, L.; Zyatchin, I.; Kniazeva, M.; Shalaev, A.; Berkut, M.; Sharoyko, V.; Mikhailovskii, V.; Kondratov, K.; Reva, S.; Nosov,
A.; et al. Diagnosis of Prostate Cancer through the Multi-Ligand Binding of Prostate-Derived Extracellular Vesicles and MiRNA
Analysis. Life 2023, 13, 885. [CrossRef]

Hatano, K.; Fujita, K. Extracellular Vesicles in Prostate Cancer: A Narrative Review. Transl. Androl. Urol. 2021, 10, 1890-1907.
[CrossRef]

Varisli, L.; Tolan, V.; Cen, ].H.; Vlahopoulos, S.; Cen, O. Dissecting the Effects of Androgen Deprivation Therapy on Cadherin
Switching in Advanced Prostate Cancer: A Molecular Perspective. Oncol. Res. 2022, 30, 137-155. [CrossRef]

Porzycki, P.; Ciszkowicz, E. Modern Biomarkers in Prostate Cancer Diagnosis. Cent. European J. Urol. 2020, 73, 300. [CrossRef]
Tutrone, R.; Donovan, M.].; Torkler, P.; Tadigotla, V.; McLain, T.; Noerholm, M.; Skog, J.; McKiernan, J. Clinical Utility of the
Exosome Based ExoDx Prostate(IntelliScore) EPI Test in Men Presenting for Initial Biopsy with a PSA 2-10 Ng/ML. Prostate Cancer
Prostatic Dis. 2020, 23, 607-614. [CrossRef]

Duterque-Coquillaud, M.; Niel, C.; Plaza, S.; Stehelin, D. New Human Erg Isoforms Generated by Alternative Splicing Are
Transcriptional Activators. Oncogene 1993, 8, 1865-1873.

Tomlins, S.A.; Laxman, B.; Varambeally, S.; Cao, X.; Yu, J.; Helgeson, B.E.; Cao, Q.; Prensner, J.R.; Rubin, M.A_; Shah, R.B.; et al.
Role of the TMPRSS2-ERG Gene Fusion in Prostate Cancer. Neoplasia 2008, 10, 177-IN9. [CrossRef]

Tomlins, S.A.; Rhodes, D.R.; Perner, S.; Dhanasekaran, S.M.; Mehra, R.; Sun, X.-W.; Varambally, S.; Cao, X.; Tchinda, J.; Kuefer, R,;
et al. Recurrent Fusion of TMPRSS2 and ETS Transcription Factor Genes in Prostate Cancer. Science 2005, 310, 644-648. [CrossRef]


https://doi.org/10.18632/oncotarget.14924
https://www.ncbi.nlm.nih.gov/pubmed/28881746
https://doi.org/10.1126/scisignal.aam6826
https://doi.org/10.1371/journal.pgen.1004656
https://www.ncbi.nlm.nih.gov/pubmed/25254494
https://doi.org/10.1016/j.bbadis.2018.02.016
https://www.ncbi.nlm.nih.gov/pubmed/29477409
https://doi.org/10.3390/cancers13112795
https://www.ncbi.nlm.nih.gov/pubmed/34199763
https://doi.org/10.1016/j.humpath.2007.03.010
https://www.ncbi.nlm.nih.gov/pubmed/17521701
https://doi.org/10.1002/pros.21333
https://doi.org/10.1158/0008-5472.CAN-06-3689
https://doi.org/10.1002/pros.21389
https://doi.org/10.3892/ol.2019.10885
https://doi.org/10.18632/oncotarget.7355
https://doi.org/10.3389/fmed.2022.736110
https://doi.org/10.3390/proteomes12010001
https://doi.org/10.1038/pcan.2015.40
https://doi.org/10.3390/life13040885
https://doi.org/10.21037/tau-20-1210
https://doi.org/10.32604/or.2022.026074
https://doi.org/10.5173/ceju.2020.0067R
https://doi.org/10.1038/s41391-020-0237-z
https://doi.org/10.1593/neo.07822
https://doi.org/10.1126/science.1117679

Genes 2024, 15, 450 20 of 25

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Gupta, S; Iljin, K.; Sara, H.; Mpindi, J.P.; Mirtti, T.; Vainio, P; Rantala, ]J.; Alanen, K.; Nees, M.; Kallioniemi, O. FZD4 as a Mediator
of ERG Oncogene-Induced WNT Signaling and Epithelial-to-Mesenchymal Transition in Human Prostate Cancer Cells. Cancer
Res. 2010, 70, 6735-6745. [CrossRef]

Wu, L.; Zhao, ].C.; Kim, J.; Jin, H.-J.; Wang, C.-Y; Yu, J. ERG Is a Critical Regulator of Wnt/LEF1 Signaling in Prostate Cancer.
Cancer Res. 2013, 73, 6068—6079. [CrossRef]

Wang, J.; Cai, Y.; Shao, L.; Siddiqui, J.; Palanisamy, N.; Li, R.; Ren, C.; Ayala, G.; Ittmann, M. Activation of NF-KB by TM-
PRSS2 /ERG Fusion Isoforms through Toll-Like Receptor-4. Cancer Res. 2011, 71, 1325-1333. [CrossRef]

Brase, ].C.; Johannes, M.; Mannsperger, H.; Félth, M.; Metzger, J.; Kacprzyk, L.A.; Andrasiuk, T.; Gade, S.; Meister, M.; Sirma, H.;
et al. TMPRSS2-ERG -Specific Transcriptional Modulation Is Associated with Prostate Cancer Biomarkers and TGF-§ Signaling.
BMC Cancer 2011, 11, 507. [CrossRef]

Leshem, O.; Madar, S.; Kogan-Sakin, I.; Kamer, I.; Goldstein, I.; Brosh, R.; Cohen, Y.; Jacob-Hirsch, J.; Ehrlich, M.; Ben-Sasson, S.;
et al. TMPRSS2/ERG Promotes Epithelial to Mesenchymal Transition through the ZEB1/ZEB2 Axis in a Prostate Cancer Model.
PLoS ONE 2011, 6, e21650. [CrossRef]

Afar, D.E.; Vivanco, I.; Hubert, R.S.; Kuo, J.; Chen, E.; Saffran, D.C.; Raitano, A.B.; Jakobovits, A. Catalytic Cleavage of the
Androgen-Regulated TMPRSS2 Protease Results in Its Secretion by Prostate and Prostate Cancer Epithelia. Cancer Res. 2001, 61,
1686-1692.

Klezovitch, O.; Risk, M.; Coleman, I; Lucas, ].M.; Null, M.; True, L.D.; Nelson, P.S.; Vasioukhin, V. A Causal Role for ERG in
Neoplastic Transformation of Prostate Epithelium. Proc. Natl. Acad. Sci. USA 2008, 105, 2105-2110. [CrossRef]

Mulholland, D.J.; Kobayashi, N.; Ruscetti, M.; Zhi, A.; Tran, L.M.; Huang, ]J.; Gleave, M.; Wu, H. Pten Loss and RAS/MAPK
Activation Cooperate to Promote EMT and Metastasis Initiated from Prostate Cancer Stem/Progenitor Cells. Cancer Res. 2012, 72,
1878-1889. [CrossRef]

Jamaspishvili, T.; Berman, D.M.; Ross, A.E.; Scher, H.I,; De Marzo, A.M.; Squire, ].A.; Lotan, T.L. Clinical Implications of PTEN
Loss in Prostate Cancer. Nat. Rev. Urol. 2018, 15, 222-234. [CrossRef]

Manning, B.D.; Cantley, L.C. AKT/PKB Signaling: Navigating Downstream. Cell 2007, 129, 1261-1274. [CrossRef]

Toker, A.; Marmiroli, S. Signaling Specificity in the Akt Pathway in Biology and Disease. Adv. Biol. Regul. 2014, 55, 28-38.
[CrossRef]

Fang, L.; Li, D.; Yin, J.; Pan, H.; Ye, H.; Bowman, J.; Capaldo, B.; Kelly, K. TMPRSS2-ERG Promotes the Initiation of Prostate
Cancer by Suppressing Oncogene-Induced Senescence. Cancer Gene Ther. 2022, 29, 1463-1476. [CrossRef]

Clark, J.; Attard, G.; Jhavar, S.; Flohr, P; Reid, A.; De-Bono, J.; Eeles, R.; Scardino, P.; Cuzick, J.; Fisher, G.; et al. Complex Patterns
of ETS Gene Alteration Arise during Cancer Development in the Human Prostate. Oncogene 2008, 27, 1993-2003. [CrossRef]
Park, K.; Tomlins, S.A.; Mudaliar, K.M.; Chiu, Y.-L.; Esgueva, R.; Mehra, R.; Suleman, K.; Varambally, S.; Brenner, J.C.; MacDonald,
T.; et al. Antibody-Based Detection of ERG Rearrangement-Positive Prostate Cancer. Neoplasia 2010, 12, 590-IN21. [CrossRef]
Demichelis, F.; Setlur, S.R.; Beroukhim, R.; Perner, S.; Korbel, J.O.; Lafargue, C.J.; Pflueger, D.; Pina, C.; Hofer, M.D.; Sboner,
A.; et al. Distinct Genomic Aberrations Associated with ERG Rearranged Prostate Cancer. Genes Chromosomes Cancer 2009, 48,
366-380. [CrossRef]

Tomlins, S.A.; Mehra, R.; Rhodes, D.R.; Cao, X.; Wang, L.; Dhanasekaran, S.M.; Kalyana-Sundaram, S.; Wei, ].T.; Rubin, M.A ;
Pienta, K.J.; et al. Integrative Molecular Concept Modeling of Prostate Cancer Progression. Nat. Genet. 2007, 39, 41-51. [CrossRef]
[PubMed]

Lapointe, J.; Li, C.; Giacomini, C.P,; Salari, K.; Huang, S.; Wang, P,; Ferrari, M.; Hernandez-Boussard, T.; Brooks, J.D.; Pollack, J.R.
Genomic Profiling Reveals Alternative Genetic Pathways of Prostate Tumorigenesis. Cancer Res. 2007, 67, 8504-8510. [CrossRef]
[PubMed]

Robinson, D.; Van Allen, EM.; Wu, Y.-M.; Schultz, N.; Lonigro, R.J.; Mosquera, ].-M.; Montgomery, B.; Taplin, M.-E.; Pritchard,
C.C,; Attard, G,; et al. Integrative Clinical Genomics of Advanced Prostate Cancer. Cell 2015, 162, 454. [CrossRef] [PubMed]
Cancer Genome Atlas Research Network. The Molecular Taxonomy of Primary Prostate Cancer. Cell 2015, 163, 1011-1025.
[CrossRef]

Abou-Ouf, H.; Zhao, L.; Bismar, T.A. ERG Expression in Prostate Cancer: Biological Relevance and Clinical Implication. ]. Cancer
Res. Clin. Oncol. 2016, 142, 1781-1793. [CrossRef] [PubMed]

Welti, J.; Rodrigues, D.N.; Sharp, A.; Sun, S.; Lorente, D.; Riisnaes, R.; Figueiredo, I.; Zafeiriou, Z.; Rescigno, P.; de Bono, J.S.; et al.
Analytical Validation and Clinical Qualification of a New Immunohistochemical Assay for Androgen Receptor Splice Variant-7
Protein Expression in Metastatic Castration-Resistant Prostate Cancer. Eur. Urol. 2016, 70, 599-608. [CrossRef] [PubMed]

Park, K.; Dalton, J.T.; Narayanan, R.; Barbieri, C.E.; Hancock, M.L.; Bostwick, D.G.; Steiner, M.S.; Rubin, M.A. TMPRSS2:ERG
Gene Fusion Predicts Subsequent Detection of Prostate Cancer in Patients with High-Grade Prostatic Intraepithelial Neoplasia. J.
Clin. Oncol. 2014, 32, 206-211. [CrossRef] [PubMed]

Reig, 0.; Marin-Aguilera, M.; Carrera, G.; Jiménez, N.; Paré, L.; Garcia-Recio, S.; Gaba, L.; Pereira, M.V,; Fernandez, P; Prat, A.;
et al. Corrigendum Re: “TMPRSS2-ERG in Blood and Docetaxel Resistance in Metastatic Castration-Resistant Prostate Cancer”
[Eur Urol 2016;70:709-13]. Eur. Urol. 2017, 72, €49. [CrossRef]

Galletti, G.; Matov, A.; Beltran, H.; Fontugne, J.; Miguel Mosquera, J.; Cheung, C.; MacDonald, T.Y.; Sung, M.; O'Toole, S.; Kench,
J.G.; et al. ERG Induces Taxane Resistance in Castration-Resistant Prostate Cancer. Nat. Commun. 2014, 5, 5548. [CrossRef]


https://doi.org/10.1158/0008-5472.CAN-10-0244
https://doi.org/10.1158/0008-5472.CAN-13-0882
https://doi.org/10.1158/0008-5472.CAN-10-2210
https://doi.org/10.1186/1471-2407-11-507
https://doi.org/10.1371/journal.pone.0021650
https://doi.org/10.1073/pnas.0711711105
https://doi.org/10.1158/0008-5472.CAN-11-3132
https://doi.org/10.1038/nrurol.2018.9
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1016/j.jbior.2014.04.001
https://doi.org/10.1038/s41417-022-00454-5
https://doi.org/10.1038/sj.onc.1210843
https://doi.org/10.1593/neo.10726
https://doi.org/10.1002/gcc.20647
https://doi.org/10.1038/ng1935
https://www.ncbi.nlm.nih.gov/pubmed/17173048
https://doi.org/10.1158/0008-5472.CAN-07-0673
https://www.ncbi.nlm.nih.gov/pubmed/17875689
https://doi.org/10.1016/j.cell.2015.06.053
https://www.ncbi.nlm.nih.gov/pubmed/28843286
https://doi.org/10.1016/j.cell.2015.10.025
https://doi.org/10.1007/s00432-015-2096-x
https://www.ncbi.nlm.nih.gov/pubmed/26711283
https://doi.org/10.1016/j.eururo.2016.03.049
https://www.ncbi.nlm.nih.gov/pubmed/27117751
https://doi.org/10.1200/JCO.2013.49.8386
https://www.ncbi.nlm.nih.gov/pubmed/24297949
https://doi.org/10.1016/j.eururo.2017.02.027
https://doi.org/10.1038/ncomms6548

Genes 2024, 15, 450 21 of 25

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Eldhose, B.; Pandrala, M.; Xavier, C.; Mohamed, A.A.; Srivastava, S.; Sunkara, A.D.; Dobi, A.; Malhotra, S. V New Selective
Inhibitors of ERG Positive Prostate Cancer: ERGi-USU-6 Salt Derivatives. ACS Med. Chem. Lett. 2021, 12, 1703-1709. [CrossRef]
Butler, M.S.; Roshan-Moniri, M.; Hsing, M.; Lau, D.; Kim, A.; Yen, P; Mroczek, M.; Nouri, M.; Lien, S.; Axerio-Cilies, P;
et al. Discovery and Characterization of Small Molecules Targeting the DNA-Binding ETS Domain of ERG in Prostate Cancer.
Oncotarget 2017, 8, 42438-42454. [CrossRef] [PubMed]

Nhili, R.; Peixoto, P.; Depauw, S.; Flajollet, S.; Dezitter, X.; Munde, M.M.; Ismail, M.A.; Kumar, A.; Farahat, A.A.; Stephens,
C.E,; et al. Targeting the DNA-Binding Activity of the Human ERG Transcription Factor Using New Heterocyclic Dithiophene
Diamidines. Nucleic Acids Res. 2013, 41, 125-138. [CrossRef] [PubMed]

Selvanathan, S.P.; Moseley, E.; Graham, G.T.; Jessen, K.; Lannutti, B.; Uren, A; Toretsky, J.A. TK-216: A Novel, First-in-Class,
Small Molecule Inhibitor of EWS-FLI1 in Early Clinical Development, for the Treatment of Ewing Sarcoma. Cancer Res. 2017, 77,
694. [CrossRef]

Sakamoto, K.M.; Kim, K.B.; Kumagai, A.; Mercurio, E; Crews, C.M.; Deshaies, R.]. Protacs: Chimeric Molecules That Tar-
get Proteins to the Skp1-Cullin-F Box Complex for Ubiquitination and Degradation. Proc. Natl. Acad. Sci. USA 2001,
98, 8554-8559. [CrossRef] [PubMed]

Burslem, G.M.; Crews, C.M. Proteolysis-Targeting Chimeras as Therapeutics and Tools for Biological Discovery. Cell 2020, 181,
102-114. [CrossRef] [PubMed]

Kahn, B.; Collazo, J.; Kyprianou, N. Androgen Receptor as a Driver of Therapeutic Resistance in Advanced Prostate Cancer. Int. ].
Biol. Sci. 2014, 10, 588. [CrossRef] [PubMed]

Davey, R.A.; Grossmann, M. Androgen Receptor Structure, Function and Biology: From Bench to Bedside. Clin. Biochem. Rev.
2016, 37, 3.

Tan, M.H.; Li, J.; Xu, H.E.; Melcher, K.; Yong, E. Androgen Receptor: Structure, Role in Prostate Cancer and Drug Discovery. Acta
Pharmacol. Sin. 2015, 36, 3-23. [CrossRef]

Van der Steen, T.; Tindall, D.J.; Huang, H. Posttranslational Modification of the Androgen Receptor in Prostate Cancer. Int. J. Mol.
Sci. 2013, 14, 14833-14859. [CrossRef]

Feng, Q.; He, B. Androgen Receptor Signaling in the Development of Castration-Resistant Prostate Cancer. Front. Oncol. 2019,
9, 858. [CrossRef]

Fujita, K.; Nonomura, N. Role of Androgen Receptor in Prostate Cancer: A Review. World |. Mens. Health 2019, 37, 288-295.
[CrossRef] [PubMed]

Hu, D.G,; Hickey, T.E.; Irvine, C.; Wijayakumara, D.D.; Lu, L.; Tilley, W.D.; Selth, L.A.; Mackenzie, P.I. Identification of Androgen
Receptor Splice Variant Transcripts in Breast Cancer Cell Lines and Human Tissues. Horm. Cancer 2014, 5, 61-71. [CrossRef]
[PubMed]

Culig, Z. Androgen Receptor Coactivators in Regulation of Growth and Differentiation in Prostate Cancer. J. Cell Physiol. 2016,
231, 270-274. [CrossRef] [PubMed]

Liu, C.; Wang, C.; Wang, K.; Liu, L.; Shen, Q.; Yan, K; Sun, X.; Chen, J; Liu, J.; Ren, H. SMYD3 as an Oncogenic Driver in Prostate
Cancer by Stimulation of Androgen Receptor Transcription. J. Natl. Cancer Inst. 2013, 105, 1719-1728. [CrossRef] [PubMed]
Dai, C.; Heemers, H.; Sharifi, N. Androgen Signaling in Prostate Cancer. Cold Spring Harb. Perspect. Med. 2017, 7, a030452.
[CrossRef]

Liu, S.; Kumari, S.; Hu, Q.; Senapati, D.; Venkadakrishnan, V.B.; Wang, D.; DePriest, A.D.; Schlanger, S.E.; Ben-Salem, S.;
Valenzuela, M.M. A Comprehensive Analysis of Coregulator Recruitment, Androgen Receptor Function and Gene Expression in
Prostate Cancer. Elife 2017, 6, €28482. [CrossRef] [PubMed]

Stelloo, S.; Nevedomskaya, E.; van der Poel, H.G.; de Jong, J.; van Leenders, G.J.L.H.; Jenster, G.; Wessels, L.F.A.; Bergman, A.M.;
Zwart, W. Androgen Receptor Profiling Predicts Prostate Cancer Outcome. EMBO Mol. Med. 2015, 7, 1450-1464. [CrossRef]
[PubMed]

Hu, R;; Dunn, T.A.; Wei, S.; Isharwal, S.; Veltri, RW.; Humphreys, E.; Han, M.,; Partin, A.W.; Vessella, R.L.; Isaacs, W.B.; et al.
Ligand-Independent Androgen Receptor Variants Derived from Splicing of Cryptic Exons Signify Hormone-Refractory Prostate
Cancer. Cancer Res. 2009, 69, 16-22. [CrossRef]

Antonarakis, E.S.; Lu, C.; Wang, H.; Luber, B.; Nakazawa, M.; Roeser, ].C.; Chen, Y.; Mohammad, T.A.; Chen, Y.; Fedor, H.L.; et al.
AR-V7 and Resistance to Enzalutamide and Abiraterone in Prostate Cancer. N. Engl. |. Med. 2014, 371, 1028-1038. [CrossRef]
Koo, K.C; Lee, ].S.; Ha, ].S.; Han, K.S.; Lee, K.S.; Hah, Y.S.; Rha, K.H.; Hong, S.J.; Chung, B.H. Optimal Sequencing Strategy Using
Docetaxel and Androgen Receptor Axis-Targeted Agents in Patients with Castration-Resistant Prostate Cancer: Utilization of
Neutrophil-to-Lymphocyte Ratio. World |. Urol. 2019, 37, 2375-2384. [CrossRef]

Scher, H.I; Graf, R.P; Schreiber, N.A.; Jayaram, A.; Winquist, E.; McLaughlin, B.; Lu, D.; Fleisher, M.; Orr, S.; Lowes, L.; et al.
Assessment of the Validity of Nuclear-Localized Androgen Receptor Splice Variant 7 in Circulating Tumor Cells as a Predictive
Biomarker for Castration-Resistant Prostate Cancer. JAMA Oncol. 2018, 4, 1179. [CrossRef] [PubMed]

Yedla, P,; Babalghith, A.O.; Andra, V.V.; Syed, R. PROTACs in the Management of Prostate Cancer. Molecules 2023, 28, 3698.
[CrossRef] [PubMed]

Wang, J.; Zou, ].X.; Xue, X,; Cai, D.; Zhang, Y.; Duan, Z; Xiang, Q.; Yang, J.C.; Louie, M.C.; Borowsky, A.D.; et al. ROR-y Drives
Androgen Receptor Expression and Represents a Therapeutic Target in Castration-Resistant Prostate Cancer. Nat. Med. 2016, 22,
488-496. [CrossRef]


https://doi.org/10.1021/acsmedchemlett.1c00308
https://doi.org/10.18632/oncotarget.17124
https://www.ncbi.nlm.nih.gov/pubmed/28465491
https://doi.org/10.1093/nar/gks971
https://www.ncbi.nlm.nih.gov/pubmed/23093599
https://doi.org/10.1158/1538-7445.AM2017-694
https://doi.org/10.1073/pnas.141230798
https://www.ncbi.nlm.nih.gov/pubmed/11438690
https://doi.org/10.1016/j.cell.2019.11.031
https://www.ncbi.nlm.nih.gov/pubmed/31955850
https://doi.org/10.7150/ijbs.8671
https://www.ncbi.nlm.nih.gov/pubmed/24948871
https://doi.org/10.1038/aps.2014.18
https://doi.org/10.3390/ijms140714833
https://doi.org/10.3389/fonc.2019.00858
https://doi.org/10.5534/wjmh.180040
https://www.ncbi.nlm.nih.gov/pubmed/30209899
https://doi.org/10.1007/s12672-014-0171-4
https://www.ncbi.nlm.nih.gov/pubmed/24570075
https://doi.org/10.1002/jcp.25099
https://www.ncbi.nlm.nih.gov/pubmed/26201947
https://doi.org/10.1093/jnci/djt304
https://www.ncbi.nlm.nih.gov/pubmed/24174655
https://doi.org/10.1101/cshperspect.a030452
https://doi.org/10.7554/eLife.28482
https://www.ncbi.nlm.nih.gov/pubmed/28826481
https://doi.org/10.15252/emmm.201505424
https://www.ncbi.nlm.nih.gov/pubmed/26412853
https://doi.org/10.1158/0008-5472.CAN-08-2764
https://doi.org/10.1056/NEJMoa1315815
https://doi.org/10.1007/s00345-019-02658-1
https://doi.org/10.1001/jamaoncol.2018.1621
https://www.ncbi.nlm.nih.gov/pubmed/29955787
https://doi.org/10.3390/molecules28093698
https://www.ncbi.nlm.nih.gov/pubmed/37175108
https://doi.org/10.1038/nm.4070

Genes 2024, 15, 450 22 of 25

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Yamada, Y.; Beltran, H. Clinical and Biological Features of Neuroendocrine Prostate Cancer. Curr. Oncol. Rep. 2021, 23, 15.
[CrossRef] [PubMed]

Yuan, T.-C.; Veeramani, S.; Lin, M.-F. Neuroendocrine-like Prostate Cancer Cells: Neuroendocrine Transdifferentiation of Prostate
Adenocarcinoma Cells. Endocr. Relat. Cancer 2007, 14, 531-547. [CrossRef] [PubMed]

Beltran, H.; Rickman, D.S.; Park, K.; Chae, S.S.; Sboner, A.; MacDonald, T.Y.; Wang, Y.; Sheikh, K.L.; Terry, S.; Tagawa, S.T.; et al.
Molecular Characterization of Neuroendocrine Prostate Cancer and Identification of New Drug Targets. Cancer Discov. 2011, 1,
487-495. [CrossRef] [PubMed]

Ku, S.Y,; Rosario, S.; Wang, Y.; Mu, P; Seshadri, M.; Goodrich, Z.W.; Goodrich, M.M.; Labbé, D.P.; Gomez, E.C.; Wang, |.; et al. Rb1
and Trp53 Cooperate to Suppress Prostate Cancer Lineage Plasticity, Metastasis, and Antiandrogen Resistance. Science 2017, 355,
78-83. [CrossRef] [PubMed]

Rotinen, M.; You, S.; Yang, J.; Coetzee, S.G.; Reis-Sobreiro, M.; Huang, W.-C.; Huang, E; Pan, X.; Yafez, A.; Hazelett, D.].; et al.
ONECUT?2 Is a Targetable Master Regulator of Lethal Prostate Cancer That Suppresses the Androgen Axis. Nat. Med. 2018, 24,
1887-1898. [CrossRef] [PubMed]

Guo, H,; Ci, X;; Ahmed, M.; Hua, ].T.; Soares, E; Lin, D.; Puca, L.; Vosoughi, A.; Xue, H.; Li, E.; et al. ONECUT?2 Is a Driver of
Neuroendocrine Prostate Cancer. Nat. Commun. 2019, 10, 278. [CrossRef] [PubMed]

Nouruzi, S.; Ganguli, D.; Tabrizian, N.; Kobelev, M.; Sivak, O.; Namekawa, T.; Thaper, D.; Baca, S.C.; Freedman, M.L.; Aguda,
A.; etal. ASCL1 Activates Neuronal Stem Cell-like Lineage Programming through Remodeling of the Chromatin Landscape in
Prostate Cancer. Nat. Commun. 2022, 13, 2282. [CrossRef]

Duan, R.; Du, W.; Guo, W. EZH2: A Novel Target for Cancer Treatment. . Hematol. Oncol. 2020, 13, 104. [CrossRef] [PubMed]
Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663—-676. [CrossRef] [PubMed]

Pan, H.; Schultz, R M. SOX2 Modulates Reprogramming of Gene Expression in Two-Cell Mouse Embryosl. Biol. Reprod. 2011, 85,
409-416. [CrossRef] [PubMed]

Li, H.; Wang, L,; Li, Z.; Geng, X.; Li, M.; Tang, Q.; Wu, C.; Lu, Z. SOX2 Has Dual Functions as a Regulator in the Progression of
Neuroendocrine Prostate Cancer. Lab. Investig. 2020, 100, 570-582. [CrossRef] [PubMed]

Zhang, S.; Xiong, X.; Sun, Y. Functional Characterization of SOX2 as an Anticancer Target. Signal Transduct. Target. Ther. 2020,
5,135. [CrossRef] [PubMed]

Lee, ].E.; Hollenberg, S.M.; Snider, L.; Turner, D.L.; Lipnick, N.; Weintraub, H. Conversion of Xenopus Ectoderm into Neurons by
NeuroD, a Basic Helix-Loop-Helix Protein. Science 1995, 268, 836-844. [CrossRef] [PubMed]

Borromeo, M.D.; Savage, T.K.; Kollipara, R.K.; He, M.; Augustyn, A.; Osborne, ].K.; Girard, L.; Minna, J.D.; Gazdar, A.F.; Cobb,
M.H.; et al. ASCL1 and NEUROD1 Reveal Heterogeneity in Pulmonary Neuroendocrine Tumors and Regulate Distinct Genetic
Programs. Cell Rep. 2016, 16, 1259-1272. [CrossRef] [PubMed]

Cejas, P; Xie, Y.; Font-Tello, A.; Lim, K.; Syamala, S.; Qiu, X,; Tewari, A.K,; Shah, N.; Nguyen, H.M.; Patel, R.A; et al. Subtype
Heterogeneity and Epigenetic Convergence in Neuroendocrine Prostate Cancer. Nat. Commun. 2021, 12, 5775. [CrossRef]
[PubMed]

Milde-Langosch, K. The Fos Family of Transcription Factors and Their Role in Tumourigenesis. Eur. J. Cancer 2005, 41, 2449-2461.
[CrossRef]

Zerbini, L.E.; de Vasconcellos, ].E; Czibere, A.; Wang, Y.; Paccez, ].D.; Gu, X.; Zhou, J.-R.; Libermann, T.A. JunD-Mediated
Repression of GADD45x and y Regulates Escape from Cell Death in Prostate Cancer. Cell Cycle 2011, 10, 2583-2591. [CrossRef]
Zhang, H.; Pei, L.; Ouyang, Z.; Wang, H.; Chen, X.; Jiang, K.; Huang, S.; Jiang, R.; Xiang, Y.; Wei, K. AP-1 Activation Mediates
Post-Natal Cardiomyocyte Maturation. Cardiovasc. Res. 2023, 119, 536-550. [CrossRef] [PubMed]

Lin-Tsai, O.; Clark, P.E.; Miller, N.L.; Fowke, ]. H.; Hameed, O.; Hayward, S.W.; Strand, D.W. Surgical Intervention for Symptomatic
Benign Prostatic Hyperplasia Is Correlated with Expression of the AP-1 Transcription Factor Network. Prostate 2014, 74, 669-679.
[CrossRef] [PubMed]

Riedel, M.; Cai, H.; Stoltze, I.C.; Vendelbo, M.H.; Wagner, E.F.; Bakiri, L.; Thomsen, M.K. Targeting AP-1 Transcription Factors by
CRISPR in the Prostate. Oncotarget 2021, 12, 1956-1961. [CrossRef] [PubMed]

Thomsen, M.K.; Bakiri, L.; Hasenfuss, S.C.; Wu, H.; Morente, M.; Wagner, E.F. Loss of JUNB/AP-1 Promotes Invasive Prostate
Cancer. Cell Death Differ. 2015, 22, 574-582. [CrossRef] [PubMed]

Kajanne, R.; Miettinen, P.; Tenhunen, M.; Leppd, S. Transcription Factor AP-1 Promotes Growth and Radioresistance in Prostate
Cancer Cells. Int. |. Oncol. 2009, 35, 1175-1182. [PubMed]

Tewari, D.; Nabavi, S.F; Nabavi, S.M.; Sureda, A.; Farooqi, A.A.; Atanasov, A.G.; Vacca, R.A; Sethi, G.; Bishayee, A. Targeting
Activator Protein 1 Signaling Pathway by Bioactive Natural Agents: Possible Therapeutic Strategy for Cancer Prevention and
Intervention. Pharmacol. Res. 2018, 128, 366-375. [CrossRef] [PubMed]

Chen, S.-Y;; Cai, C.; Fisher, C.J.; Zheng, Z.; Omwancha, J.; Hsieh, C.-L.; Shemshedini, L. C-Jun Enhancement of Androgen Receptor
Transactivation Is Associated with Prostate Cancer Cell Proliferation. Oncogene 2006, 25, 7212-7223. [CrossRef] [PubMed]
Konishi, N.; Shimada, K.; Nakamura, M.; Ishida, E.; Ota, L; Tanaka, N.; Fujimoto, K. Function of JunB in Transient Amplifying
Cell Senescence and Progression of Human Prostate Cancer. Clin. Cancer Res. 2008, 14, 4408-4416. [CrossRef]

Eferl, R.; Wagner, E.F. AP-1: A Double-Edged Sword in Tumorigenesis. Nat. Rev. Cancer 2003, 3, 859-868. [CrossRef]


https://doi.org/10.1007/s11912-020-01003-9
https://www.ncbi.nlm.nih.gov/pubmed/33433737
https://doi.org/10.1677/ERC-07-0061
https://www.ncbi.nlm.nih.gov/pubmed/17914087
https://doi.org/10.1158/2159-8290.CD-11-0130
https://www.ncbi.nlm.nih.gov/pubmed/22389870
https://doi.org/10.1126/science.aah4199
https://www.ncbi.nlm.nih.gov/pubmed/28059767
https://doi.org/10.1038/s41591-018-0241-1
https://www.ncbi.nlm.nih.gov/pubmed/30478421
https://doi.org/10.1038/s41467-018-08133-6
https://www.ncbi.nlm.nih.gov/pubmed/30655535
https://doi.org/10.1038/s41467-022-29963-5
https://doi.org/10.1186/s13045-020-00937-8
https://www.ncbi.nlm.nih.gov/pubmed/32723346
https://doi.org/10.1016/j.cell.2006.07.024
https://www.ncbi.nlm.nih.gov/pubmed/16904174
https://doi.org/10.1095/biolreprod.111.090886
https://www.ncbi.nlm.nih.gov/pubmed/21543769
https://doi.org/10.1038/s41374-019-0343-5
https://www.ncbi.nlm.nih.gov/pubmed/31772313
https://doi.org/10.1038/s41392-020-00242-3
https://www.ncbi.nlm.nih.gov/pubmed/32728033
https://doi.org/10.1126/science.7754368
https://www.ncbi.nlm.nih.gov/pubmed/7754368
https://doi.org/10.1016/j.celrep.2016.06.081
https://www.ncbi.nlm.nih.gov/pubmed/27452466
https://doi.org/10.1038/s41467-021-26042-z
https://www.ncbi.nlm.nih.gov/pubmed/34599169
https://doi.org/10.1016/j.ejca.2005.08.008
https://doi.org/10.4161/cc.10.15.16057
https://doi.org/10.1093/cvr/cvac088
https://www.ncbi.nlm.nih.gov/pubmed/35640820
https://doi.org/10.1002/pros.22785
https://www.ncbi.nlm.nih.gov/pubmed/24500928
https://doi.org/10.18632/oncotarget.27997
https://www.ncbi.nlm.nih.gov/pubmed/34548912
https://doi.org/10.1038/cdd.2014.213
https://www.ncbi.nlm.nih.gov/pubmed/25526087
https://www.ncbi.nlm.nih.gov/pubmed/19787273
https://doi.org/10.1016/j.phrs.2017.09.014
https://www.ncbi.nlm.nih.gov/pubmed/28951297
https://doi.org/10.1038/sj.onc.1209705
https://www.ncbi.nlm.nih.gov/pubmed/16732317
https://doi.org/10.1158/1078-0432.CCR-07-4120
https://doi.org/10.1038/nrc1209

Genes 2024, 15, 450 23 of 25

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Edwards, J.; Krishna, N.S.; Mukherjee, R.; Bartlett, ].M. The Role of C-Jun and C-Fos Expression in Androgen-independent
Prostate Cancer. J. Pathol. 2004, 204, 153-158. [CrossRef]

Kavya, K.; Kumar, M.N.; Patil, R H.; Hegde, S.M.; Kiran Kumar, K.M.; Nagesh, R.; Babu, R.L.; Ramesh, G.T.; Chidananda Sharma,
S. Differential Expression of AP-1 Transcription Factors in Human Prostate LNCaP and PC-3 Cells: Role of Fra-1 in Transition to
CRPC Status. Mol. Cell Biochem. 2017, 433, 13-26. [CrossRef]

Zerbini, L.F.; Wang, Y.; Cho, ].Y.; Libermann, T.A. Constitutive Activation of Nuclear Factor KappaB P50/P65 and Fra-1 and JunD
Is Essential for Deregulated Interleukin 6 Expression in Prostate Cancer. Cancer Res. 2003, 63, 2206-2215. [CrossRef]

Twillie, D.A.; Eisenberger, M.A.; Carducci, M.A.; Hseih, W.S.; Kim, W.Y.; Simons, ].W. Interleukin-6: A Candidate Mediator of
Human Prostate Cancer Morbidity. Urology 1995, 45, 542-549. [CrossRef]

Drachenberg, D.E.; Elgamal, A.A.; Rowbotham, R.; Peterson, M.; Murphy, G.P. Circulating Levels of Interleukin-6 in Patients with
Hormone Refractory Prostate Cancer. Prostate 1999, 41, 127-133. [CrossRef]

Karin, M. Inflammation-Activated Protein Kinases as Targets for Drug Development. Proc. Am. Thorac. Soc. 2005, 2, 386-390.
[CrossRef] [PubMed]

Ye, N.; Ding, Y.; Wild, C.; Shen, Q.; Zhou, J. Small Molecule Inhibitors Targeting Activator Protein 1 (AP-1). J. Med. Chem. 2014, 57,
6930-6948. [CrossRef] [PubMed]

Shaulian, E.; Karin, M. AP-1 as a Regulator of Cell Life and Death. Nat. Cell Biol. 2002, 4, E131-E136. [CrossRef] [PubMed]
Mukhopadhyay, A.; Bueso-Ramos, C.; Chatterjee, D.; Pantazis, P.; Aggarwal, B.B. Curcumin Downregulates Cell Survival
Mechanisms in Human Prostate Cancer Cell Lines. Oncogene 2001, 20, 7597-7609. [CrossRef]

Teiten, M.-H.; Gaascht, F; Eifes, S.; Dicato, M.; Diederich, M. Chemopreventive Potential of Curcumin in Prostate Cancer. Genes.
Nutr. 2010, 5, 61-74. [CrossRef]

Abd. Wahab, N.A; H. Lajis, N.; Abas, F.; Othman, I.; Naidu, R. Mechanism of Anti-Cancer Activity of Curcumin on Androgen-
Dependent and Androgen-Independent Prostate Cancer. Nutrients 2020, 12, 679. [CrossRef]

Yu, H,; Lin, L.; Zhang, Z.; Zhang, H.; Hu, H. Targeting NF-KB Pathway for the Therapy of Diseases: Mechanism and Clinical
Study. Signal Transduct. Target. Ther. 2020, 5, 209. [CrossRef] [PubMed]

Gilmore, T.D. NF-KB and Human Cancer: What Have We Learned over the Past 35 Years? Biomedicines 2021, 9, 889. [CrossRef]
[PubMed]

Hayden, M.S.; Ghosh, S. Shared Principles in NF-KB Signaling. Cell 2008, 132, 344-362. [CrossRef]

Sun, S.C. The Noncanonical NF-KB Pathway. Immunol. Rev. 2012, 246, 125-140. [CrossRef] [PubMed]

van Delft, M.A.M.; Huitema, L.EA_; Tas, S.W. The Contribution of NF-KB Signalling to Immune Regulation and Tolerance. Eur. J.
Clin. Investig. 2015, 45, 529-539. [CrossRef] [PubMed]

Jin, R.; Yi, Y.; Yull, EE,; Blackwell, T.S.; Clark, PE.; Koyama, T.; Smith, J.A.; Matusik, R.J. Nf-Kb Gene Signature Predicts Prostate
Cancer Progression. Cancer Res. 2014, 74, 2763-2772. [CrossRef]

Staal, ].; Beyaert, R. Inflammation and NF-KB Signaling in Prostate Cancer: Mechanisms and Clinical Implications. Cells 2018,
7,122, [CrossRef] [PubMed]

Zerbini, L.F.; Wang, Y.; Czibere, A.; Correa, R.G.; Cho, J.-Y.; fjiri, K.; Wei, W.; Joseph, M.; Gu, X.; Grall, F,; et al. NF-B-Mediated
Repression of Growth Arrest-and DN A-Damage-Inducible Proteins 45 and Is Essential for Cancer Cell Survival. Proc. Natl. Acad.
Sci. USA 2004, 101, 13618-13623. [CrossRef]

Grosset, A.A.; Ouellet, V.; Caron, C.; Fragoso, G.; Barres, V.; Delvoye, N.; Latour, M.; Aprikian, A.; Bergeron, A.; Chevalier, S; et al.
Validation of the Prognostic Value of NF-KB P65 in Prostate Cancer: A Retrospective Study Using a Large Multi-Institutional
Cohort of the Canadian Prostate Cancer Biomarker Network. PLoS Med. 2019, 16, €1002847. [CrossRef]

Jeong, ].H.; Park, S.J.; Dickinson, S.I.; Luo, J.L. A Constitutive Intrinsic Inflammatory Signaling Circuit Composed of MiR-196b,
Meis2, PPP3CC, and P65 Drives Prostate Cancer Castration Resistance. Mol. Cell 2017, 65, 154-167. [CrossRef]

Wang, X.; Xuetao, X.; Wu, M.; Wu, P; Sheng, Z.; Liu, W.; Ma, Y.Y.; Zhao, D.G.; Zhang, K.; Li, D.; et al. Inhibitory Effect of Roburic
Acid in Combination with Docetaxel on Human Prostate Cancer Cells. J. Enzyme Inhib. Med. Chem. 2022, 37, 542-553. [CrossRef]
[PubMed]

Mendonca, M.S.; Turchan, W.T.; Alpuche, M.E.; Watson, C.N.; Estabrook, N.C.; Chin-Sinex, H.; Shapiro, ].B.; Imasuen-Williams,
LE.; Rangel, G.; Gilley, D.P; et al. DMAPT Inhibits NF-KB Activity and Increases Sensitivity of Prostate Cancer Cells to X-Rays in
Vitro and in Tumor Xenografts in Vivo. Free Radic. Biol. Med. 2017, 112, 318-326. [CrossRef] [PubMed]

Morel, K.L.; Hamid, A.A.; Clohessy, ].G.; Pandell, N.; Ellis, L.; Sweeney, C.J. NF-KB Blockade with Oral Administration of
Dimethylaminoparthenolide (DMAPT), Delays Prostate Cancer Resistance to Androgen Receptor (AR) Inhibition and Inhibits
AR Variants. Mol. Cancer Res. 2021, 19, 1137-1145. [CrossRef] [PubMed]

Bao, X,; Zhu, J.; Ren, C.; Zhao, A.; Zhang, M.; Zhu, Z.; Lu, X,; Zhang, Y.; Li, X,; Sima, X.; et al. 3-Elemonic Acid Inhibits Growth
and Triggers Apoptosis in Human Castration-Resistant Prostate Cancer Cells through the Suppression of JAK2/STAT3/MCL-1
and NF-«B Signal Pathways. Chem. Biol. Interact. 2021, 342, 109477. [CrossRef] [PubMed]

Gearhart, J.; Pashos, E.E.; Prasad, M.K. Pluripotency Redux—Advances in Stem-Cell Research. N. Engl. |. Med. 2007, 357,
1469-1472. [CrossRef] [PubMed]

Dhanasekaran, R.; Deutzmann, A.; Mahauad-Fernandez, W.D.; Hansen, A.S.; Gouw, A.M.; Felsher, D.W. The MYC Oncogene
—the Grand Orchestrator of Cancer Growth and Immune Evasion. Nat. Rev. Clin. Oncol. 2022, 19, 23-36. [CrossRef] [PubMed]


https://doi.org/10.1002/path.1605
https://doi.org/10.1007/s11010-017-3012-2
https://doi.org/10.1016/j.urolonc.2003.12.016
https://doi.org/10.1016/S0090-4295(99)80034-X
https://doi.org/10.1002/(SICI)1097-0045(19991001)41:2%3C127::AID-PROS7%3E3.0.CO;2-H
https://doi.org/10.1513/pats.200504-034SR
https://www.ncbi.nlm.nih.gov/pubmed/16267367
https://doi.org/10.1021/jm5004733
https://www.ncbi.nlm.nih.gov/pubmed/24831826
https://doi.org/10.1038/ncb0502-e131
https://www.ncbi.nlm.nih.gov/pubmed/11988758
https://doi.org/10.1038/sj.onc.1204997
https://doi.org/10.1007/s12263-009-0152-3
https://doi.org/10.3390/nu12030679
https://doi.org/10.1038/s41392-020-00312-6
https://www.ncbi.nlm.nih.gov/pubmed/32958760
https://doi.org/10.3390/biomedicines9080889
https://www.ncbi.nlm.nih.gov/pubmed/34440093
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1111/j.1600-065X.2011.01088.x
https://www.ncbi.nlm.nih.gov/pubmed/22435551
https://doi.org/10.1111/eci.12430
https://www.ncbi.nlm.nih.gov/pubmed/25735405
https://doi.org/10.1158/0008-5472.CAN-13-2543
https://doi.org/10.3390/cells7090122
https://www.ncbi.nlm.nih.gov/pubmed/30158439
https://doi.org/10.1073/pnas.0402069101
https://doi.org/10.1371/journal.pmed.1002847
https://doi.org/10.1016/j.molcel.2016.11.034
https://doi.org/10.1080/14756366.2021.2018684
https://www.ncbi.nlm.nih.gov/pubmed/34986722
https://doi.org/10.1016/j.freeradbiomed.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/28782644
https://doi.org/10.1158/1541-7786.MCR-21-0099
https://www.ncbi.nlm.nih.gov/pubmed/33863813
https://doi.org/10.1016/j.cbi.2021.109477
https://www.ncbi.nlm.nih.gov/pubmed/33878321
https://doi.org/10.1056/NEJMp078126
https://www.ncbi.nlm.nih.gov/pubmed/17928593
https://doi.org/10.1038/s41571-021-00549-2
https://www.ncbi.nlm.nih.gov/pubmed/34508258

Genes 2024, 15, 450 24 of 25

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.
160.
161.
162.

163.

164.

165.

166.

167.

168.

169.
170.

Diolaiti, D.; McFerrin, L.; Carroll, P.A.; Eisenman, R.N. Functional Interactions among Members of the MAX and MLX Transcrip-
tional Network during Oncogenesis. Biochim. Biophys. Acta Gene Regul. Mech. 2015, 1849, 484-500. [CrossRef] [PubMed]
Alshalalfa, M.; Nguyen, T.T.; Stopsack, K.H.; Khan, A.; Franco, I.; Seldon, C.; Swami, N.; Jin, W.; Meiyappan, K.; Ton, M.; et al.
Chromosome 8q Arm Overexpression Is Associated with Worse Prostate Cancer Prognosis. Urol. Oncol. Semin. Orig. Investig.
2023, 41, 106-e17. [CrossRef] [PubMed]

Mabhal, B.A.V.; Zhang, L.; Alshalalfa, M.; Graf, R.; Tukachinsky, H.; Huang, R.S.P.; McGregor, K.; Schrock, A.B.; Venstrom, ].M.
Molecular, Immunologic, and Clinicodemographic Landscape of MYC-Amplified (MYCamp) Advanced Prostate Cancer (PCa). J.
Clin. Oncol. 2021, 39. [CrossRef]

Zimmerman, R.; Bilen, M.A.; Heath, E.I; Nandagopal, L.; Swami, U.; Kessel, A.; Jaeger, E.; Wesolowski, S.; Hernanadez, E.J ;
Chipman, J.; et al. Comprehensive Genomic Profiling of Cell-Free DNA in Men with Advanced Prostate Cancer: Differences in
Genomic Landscape Based on Race. Oncologist 2022, 27, e815-818. [CrossRef]

Gurel, B,; Iwata, T.; Koh, C.M.; Jenkins, R.B.; Lan, F.; Van Dang, C.; Hicks, J.L.; Morgan, ]J.; Cornish, T.C.; Sutcliffe, S.; et al.
Nuclear MYC Protein Overexpression Is an Early Alteration in Human Prostate Carcinogenesis. Mod. Pathol. 2008, 21, 1156-1167.
[CrossRef]

Ellwood-Yen, K.; Graeber, T.G.; Wongvipat, J.; Iruela-Arispe, M.L.; Zhang, ].E.; Matusik, R.; Thomas, G.V.; Sawyers, C.L. Myc-
Driven Murine Prostate Cancer Shares Molecular Features with Human Prostate Tumors. Cancer Cell 2003, 4, 223-238. [CrossRef]
[PubMed]

Wasserman, N.E; Aneas, I.; Nobrega, M.A. An 8q24 Gene Desert Variant Associated with Prostate Cancer Risk Confers Differential
In Vivo Activity to a MYC Enhancer. Genome Res. 2010, 20, 1191-1197. [CrossRef]

Matejcic, M.; Saunders, E.J.; Dadaev, T.; Brook, M.N.; Wang, K.; Sheng, X.; Olama, A.A.; Schumacher, FR.; Ingles, S.A,;
Govindasami, K ; et al. Germline Variation at 8q24 and Prostate Cancer Risk in Men of European Ancestry. Nat. Commun. 2018,
9, 4616. [CrossRef] [PubMed]

Aggarwal, R.; Behr, S.C.; Paris, PL.; Truillet, C.; Parker, M.E.L.; Huynh, L.T.; Wei, J.; Hann, B.; Youngren, J.; Huang, J.; et al.
Real-Time Transferrin-Based PET Detects MYC Positive Prostate Cancer. Mol. Cancer Res. 2017, 15, 1221-1229. [CrossRef]
Casadio, V.; Calistri, D.; Salvi, S.; Gunelli, R.; Carretta, E.; Amadori, D.; Silvestrini, R.; Zoli, W. Urine Cell-Free DNA Integrity as a
Marker for Early Prostate Cancer Diagnosis: A Pilot Study. Biomed. Res. Int. 2013, 2013, 270457. [CrossRef] [PubMed]
Sonpavde, G.; Agarwal, N.; Pond, G.R.; Nagy, R.].; Nussenzveig, R.H.; Hahn, A.W.; Sartor, O.; Gourdin, T.S.; Nandagopal, L.;
Ledet, E.M; et al. Circulating Tumor DNA Alterations in Patients with Metastatic Castration-Resistant Prostate Cancer. Cancer
2019, 125, 1459-1469. [CrossRef]

Ansari, M.Z.; Swaminathan, R. Structure and Dynamics at N- and C-terminal Regions of Intrinsically Disordered Human c-Myc
PEST Degron Reveal a PH-Induced Transition. Proteins Struct. Funct. Bioinform. 2020, 88, 889-909. [CrossRef]

Weber, L.I; Hartl, M. Strategies to Target the Cancer Driver MYC in Tumor Cells. Front. Oncol. 2023, 13, 1142111. [CrossRef]
Llombart, V.; Mansour, M.R. Therapeutic Targeting of “Undruggable” MYC. EBioMedicine 2022, 75, 103756. [CrossRef]

D’avola, A.; Kluckova, K; Finch, A.J.; Riches, ].C. Spotlight on New Therapeutic Opportunities for MYC-Driven Cancers. Onco
Targets Ther. 2023, 16, 371-383. [CrossRef] [PubMed]

Bahls, B.; Aljnadi, I.M.; Emidio, R.; Mendes, E.; Paulo, A. G-Quadruplexes in c-MYC Promoter as Targets for Cancer Therapy.
Biomedicines 2023, 11, 969. [CrossRef] [PubMed]

Khot, A.; Brajanovski, N.; Cameron, D.P.; Hein, N.; Maclachlan, K.H.; Sanij, E.; Lim, J.; Soong, J.; Link, E.; Blombery, P.; et al.
First-in-Human RNA Polymerase I Transcription Inhibitor CX-5461 in Patients with Advanced Hematologic Cancers: Results of a
Phase I Dose-Escalation Study. Cancer Discov. 2019, 9, 1036-1049. [CrossRef] [PubMed]

Aggarwal, RR.; Schweizer, M.T.; Nanus, D.M.; Pantuck, A.J.; Heath, E.I; Campeau, E.; Attwell, S.; Norek, K.; Snyder, M.; Bauman,
L.; et al. A Phase Ib/Ila Study of the Pan-BET Inhibitor ZEN-3694 in Combination with Enzalutamide in Patients with Metastatic
Castration-Resistant Prostate Cancer. Clin. Cancer Res. 2020, 26, 5338-5347. [CrossRef] [PubMed]

Chauhan, J.; Wang, H.; Yap, J.L.; Sabato, PE.; Hu, A.; Prochownik, E.V.; Fletcher, S. Discovery of Methyl 4’-Methyl-5-(7-
Nitrobenzo[c][1,2,5]0xadiazol-4-Y1)-[1,1’-Biphenyl]-3-Carboxylate, an Improved Small-Molecule Inhibitor of c-Myc-Max Dimer-
ization. ChemMedChem 2014, 9, 2274-2285. [CrossRef]

Chalfant, V.; Riveros, C.; Shukla, S.; Osumi, T.; Balaji, K. 3JC48-3: Novel MYC Inhibition in Advanced Prostate Cancer. J. Clin.
Oncol. 2022, 40, 181. [CrossRef]

Shukla, S.; Fletcher, S.; Chauhan, J.; Chalfant, V.; Riveros, C.; Mackeyev, Y.; Singh, PK.; Krishnan, S.; Osumi, T.; Balaji, K.C. 3]JC48-3
(Methyl4’-Methyl-5-(7-Nitrobenzo[c][1,2,5]Oxadiazol-4-Y1)-[1,1’-Biphenyl]-3-Carboxylate): A Novel MYC/MAX Dimerization
Inhibitor Reduces Prostate Cancer Growth. Cancer Gene Ther. 2022, 29, 1550-1557. [CrossRef] [PubMed]

Holmes, A.G.; Parker, ].B.; Sagar, V.; Truica, M.L; Soni, PN.; Han, H.; Schiltz, G.E.; Abdulkadir, S.A.; Chakravarti, D. A MYC
Inhibitor Selectively Alters the MYC and MAX Cistromes and Modulates the Epigenomic Landscape to Regulate Target Gene
Expression. Sci. Adv. 2022, 8, eabh3635. [CrossRef]

Massoé-Vallés, D.; Soucek, L. Blocking Myc to Treat Cancer: Reflecting on Two Decades of Omomyc. Cells 2020, 9, 883. [CrossRef]
Savino, M.; Annibali, D.; Carucci, N.; Favuzzi, E.; Cole, M.D.; Evan, G.I; Soucek, L.; Nasi, S. The Action Mechanism of the Myc
Inhibitor Termed Omomyc May Give Clues on How to Target Myc for Cancer Therapy. PLoS ONE 2011, 6, €22284. [CrossRef]


https://doi.org/10.1016/j.bbagrm.2014.05.016
https://www.ncbi.nlm.nih.gov/pubmed/24857747
https://doi.org/10.1016/j.urolonc.2022.10.002
https://www.ncbi.nlm.nih.gov/pubmed/36400666
https://doi.org/10.1200/JCO.2021.39.15_suppl.5041
https://doi.org/10.1093/oncolo/oyac176
https://doi.org/10.1038/modpathol.2008.111
https://doi.org/10.1016/S1535-6108(03)00197-1
https://www.ncbi.nlm.nih.gov/pubmed/14522256
https://doi.org/10.1101/gr.105361.110
https://doi.org/10.1038/s41467-018-06863-1
https://www.ncbi.nlm.nih.gov/pubmed/30397198
https://doi.org/10.1158/1541-7786.MCR-17-0196
https://doi.org/10.1155/2013/270457
https://www.ncbi.nlm.nih.gov/pubmed/23509700
https://doi.org/10.1002/cncr.31959
https://doi.org/10.1002/prot.25880
https://doi.org/10.3389/fonc.2023.1142111
https://doi.org/10.1016/j.ebiom.2021.103756
https://doi.org/10.2147/OTT.S366627
https://www.ncbi.nlm.nih.gov/pubmed/37309471
https://doi.org/10.3390/biomedicines11030969
https://www.ncbi.nlm.nih.gov/pubmed/36979947
https://doi.org/10.1158/2159-8290.CD-18-1455
https://www.ncbi.nlm.nih.gov/pubmed/31092402
https://doi.org/10.1158/1078-0432.CCR-20-1707
https://www.ncbi.nlm.nih.gov/pubmed/32694156
https://doi.org/10.1002/cmdc.201402189
https://doi.org/10.1200/JCO.2022.40.6_suppl.181
https://doi.org/10.1038/s41417-022-00455-4
https://www.ncbi.nlm.nih.gov/pubmed/35440696
https://doi.org/10.1126/sciadv.abh3635
https://doi.org/10.3390/cells9040883
https://doi.org/10.1371/journal.pone.0022284

Genes 2024, 15, 450 25 of 25

171. Jung, L.A.; Gebhardt, A.; Koelmel, W.; Ade, C.P; Walz, S.; Kuper, J.; Von Eyss, B.; Letschert, S.; Redel, C.; D’Artista, L.; et al.
OmoMYC Blunts Promoter Invasion by Oncogenic MYC to Inhibit Gene Expression Characteristic of MYC-Dependent Tumors.
Oncogene 2017, 36, 1911-1924. [CrossRef] [PubMed]

172. Malik, S.; Pradeep, S.P.; Kumar, V.; Xiao, Y.; Deng, Y.; Fan, R.; Vasquez, ]J.C.; Singh, V.; Bahal, R. Antitumor Efficacy of a
Sequence-Specific DNA-Targeted T PNA-Based c-Myc Inhibitor. Cell Rep. Med. 2024, 5, 101354. [CrossRef] [PubMed]

173. Labbé, D.P,; Zadra, G.; Yang, M.; Reyes, ].M,; Lin, C.Y.; Cacciatore, S.; Ebot, E.M.; Creech, A.L.; Giunchi, F,; Fiorentino, M.; et al.
High-Fat Diet Fuels Prostate Cancer Progression by Rewiring the Metabolome and Amplifying the MYC Program. Nat. Commun.
2019, 10, 4358. [CrossRef] [PubMed]

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/10.1038/onc.2016.354
https://www.ncbi.nlm.nih.gov/pubmed/27748763
https://doi.org/10.1016/j.xcrm.2023.101354
https://www.ncbi.nlm.nih.gov/pubmed/38183981
https://doi.org/10.1038/s41467-019-12298-z
https://www.ncbi.nlm.nih.gov/pubmed/31554818

	Introduction 
	The ETS Family 
	SPDEF in PCa, the Double Agent 
	ERG and ERG Translocations 

	Androgen Receptor, the Great Player 
	AR’s Diagnostic and Therapeutic Applications 
	Mechanism of Resistance Mediated by AR 
	Neuroendocrine Prostate Cancer (NEPC) Transcription Factors 

	Activating Protein-1 
	NF-B, beyond the Inflammation Response 
	MYC, a Master Regulator of Transcription 
	Diagnostic Potential of MYC 
	MYC as a Therapeutic Target 

	Concluding Remarks 
	References

