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Abstract

Prostate cancer (PCa) is a common malignant tumor in men, when the disease progresses to the advanced stage, most
patients will develop distant metastasis and develop into castration-resistant prostate cancer (CRPC), resulting in increased
mortality. Ubiquitination is a widespread protein post-translational modification process in the biological world, and it plays
an important role in the development and transfer of PCa. E3 ubiquitin ligase plays an important role in the specific selection
and role of substrates in the process of ubiquitination ligase. This review will briefly introduce the ubiquitination process and
E3 ubiquitin ligase, focus on the recently discovered multiple mechanisms by which ubiquitination affects PCa development
and metastasis, and a summary of the current emerging proteolysis-targeting chimeras (PROTAC) in the treatment of PCa.
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Introduction

PCa is the most common malignant tumor in men,
accounting for about 26% of all malignant tumors [1].
Among them, the incidence of metastatic prostate cancer in
men aged 45 to 64 continues to increase [2], and the
increased mortality of PCa is mainly due to the develop-
ment of the disease to the late stage of metastasis [3]. For
the early diagnosis of PCa, prostate-specific antigen has
greatly improved its diagnostic efficiency, enabling patients
with early-stage prostate cancer to achieve a five-year sur-
vival rate of about 100% [4]. However, the five-year sur-
vival rate of advanced PCa is low, only about 28%, one of
the reasons is that multiple distant metastases, such as bone
metastases and lymph node metastases, often occur in the
advanced stage. Since the effects of androgen deprivation
therapy (ADT) in metastatic PCa patients were first reported
in 1941, inhibition of androgen receptor (AR) signaling by
ADT has been the mainstay of treatment for metastatic PCa
[5], although this therapy has brought about 1-2 years of
remission, the emergence of metastatic castration-resistant
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prostate cancer (mCRPC) makes cancer cells resistant to
drugs, which leads to poor efficacy. Therefore, it is very
important to explore the therapeutic targets of metastatic
PCa at present.

During biological development, the balance of protein
synthesis and degradation affects various processes such as
cell proliferation, differentiation, and apoptosis. Among
them, ubiquitination is one of the important regulatory
processes of protein post-translational modification, mainly
composed of ubiquitin (Ub), ubiquitin-activating enzyme
El, ubiquitin-conjugating enzyme E2, and ubiquitin ligase
E3. Dysregulation of the ubiquitin pathway is associated
with many diseases including cancer, involved in PCa [6].
By labeling substrates with ubiquitin, E3 ubiquitin ligases
provide these substrates with a new platform for protein-
protein interactions, which in turn alter their activity, loca-
lization, and/or further interactions to elicit diverse biolo-
gical signals [7]. Therefore, through the research and
understanding of E3 ligase, it is very meaningful for the
diagnosis and treatment of metastatic PCa.

This review will briefly describe the ubiquitination pro-
cess and E3 ubiquitin ligase, it also focuses on the recently
discovered ubiquitination through the effects of epithelial-
mesenchymal transition (EMT), AR, cancer stem cells
(CSCs), energy metabolism, cell cycle, and other mechan-
isms lead to the occurrence and transfer of PCa; in the last
part of the article, we briefly summarize the current treat-
ment methods for PCa by E3 ubiquitin ligase.
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Ubiquitination
Ubiquitination Process

Among various post-translational modifications, protein
ubiquitination is a common and important process in cells
[8]. The ubiquitination process of the substrate is a cascade
reaction process: first, the ubiquitin-activating enzyme El
activates the Ub molecule and forms a thiol ester bond
between the 76th glycine at the C-terminus of the Ub
molecule and the cysteine of the E1 enzyme. This process
requires the consumption of adenosine triphosphate (ATP)
[9]. The Ub-El intermediate then transfers the activated Ub
molecule to the ubiquitin-conjugating enzyme E2 [10];
finally, the ubiquitin ligase E3 specifically recognizes the
substrate and catalyzes the E2 enzyme to transfer Ub to the
substrate for post-translational modification of the substrate
[11-13].

Ubiquitination is a dynamic equilibrium process, which
can be counterbalanced by about 99 deubiquitinases (DUD).
The balance between ubiquitination and DUB is closely
related to the regulation of protein-level activity, and DUB
also maintains cellular ubiquitin levels by processing newly
synthesized ubiquitin precursors and recycling ubiquitin
from degraded proteins [14]. (Fig. 1).

E3 Ubiquitin Ligase

At present, more than 600 E3 ubiquitin ligases have been
identified in humans. According to different structures and
functions, they can be divided into three types: RING-type,
HECT type, and RING-IBR-RING (RBR) type [7, 15].
The specific ways in which the four ubiquitin ligases
catalyze the transfer of Ub molecules from E2-
conjugating enzymes to substrates are different. For
example, the RING E3 ligases are characterized by their
RING or U-box fold catalytic domain, which directly
transfers the Ub molecule on the E2-binding enzyme to
the target protein [16, 17]. (Fig. 2a, b) HECT-type E3

Fig. 1 The process of
ubiquitination. The
ubiquitination process of the
substrate is a cascade reaction
process: first, El activates the
Ub molecule, the Ub-E1
intermediate transfers the
activated Ub molecule to E2,
and finally, E3 specifically
recognized the substrate and

..
bE

catalyzes E2 to transfer Ub to \L"_/
the substrate for post- \Uy
translational modification of the

substrate

@ Springer

substrate l —

ligase has a conserved C-terminal catalytic domain, it first
transfers the Ub molecule to the HECT domain and forms
a thioester bond intermediate with the Ub molecule, and
then transfer the Ub molecule to the target protein [18].
(Fig. 2c, d) The RBR-type E3 ligase has two RING
structures, in which the RING1 domain can bind the Ub-
loaded E2-binding enzyme, and the RING2 domain
transfers the Ub molecule to the substrate for subsequent
catalytic reactions [19]. (Fig. 2e, f).

Polyubiquitination begins with the attachment of a single
ubiquitin (Ub) molecule to a lysine residue on a protein
substrate. Different biological effects can be produced
depending on the type of Ub connection. For example, the
function of K48-linked chains is related to classic protein
degradation [20]. K11 and K29 appear to have the same
function [21, 22]. K11-linked chains are used for cell cycle
regulation [23], and K27 and K6 are related to DNA
damage response and other related functions [24, 25]. K33
can be involved in post-Golgi membrane protein transport
[26], while K63 is involved in NF-xB signaling activation
and DNA repair [27]. It should be noted that these chains
can be either homotypic or heterotypic (Fig. 2g).

Ubiquitination Mediates the Development
and Metastasis of Prostate Cancer through
Multiple Mechanisms

EMT

EMT is a key event in tumor metastasis, allowing quiescent
tumor cells to acquire mesenchymal features with high
migratory rates and migratory potential [28]. In PCa, EMT
is also a key process leading to metastases in the late stages
of the disease, which is typically characterized by up-
regulation of mesenchymal markers such as vimentin and
N-cadherin and down-regulation of epithelial markers such
as E-cadherin [29]. At the same time, many regulatory
factors can lead to the EMT process, the following section

substrate
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Fig. 2 a, b RING E3-catalyzed ubiquitn transfer. a Structure of native
c-Cbl (PDB https://doi.org/10.2210/pdb2Y 1M/pdb). b The RING
domine combines the E2-Ub and substrate protein, then directly
transfers the Ub to the substrate. ¢, d HECT E3-catalyzed ubiquitin
transfer. ¢ Crystal structure of the HECT domain of human
WWP2(PDB https://doi.org/10.2210/pdb4Y07/pdb). d The HECT
domine first transfers the Ub molecule to the HECT domain, and then

expands to describe the process of ubiquitination and that
various E3 ligases can promote or inhibit this process by
regulating various EMT-related molecules, and plays a
different role in the occurrence, development, and metas-
tasis of PCa.

The activation of ¢cSRC promotes a stable association
between EMT and cell invasion transcription factors such as
SNAIL, SLUG, and ETS1 [30]. Moro et al. [31] found that
the E3 Ub ligase FBXL7 can recognize the SH3 domain of
¢-SRC upon phosphorylation at Ser104 and specifically
target c-SRC for proteasomal degradation, to inhibit pros-
tate metastasis. ILEI has been shown to regulate tumor
progression and be upregulated at the translational level
during EMT [32]. Sun et al. [33] showed, through co-
immunoprecipitation and other experiments, that UBE4A
targets ILEI and inhibits the migration and invasion of PCa
cells in vitro, through ubiquitination and degradation. The
correlation between PROX1 expression and cancer pro-
gression has been explored in several cancer types. In PCa,
PROXI1 overexpression enhances the accumulation of the
HIF1a protein by inhibiting the Ub pathway, enhancing cell
migration by inhibiting E-cadherin, upregulating vimentin
and matrix metallopeptidase, and inducing EMT responses
[34].

B-catenin is a key regulator of cancer-associated EMT
[35]. GSK-3p can recognize and phosphorylate -catenin,
generating a site that f-TrCP E3 Ub ligase can bind to,
triggering the ubiquitination and degradation of p-catenin
[36], thereby eliminating its EMT-promoting effect and
reducing the metastasis of tumor cells. Therefore, the GSK-
3p/p-catenin axis plays a key role during EMT. Tian et al.
[37] showed that melatonin inhibits nuclear translocation by
enhancing the phosphorylation of cytoplasmic f-catenin
and thus moderating its degradation through ubiquitination.

transfer the Ub molecule to the target protein. e, f RBR E3-catalyzed
ubiquitin transfer. e Structure of Parkin E3 ligase (PDB https://doi.org/
10.2210/pdb411H/pdb) (f). The RINGI domain can bind the Ub-
loaded E2-binding enzyme, and the RING2 domain transfers the Ub
molecule to the substrate for subsequent catalytic reactions. g Different
biological effects can be produced, when the type of Ub connection is
different

Wang et al. [38] found that CARMIL3 is required for the
migration and invasion of PC3 cells, and demonstrated that
CARMIL3 can maintain Cdhl transcription by inhibiting
the transcriptional repressor ZEB2. This repressor interferes
with p-catenin binding to the destruction complex, pro-
tecting P-catenin from being degraded via ubiquitination.
Microtubule stability is known to be related to the regula-
tion of EMT, and knockdown of human tubulin p-IVa
(TUBB4A) reduces GSK3p ubiquitination and degradation,
increasing the expression of E-cadherin in PCa cells, while
the expression of N-cadherin and vimentin decrease [39].
Therefore, it has been found that, in the GSK-3/p-catenin
axis, the ubiquitination-proteasomal degradation system can
inhibit EMT.

In cancer, TGF-p/SMAD is one of the most prominent
inducers of EMT. TGF-f/SMAD binds to TGF-f ligands
and receptors, where it phosphorylates and activates Smad2
and Smad3, which then bind to Smad4 to regulate gene
transcription [40]. TIFly can inhibit TGF-p signaling by
mediating the ubiquitination of Smad4 [41]. Qi et al. [29]
and Lan et al. [42, 43] proved that, in PC-3 cells, TIF1y
overexpression correlated positively with the epithelial
marker E-cadherin, but negatively with mesenchymal mar-
kers such as vimentin and N-cadherin. In addition to E3
ligases that are negatively correlated to EMT, many E3
ligases are positively related to the EMT process in PCa
cells. ITCH is an E3 ligase, and its positive regulation of
TGF-p signaling is dependent on the ubiquitination and
subsequent degradation of Smad7. Therefore, ITCH may
promote EMT in breast cancer cells, by downregulating
Smad7 [44]. Under normal circumstances, the E3 Ub ligase
adapter SPOP is involved in Ub-mediated ITCH degrada-
tion, but the F133L mutation in SPOP in PCa leads to
ITCH-mediated EMT and promotes the development of the
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disease [45]. The N-myc downstream regulatory gene 1
(NDRGI) is a tumor suppressor gene in multiple cancers,
including PCa. Its overexpression downregulates key sig-
naling proteins and pathways, including those mediated by
TGFp and others [46]. Gamell et al. [47] demonstrated that
E6AP may play a pro-metastatic role in PCa, by down-
regulating NDRG1, which in turn downregulates the TGF-f
signaling protein that is affected by NDRGI,
promoting EMT.

This is the classic Ub-proteasome degradation system in
the process of ubiquitination, although E3 Ub ligase can
also have other biological effects. TRAF6, for example, is
an unconventional E3 ligase that activates key regulatory
proteins via Lys-63-linked polyubiquitination [48]. Over-
expression of TRAF6 in PCa upregulates the expression of
the transcription factor SLUG, and thus enhances EMT.
TRAFG6 overexpression can also closely affect EMT, by
mediating the NF-kB signaling pathway [49]. Singh et al.
[50] performed a reversed-phase protein array study using
cell lysates from PC3 cells that expressed two different
shTRAF4 or control shRNA plasmids, and found numer-
ous EMT and invasion-related proteins. By contrast,
TrkA-knockout cells showed reduced expression of
TRAFA4 target genes. They thus confirmed that TRAF4 and
TrkA interact to regulate cell invasion-related gene
expression and cell invasion. They also concluded that
TRAF4-mediated TrkA ubiquitination over-activated
TrkA kinase activity on a lysine cluster (K523_44_47)
close to the kinase domain and played a non-canonical
proteasomal role in promoting EMT during the progres-
sion of PCa.

In addition to TRAF6, SKP2, a key component of the E3
Ub ligase SCF complex, also plays a role in non-26S pro-
teasomal degradation, which in turn regulates EMT in PC.
Twist, a transcription factor that exerts biological functions
through transcriptional events in the nucleus, is a key driver
of EMT in carcinogenesis, and is upregulated in 90% of
malignant PCa tissues [51]. One of the mechanisms of its
upregulation may be that Skp2 stabilizes and activates Twist
through ubiquitination, by simultaneously antagonizing
B-TrCP. TrCP can ubiquitinate the proteasome to degrade
Twist and promote the ubiquitination of K63 but not K48-
linked Twist, thereby promoting EMT [52]. Mickova et al.
[53] also found a co-regulatory relationship between SKP2
and SLUG that promotes EMT, which could be inhibited by
ubiquitination (Fig. 3).

AR

AR is a key driver of PCa pathophysiology, regulates
cancer cell proliferation, metabolism, and migration, is an
empirical therapeutic target for PCa [54] and is crucial for
the development of resistance to ADT [55]. Historically,
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inhibition of AR signaling by ADT has been the mainstay
of metastatic PCa therapy for over 70 years, since Charles
Huggins first reported the effects of ADT in patients with
metastatic PCa in 1941 [5]. Although ADT is initially
effective in approximately 90% of patients with PCa, the
disease inevitably develops into fatal CRPC [56], which
results in multiple distant metastases that seriously endanger
patients’ lives. Various E3 Ub ligases regulate AR activity
through ubiquitination, which, in turn, affects PC develop-
ment and metastasis.

SPOP not only modulates the EMT process, but also
affects PCa progression by mediating AR degradation (Fig.
4a). An et al. [56] proved that AR is the substrate of SPOP
through a number of experiments. In PCa cells, unmutated
SPOP promotes the degradation of full-length wild-type AR
(AR-WT), and acts as a tumor suppressor. Geng et al. [57]
used biochemical techniques to find that, in androgen-
dependent PCa cells and non-dependent cells, WT-SPOP
can directly bind to the SBC motif in the AR hinge region,
to promote its ubiquitination and degradation. However,
this binding activity can be abolished by SPOP mutations in
PCa, resulting in AR stabilization and the promotion of
cancer cell proliferation and metastasis.

In addition to SPOP, other E3 Ub ligases can also
degrade AR through ubiquitination. In PCa cells, MDM2
can ubiquitinate and degrade AR, mainly through the PI3K/
Akt phosphorylation pathway. When activated, Akt phos-
phorylates AR and MDM?2, increasing their binding and
leading to the proteasomal degradation of AR (Fig. 4b) [58].
Skp2-mediated AR degradation, by contrast, occurs in an
Akt/mTOR-independent manner [59]. It has also been
shown that, in PCa cells, the ubiquitination and degradation
of AR by MDM?2 can lead to AR(-) CSCs, which ultimately
promote the occurrence of metastatic tumors [60]. AR can
also be degraded by a number of other E3 Ub ligases such
as CHIP, NEDD4, and SKP2 (Fig. 4e—g) [60].

In addition to acting on morphologically normal AR,
there is also a mechanism against AR mutant degradation in
PCa. For example, DBCI is a co-activator of various tran-
scription factors that can directly enhance the DNA-binding
activity of AR-V7. It can also inhibit the CHIP-mediated
ubiquitination and degradation of AR-V7, by competing
with it and thereby stabilizing and activating it. This
increases CRPC and promotes cancer metastasis (Fig. 4f)
[61].

E3 Ub ligase can also regulate AR activity in other ways.
RNF6 E3 Ub ligase is upregulated in PCa, and can induce
polyubiquitination at K845 of AR. The polyubiquitin chain
in the AF2 domain of AR can in turn recruit a host of
coregulators that promote the transcriptional activity of AR
(Fig. 4g) [62]. Most PROTAC small-molecule drugs
developed for PCa, such as ARV-110 and ARCC-4, mainly
target AR [63].
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Fig. 3 a The process of EMT. b Many E3 can through the 26s pro-
teasome degradation system influence the EMT process. ¢ GSK-3p/
B-catenin axis can be inhibited through ubiquitination, at the same

CSCs

Most cancers contain a small number of cells with stem-like
properties called CSCs, which function promote tumor
initiation and self-renewal [64]. The concept of CSCs pro-
vides a new perspective for understanding the occurrence,
development, metastasis, and prognosis of tumors, as well
as tumor resistance to therapy. CSCs exhibit multi-
directional differentiation, self-renewal, and robust

time, the process can be influenced by other molecular. d E3 can also
play other biological effects in the EMT. e Part mechanism of E3s
regulate the EMT

tumorigenesis [65]. In PCa, PCa stem cells are considered
tumor initiation and maintenance cells [66]. E3 Ub ligases
such as CUL4B, SPOP, Skp2, and MDM?2 can inhibit,
promote, and maintain PCa stem cells through various
mechanisms, thereby affecting the progression and metas-
tasis of the malignancy.

BMII is a major component of polycomb repressive
complex 1 (PRC1), which contributes to the maintenance of
CSCs in various malignancies. In PCa, the function of
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Fig. 5 E3s influence PCa through regulate CSCs. a CUL4BE3 inhibits
the transcription of BMI1 by causing trimethylation of miR200b/c,
promoting BMll1-regulated PCa stem cell characteristics. b SPOP
causes NANOG degradation, PIN1 inhibits polyubiquitination and
degradation of SOPO. ¢ Skp2 degrades FBWI1A and inhibits its
degradation of Twist, ultimately promoting tumor development and
metastasis

CULA4B E3 Ub ligase, through its transcriptional repressive
activity, leads to the trimethylation of miR200b/c, in turn
inhibiting its transcription and promoting BMI1-regulated
PCa stem cell traits that lead to PCa progression and
metastasis (Fig. 5a) [67].

Embryonic CSCs express pluripotency-related tran-
scription factors such as NANOG. The expression of these
transcription factors is closely associated with the devel-
opment of cancer [68]. Wang et al. [69] reported that SPOP
can interact directly with the S68 residue in the SBC group
of NANOG in PCa cells, leading to the proteasomal
degradation of NANOG, which then inhibits the self-
renewal and stem cell-like characteristics of PCa. Zhang
et al. [70] also proved that SPOP degrades NANOG through
the proteasomal system, thereby reducing stem cell char-
acteristics in embryonic stem cells and PCa. It has also been
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The (f) demonstrated that DBC1 competes with CHIP to bind AR-V7
to inhibit its mediated AR-V7 ubiquitination and degradation. The (g)
demonstrated that RNF6E3 promotes AR transcriptional activity,
promote PCa progression

verified that the upstream factor of NANOG, Pinl, stabi-
lizes SPOP, inhibits its polyubiquitination and degradation,
and promotes CSC characteristics that are beneficial to
tumorigenesis (Fig. 5b).

As previously described, the transcription factor Twist is
a key driver of CSC characteristics in cancer cells. Ruan
et al. [52] proved that, in PCa cells, Skp2 can degrade
FBWI1A through the proteasomal pathway and inhibit the
degradation of Twist. This eventually stabilizes its expres-
sion and enhances CSC self-renewal in PCa, promoting
tumor development and metastasis (Fig. 5c¢). There is also
an AR(-) phenotype CSC population in PCa, wherein
MDM?2 promotes AR degradation, which is essential for
maintaining PCa stem cell homeostasis and promoting
CRPC [60].

Energy Metabolism

Tumor cells generally reprogram their metabolism [71], to
generate cellular plasticity, facilitate the adaptation of cancer
cells to unfavorable microenvironments, and promote disease
progression [72]. Around 100 years ago, Otto Warburg dis-
covered that some cancer cells can convert glucose into lac-
tate through aerobic exercise, whereas most normal cells in
the body use glucose for oxidative metabolism. This property
is known as the “Warburg” effect [73]. High levels of aerobic
glycolysis not only meet the energy needs of cancer cells, but
also promote the synthesis of macromolecules for rapid tumor
proliferation and metastasis [74]. Mitochondria also play an
important role in tumor metabolism [75], contributing to
tumor invasion and metastatic dissemination through redox
balance and mitochondrial dynamics. Parkin and VHL E3 Ub
ligase, the UBE20 E2 conjugating enzyme with E3 activity,
and the ubiquitination process, affect PCa progression by
mediating energy metabolism.
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Agarwal et al. [76] demonstrated that Parkin suppresses
tumor growth by targeting glycolysis and mitochondrial
networks. The Parkin ligase induces the degradation of the
non-oxidative PPP enzyme TK, leading to glycolytic star-
vation, loss of ATP production, and generation of mito-
chondrial ROS in tumor cells. The mitochondrial kinetic
effectors MFN2 and RHOT1, and the non-oxidative phase
(TKT) of PPP can be degraded, ultimately leading to acute
metabolic and oxidative stress and the inhibition of sub-
cellular mitochondrial transport. This prevents primary and
metastatic tumor growth in vivo. VHL can target HIF-1a for
proteasomal degradation under conditions of normoxia.
However, Fan et al. [74] found that PLCe inhibited this
proteasomal degradation in a pVHL-dependent manner in
PCa cells, regulated the stability of HIF-1a, and thus pro-
moted PCa development and metastasis.

Although UBE2O is an E2 ligase, it also possesses E3
ligase properties. Vila et al. [77] showed that the deletion of
one or both alleles of UBE20 resulted in delayed tumor-
igenesis, as well as reduced tumor growth and metastasis
rates, in a mouse model for PCa. Its specific tumor-
promoting and pro-metastatic mechanisms involve the
ubiquitination and degradation of AMPKa?2. This promotes
the activation of the mTOR-HIF1a pathway, leading to its
upregulation, which is closely related to growth-promoting,
glycolytic, and biosynthesis pathways.

Cell Cycle

Correct progression of the cell cycle depends on an ordered
sequence of events that include DNA replication, chromo-
some condensation, and cytokinesis [78]. One of the
important characteristics of tumor cells is their cell cycle
and energy metabolism [79]. The occurrence and develop-
ment of various cancers are characterized by a highly acti-
vated cell cycle, the ability of cancer cells to replicate
indefinitely, and tissue invasion/metastasis, which are
among the main causes of death in patients with cancer.
Ubiquitination and the SPOP E3 Ub ligase play important
roles in tumor development, by regulating the cell cycle.
Cell division cycle-associated protein 5 (CDCAS) reg-
ulates sister chromatid aggregation and segregation to ensure
accurate chromosome distribution in mitotic and meiotic cells
[80]. CDCAS deletion results in mitotic arrest and the com-
plete loss of sister chromatid cohesion [81]. Luo et al. [82]
found that SPOP could regulate the ubiquitination and
degradation of the tumor-promoting protein CDCAS through
the AKT pathway in DU145 cells. This inhibited, either
partially or fully, the expression of the CDCAS protein,
thereby inhibiting tumor cell proliferation and promoting
apoptosis. Cyclin E1 is an important protein involved in cell
cycle progression. Improper degradation of cyclin E1 on
chromatin can lead to abnormal DNA replication and

increase the risk of gene mutations and tumorigenesis [83].
Ju et al. [84] found that in PCa cells, SPOP directly interacts
with cyclin El through the MATH domain to promote its
ubiquitination and degradation, which in turn inhibits the
cancer-related phenotypes induced by cyclin E1 expression.
TUBB4A is a member of the p-tubulin family. In most
normal tissues, there is little or no TUBB4A expression. Gao
et al. [39] showed, through a functional analysis, that
TUBB4A/GSK3p binds to the N-terminus of MYH9 in PCa
cells. TUBB4A-KO reduces the MYH9-mediated ubiquitina-
tion and degradation of GSK3p, which in turn inhibits cyclin
D1, acting to reduce spontaneous tumor growth and metastasis.
Polo-like kinase 1 (PLK1) plays an important role in
regulating cell cycle processes such as centrosome
maturation, spindle assembly, mitotic exit, and cytokinesis.
Many of its functions oppose those of Smad4. Gao et al.
[85] showed that PLK1 and PELO can directly bind to
different domains of Smad4 to form a protein complex.
PLK1 promotes the ubiquitination and degradation of
Smad4 by phosphorylating it at Thr197 in PCa cells, using
PELO as a coenzyme. The biological effects of PLKI
inhibitors on cell growth and metastasis can be restored by
knocking out Smad4, which in turn promotes tumor
development and metastasis by affecting the cell cycle.

Other

The process of ubiquitination through an E3 Ub ligase can
also affect the development and metastasis of PCa through
other mechanisms as well, such as the regulation of cancer
cell dormancy and endoplasmic reticulum stress.

In a subset of PCa patients, bone metastases can occur after
incubation periods of years or even decades. One key
mechanism that underlies this phenomenon is that Wnt5a from
the osteoblast niche activates non-canonical ROR2/
SIAH2 signaling to ubiquitinate B-catenin via SIAH2, inhi-
biting standard Wnt/p-catenin signaling and thereby reducing
invasion and bone metastasis [86]. One in vitro analysis
showed that FBXL4 plays a role in regulating cell migration
and invasion, and can prevent cancer metastasis to bones by
downregulating ERLEC1 [87]. ERLECI is a molecular cha-
perone that plays a role in the endoplasmic reticulum stress
response, and is related to cancer invasion and metastasis [88].

Therapy

The importance of the ubiquitination process and E3 Ub
ligases in cancer development and metastasis is self-evident,
and a number of studies have shown that dysregulation of
the ubiquitination process is closely related to cancer
(including PCa). Therefore, E3 Ub ligases represent a pro-
mising therapeutic target for PCa [89, 90], and have
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received much attention in this regard in recent years.
However, current research on E3 Ub ligase inhibitors for
PCa has mainly focused on putative targets, and there is a
lack of definitive clinical trials and applications.

Newly emerging drugs that have shown some promise in
this regard have targeted downstream protein degradation
through the PROTAC approach. The concept of PROTAC,
proposed by Crews and Deshaies in 2001 [91], represents a
new way of targeting and degrading specific proteins.
PROTAC is a bifunctional hybrid molecule consisting of a
protein of interest (POI) ligand and an E3 Ub ligase ligand.
The two are covalently connected, primarily by a linker
composed of 5-15 carbon or other atoms. It can therefore
bind both an E3 Ub ligase and a target protein at the same
time, recruit the ligase after binding to the POI, and drive
the ubiquitination of the target protein so it is degraded by
the endogenous 26S proteasome [92, 93]. Importantly,
PROTACS can also be recycled, making them more effi-
cient at degrading large numbers of proteins [92]. Fig. 6
illustrates the PROTAC principle visually. Although there
are hundreds of known E3 Ub ligases, only a a small
fraction is used for PROTAC. These include Von Hippel-
Lindau (VHL), cereblon (CRBN), inhibitor of apoptosis
proteins (IAPs), and MDM2, with VHL and CRBN being
the most widely used [94].

For many years, one of the main treatment methods for
PCa has been ADT. However, most patients treated by ADT
relapse, with cancers that metastasize and eventually pro-
gress to mCRPC with a much higher mortality rate. AR-
dependent proliferation is one of the main mechanisms
behind this phenomenon. Therefore, there have been many
recent reports of drugs that specifically target AR using
PROTAC. ARV-110, discovered by scientists at Arvinas
Corporation, was the first potent orally-active AR degrader
to enter clinical development that showed promising clinical
activity and safety [95]. ARV110 is currently in a phase II

-
/\

@&
. - * X a
(%
L protease * *
PROTAC

Fig. 6 The process of PROTAC-mediated ubiquitination and protea-
somal degradation of POI. PROTAC consists of ligands of POI and E3
ubiquitin ligase, which can bind both E3 ubiquitin ligase and target
protein, and is degraded by endogenous 26S proteasomes
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clinical trial (NCT03888612), and researchers are actively
exploring whether its dosing can be increased [96]. In
various prostate cancer cell lines, ARV-110 degrades
95-98% of AR. In wild-type AR models, ARV-110 has
shown similar efficacy to benzalutamide at lower doses. In
drug-resistant models, ARV-110 reduced tumor growth by
70-100%. However, the clinical application of this drug has
not yet been extensively explored, and there is a lack of
definitive detection, statistical data, and countermeasures
related to adverse reactions from its use.

ARCC-4 is another recently developed PROTAC,
designed by Salami et al., that targets AR [97]. ARCC-4 is a
low nanomolar AR degrader that is capable of degrading
~95% of cellular ARs. In several different cellular models
of PCa resistance, the degradation efficiency of the targeted
AR protein was approximately 10x that of enzalutamide. At
the time of writing this review, ARCC-4 has been further
optimized for ARCC-4 to ARV-110, and has entered phase
I clinical trials (NCT03888612) [98].

ARD-266, first reported by Han et al. [99] has also
shown significant inhibitory effects on AR. ARD-266
effectively induces AR degradation in AR-positive (AR+)
LNCaP, VCaP, and 22Rvl PCa cell lines. ARD-266
reduced AR protein levels in AR+ PCa cell lines by more
than 95% and effectively reduced the inhibition of AR-
regulated gene expression. This PROTAC reduced AR
protein levels in LNCaP and VCaP cells by >95%. How-
ever, this study did not explore the therapy in live animals.

In a study by Kregel et al. [100] the role of ARD-61 was
demonstrated in a benzalutamide resistance model. Several
models of isogenic prostate cell lines with high AR-V7
expression were established; however, they failed to affect the
cytostatic effect of AR degraders, suggesting that AR-V7 is
not a functional resistance mechanism to AR inhibition. These
data provide compelling evidence that full-length AR remains
an important carcinogenic driver of PCa that has developed
resistance to AR antagonists, and highlights the clinical
potential of AR degradants for the treatment of CRPC.

Chen et al. [101] reported that a highly efficient
PROTAC-based AR degrader, compound A031, induced
AR protein degradation in VCaP cell lines in a time-
dependent manner. A031 is five times less toxic than
enzalutamide, and has clinically suitable half-life (T;/,) and
clearance (Cl) times. It was shown to significantly inhibit
the growth of transplanted tumors in VCaP zebrafish by
inducing AR degradation in a time-dependent manner. In
VCaP cell lines, AR target proteins were almost completely
degraded after treatment with 2 mM of A031 for 4.5h. Ata
concentration of 8.3 mM, it inhibited tumor growth by 55%
in VCap-transplanted zebrafish. Therefore, A031 provides
further insights into the development of new drugs for PCa.
This drug can hopefully be further validated using
resistance-related models.
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Lee et al. [98] developed MTX-23, which binds both the
DNA-binding domain of AR and the VHL E3 Ub ligase.
They identified 12 human PCa cell lines that were resistant
to four FDA-approved SAT drugs: abiraterone, benzaluta-
mide, apalutamide, and darutamide. When drug-resistant
cells were treated with MTX-23, a reduction in cell pro-
liferation and tumor growth was observed both in vitro and
in vivo. These results suggest that MTX-23 is a novel small
PROTAC molecule. Researchers have also begun exploring
various modifications to MTX-23, designed to enhance its
potency. Future research will likely focus on how MTX-23
interacts with AR-V7 and AR-FL as well as on establishing
the necessary pharmacokinetics in preparation for anti-SAT
CRPC clinical trials in men.

Han et al. [102] found that the inhibitory effect of ARD-
69 on AR-positive PCa cell growth was 100x higher than
that of AR antagonists. ARD-69 can effectively inhibit the
growth of AR-positive LNCaP and VCaP AR+ PCa cell
lines and completely degrade AR in these two lines at a
concentration of <1 nM for 24 h. It effectively inhibited cell
growth in LNCaP, VCaP, and 22Rv1 PCa cell lines, and
was more than 100x more potent than the AR antagonists
benzalutamide and apalutamide. A single dose of ARD-69
effectively reduced AR protein levels in tumor tissues that
had been transplanted into mice. Further optimization of
ARD-69 may eventually lead to new therapies for AR+,
castration-resistant PCa. Kregel et al. [100] developed
several AR-V7-high isogenic PCa models and wused
PROTAC-ARD-69 to demonstrate that AR-V7 is not a
functional resistance mechanism for AR inhibition.

Xiang et al. [103] found that ARD-2585 could act as a
highly orally-active PROTAC-based degrader of ARs. In
VCaP cell lines with wild-type AR, and in LNCaP cell lines
carrying T878A mutant AR mutants, ARD-2585 received a
picomolar DC50 value and a>98% Dmax. It also reduced
AR protein levels by >80% at 0.1 nM in 22Rvl cell lines
that carried AR-V7 variants, and by >80% at 1nM in
MDA-PCA-2b cell lines that carried double AR mutations.
ARD-2585 is very stable in liver microsomes and plasma,
even without HERG inhibition. It shows good PK para-
meters in both intravenous and oral routes of administration
in mice, and achieves a wide tissue distribution. Oral
administration of ARD-2585 effectively reduced AR pro-
tein expression and inhibited growth in VCaP tumor tissues
that had been transplanted into mice. It has the potential to
be widely used in the treatment of AR+, PCa, as well as
other human diseases in which AR plays a key role.

Han et al. [104] also found that ARD-2128 had good oral
pharmacokinetics in mice. Mechanistic studies showed that
ARD-2128 is a true PROTAC-based degrader of AR that
strongly inhibits AR 4 AR-regulated genes in PCa cell lines
in a dose- and time-dependent manner. ARD-2128 also
effectively inhibited the growth of an AR-amplified VCaP

PCa cell line and an AR-mutated LNCaP cell line. The oral
bioavailability of ARD-2128 in mice reached 67% as it
effectively reduced the expression of AR in tumor tissues
and inhibited the expression of AR regulatory genes,
thereby effectively inhibiting the growth of the tumors in
the mice, without any signs of toxicity. That study sup-
ported the development of orally active PROTAC-based
AR degraders for PCa treatment, and provided insights and
guidance for the design and development of the drugs.

The chemical structural formula of PROTAC is shown in
Fig. 7, and the details are listed in Table 1.

Targeted drugs related to E3 Ub ligases have less impact
on normal cell function and can achieve better therapeutic
effects while minimizing side-effects. However, there are few
specific POIs, E3 ligase targets, or clinical drug candidates in
this field. It therefore remains to be seen whether PROTACs
become effective drugs for the clinical treatment of PCa.

Conclusion

PCa is a malignant epithelial tumor of the prostate with a high
incidence in men. Distant metastasis often occurs when the
disease progresses to an advanced stage, leading to increased
mortality. Conventional surgery and chemotherapy can only
improve the quality of life in many patients, without being
able to significantly improve survival rates. Although ADT is
initially effective in approximately 90% of PCa patients, the
disease often eventually progresses to fatal CRPC. Because
most patients have distant metastases at the time of diagnosis,
precise targeted therapy is very important in order to control
the disease, improve quality of life, and prolong survival time.

Ubiquitination is a common process in biology. It can
mediate apoptosis, proliferation, differentiation, transcrip-
tional endocytosis, DNA damage, and repair, through El
Ub-activating enzyme, E2 Ub-conjugating enzyme, and E3
Ub ligase. Therefore, the relationship between ubiquitina-
tion and the development and treatment of PCa has received
considerable attention.

Since E3 Ub ligases determine substrate specificity dur-
ing ubiquitination, this article focuses on the proteasomal
degradation, linkage, and activation of various E3 Ub
ligases, by targeting substrate proteins. These functions
affect EMT, AR, CSCs, energy metabolism, the cell cycle,
and other pathways in the development of PCa, to either
promote or inhibit its development and metastasis.

However, many accurate and specific E3 Ub ligases have
not been identified, and only about 600 E3 Ub ligases have
been discovered so far. Many E3 ligases can effectively
regulate the progression of PCa, as well as other cancers;
therefore, further exploration and verification of these drugs is
highly warranted. In addition to the ubiquitination process,
other protein post-translational modification processes can
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Fig. 7 The structure of PROTAC. In order, is ARV-110, ARCC-4, ARD-61, ARD-266, A031, ARD-69, ARD-2585, ARD-2128. Download from

PubChem (nih.gov)

Table 1 Some details about the PROTAC

ARV-110 CRBN RING Phase Il Nguyen TT etal. (2022)
ARCC-4 VHL RING Phase | Salami J et al. (2018)
ARD-61 VHL RING v Steven Kregel et al.(2020)
ARD-266 VHL RING v Han X et al.(2019)
A031 VHL RING v Chen L et al.(2021)
MTX-23 VHL RING v Lee GT et al.(2021)
ARD-69 VHL RING v Steven Kregel et al.(2020)
ARD-2585 CRBN RING v Xiang W et al.(2021)
ARD-2128 VHL RING v Han X et al.(2021)

also affect PCa, such as ubiquitination [53, 105, 106], de-
ubiquitination [107-110], methylation [31, 67, 72, 107, 109],
and acetylation [111]. Therefore, it is beneficial to understand
the occurrence, development, and metastasis mechanisms of
PCa in further detail, by elucidating the process of protein
post-translational modification in order to achieve effective
prevention and treatment.

As the importance of ubiquitination’s role in cancer is self-
evident, drugs targeting the E3 Ub ligase that affects PCa are

@ Springer

also emerging. However, most of the research in this field is
concentrated at the preclinical stage, and the translation of
these research results into clinical applications is an urgent
challenge that remains to be addressed. The emerging PRO-
TAC technology is a new development that targets and
eliminates substrate proteins through E3 Ub ligases. The
current challenges surrounding the PROTAC system mainly
include the lack of further animal model validation and clin-
ical experiments, limited application of suitable E3 Ub
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ligases, and the need for further structural design. Most of the
currently designed PROTAC delivery methods are oral, so
other delivery methods can be used to verify their pharma-
cokinetics and distribution concentrations in vivo, as more
effective delivery methods begin to be explored. As a small-
molecule drug, PROTAC must be concentrated in sufficiently
high levels to occupy the active sites of its targets, and must
have a long enough half-life to continuously inhibit its target
protein. Long-term, high-dose drug exposure not only
increases the risk of adverse effects but also leads to cumu-
lative toxicity. In clinical applications, attention should be
paid to detecting adverse reactions to drugs, grading them,
and improving relevant counter-measures. In addition, there
remains much room for improvement with regard to the
optimization of PROTAC doses. With a more comprehensive
understanding of the physiological functions and recognition
substrates of the >600 E3 Ub ligases that have been dis-
covered thus far, applications in cancer therapy should
become apparent and worthwhile. Although there has been
considerable investment in research and experience in this
field, there is still much uncertainty regarding whether this
therapy type can actually be used in clinical practice.
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