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Abstract

The Speckle-type POZ protein (SPOP), a substrate adaptor of the cullin-RING E3 ligase
complex, mediates both the degradation and non-degradative ubiquitination of
substrates, which are crucial for regulating various biological functions and cellular
processes. Dysregulation of SPOP-mediated ubiquitination has been implicated in
several cancers. Emerging evidence suggests that SPOP functions as a double-edged
sword: acting as a tumor suppressor in prostate cancer (PCa), hepatocellular carcinoma
(HCC), and colorectal cancer (CRC), while potentially serving as an oncoprotein in
kidney cancer (KC). Therefore, SPOP’s role in tumorigenesis appears to be tissue- or
context-dependent. Numerous downstream substrates of SPOP have been identified
across various cancers, where they regulate carcinogenesis, metabolic reprogramming,
cell death, immune evasion, therapy resistance, and tumor microenvironment (TME)
remodeling. However, the definitive role of SPOP in these cancers requires further
investigation. A comprehensive understanding of the molecular mechanisms of SPOP
in different cancer types will provide new insights into its function in oncogenesis,
potentially advancing anti-cancer drug development. Here, we summarize the latest
findings on SPOP’s functions and structural features, its regulatory mechanisms, the

roles of its substrates in various cancers, and SPOP-targeting strategies.
Key words: SPOP, diverse substrates, functions, cancer, therapeutic targeting

1 Introduction

Proteasome-mediated protein degradation is one of the principal proteolytic pathways
in eukaryotes, regulating nearly all cellular processes. This pathway, governed by the
ubiquitin-proteasome system (UPS), plays a critical role in maintaining cellular
homeostasis [1-4]. The UPS exerts its biological functions through a series of
enzymatic events, encompassing two distinct steps. In the first step, three classes of
enzymes are involved: E1 (ubiquitin-activating enzymes), E2 (ubiquitin-conjugating
enzymes), and E3 (ubiquitin-protein ligases), where substrate specificity is primarily
determined by specific E3 ligases. The second step involves the 26S proteasome

complex, which serves as the proteolytic component of the system [5-8] [Figure 1]. In



humans, there are typically only two E1 enzymes, but around 40 E2 enzymes and over
600 putative E3 ligases, reflecting the complexity and specificity of substrate
recognition in the UPS [4,9-11]. E3 ligases are categorized into three major families:
the really interesting new gene (RING) family, the homology to E6AP C-terminus
(HECT) family, and the RING homology-in-between-RING (RBR) family [9,11-13].
The HECT and RBR family E3 ligases catalyze the indirect transfer of ubiquitin from
the E2 enzyme to a catalytic cysteine on the E3, followed by transfer to the target protein.
In contrast, RING family E3 ligases mediate a direct, one-step ubiquitination, where
ubiquitin is transferred from the E2 enzyme directly to the substrate [11,13,14] [Figure
1]. The RING family is the largest and most diverse group of E3 ligases, encompassing
approximately 270 members [15]. A canonical RING finger domain is a zinc-binding
motif that contains conserved cysteine and histidine residues at specific intervals [16].
This structure is essential for E2-dependent ubiquitination, facilitating the direct
transfer of ubiquitin from E2 enzymes to substrate proteins, thereby ensuring precise
regulation of ubiquitin-dependent cellular processes [16]. The HECT family is
classified into three subclasses: (1) NEDD4/NEDD4-like E3s, which include WW
domains that recognize PY motifs in substrates such as ion channels [17]; (2) HERC
E3s, which possess RLD domains crucial for membrane association and GTPase
regulation [17]; and (3) non-canonical HECT E3s, such as HUWEI, which lack
WW/RLD domains and regulate MYC stability [17]. Genomic analysis reveals that
humans encode around 30 HECT E3 genes, compared to more than 600 RING-type E3
ligases, underscoring the distinct evolutionary and functional trajectories of these two
families [15]. The HECT family is distinguished by catalytic flexibility via C-terminal
domains that allosterically regulate ubiquitin chain formation, in contrast to RING E3s,
which depend on E2 selectivity [18]. RBR E3 ligases, identified through sequence
alignments, exhibit a unique tripartite structure with three zinc-binding domains: two
canonical RING domains (RINGI1 and RING2) flanking a central in-between-RING
(IBR) domain [19]. The RING1 domain binds to ubiquitin-charged E2 enzymes, while
the RING2 domain contains a critical cysteine residue that accepts ubiquitin from the

E2Ub intermediate—a mechanism typical of HECT-type E3s [20]. Thus, RBR E3s



combine features of both RING and HECT families, enabling efficient ubiquitin transfer.

Additionally, compensation mechanisms within ubiquitination pathways are critical for
maintaining cellular homeostasis and ensuring proper protein regulation, particularly in
response to disruptions in specific components of the UPS. For instance, in yeast, the
dosage compensation mechanism involves a network of E3 ubiquitin ligases and N-
acetyltransferases that collaborate to regulate the levels of multiprotein complex
subunits by enhancing their proteolysis [21]. The compensation of Pop3 and Bet4
primarily relies on the minor N-acetyltransferase NatD. Interestingly, even in the
absence of NatD, canonical substrates such as histones H2A and H4 were still
compensated, indicating that stoichiometric control can occur independently of N-
acetylation [21]. This highlights that the Ac/N-end rule pathway, while significant, is
not the sole contributor to stoichiometry control, indicating a more intricate network of
interactions that enable cells to adapt to fluctuations in protein levels. Furthermore,
compensatory mechanisms are not limited to the UPS; they also encompass autophagy.
Under conditions of nitrogen starvation, yeast fatty acid synthase (FASN) is
predominantly degraded through autophagy [22]. In the absence of autophagy, the UPS
provides a compensatory mechanism for the degradation of FAS. Furthermore, it has
identified that the degradation of Fas2 via the UPS is dependent on the E3 ubiquitin
ligase known as Ubrl [22]. This interplay between different degradation pathways
underscores the cell's ability to maintain proteostasis and respond to various stressors,
emphasizing the importance of understanding these compensatory responses in the

context of diseases.

RING E3s, with the cullin—RING ligases (CRLs) being the largest known subclass,
comprising eight members, including CRL1-3, CRL4A-B, CRLS5, CRL7, and CRLO9.
Typically, CRL E3 ligases consist of a core cullin scaffold protein, a RING-box protein
(RBX1/2) that recruits the E2 enzyme, a substrate receptor protein, and an adaptor
protein that connects the substrate receptor to the scaffold [3,23,24]. Unlike other CRL
E3 ligases, CRL3 utilizes a Bric-a-brac/Tramtrack/Broad (BTB) protein, which serves

as both the substrate receptor and adaptor, such as Speckle-type pox virus and zinc



finger protein (SPOP), as shown in Figure 2. CRL3 also includes RBX1 for E2
recruitment and the cullin 3 scaffold protein. Additionally, a conserved lysine residue
in the C-terminal domain is conjugated to NEDDS, a modification that regulates CRL3
activity [23,25] [Figure 2].
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Figure 1. Ubiquitination and degradation of target proteins. This figure illustrates the process
of ubiquitination, where target proteins are tagged with ubiquitin molecules, signaling their
degradation by the 26S proteasome. The process begins with the activation of ubiquitin by the E1
enzyme, followed by its transfer to the E2 conjugating enzyme. The E3 ligase then facilitates the
attachment of ubiquitin to the target protein, often in the form of a polyubiquitin chain, which serves
as a recognition signal for the proteasome. However, when a protein is tagged with a single ubiquitin
(monoubiquitination), it may not lead to degradation but instead may regulate non-proteolytic
functions, such as modifying protein activity or localization. Once the polyubiquitinated protein is
recognized by the proteasome, it is unfolded and translocated into the proteolytic core for
degradation. HECT, Homology to E6AP C-terminus; RBR, RING homology-in-between-RING;

RING: Really interesting new gene.
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Figure 2. The structure of CRL3. CRL3 is composed of cullin 3, RBX1, and a BTB protein, with
SPOP serving as an example of a BTB protein in this complex. The interaction domains are shown:
red indicates the interaction between RBX1 and cullin 3, while white represents the interaction
between the BTB domain and cullin 3. BTB: Bric-a-brac/Tramtrack/Broad; CRL3: Cullin—RING

ligase 3; RBX1: RING-box protein 1; SPOP: Speckle-type POZ protein.

As shown in Figure 2, SPOP functions as a substrate-binding adaptor for the Cullin3
(CUL3)/RBX1 E3 ubiquitin ligase complex. SPOP, the mammalian homolog of
Drosophila hedgehog (Hh)-induced BTB protein (Hib), plays a crucial role in
development, with studies in vertebrate models showing that its gene deletion disrupts
normal physiological processes [26,27]. Notably, both human and plant SPOP proteins
can form dimers or oligomers, underscoring the evolutionary conservation of SPOP’s
function. The dimerization interface is formed by the BTB and BACK domains, while
the C-terminus independently promotes the assembly of higher-order oligomers that
enhance substrate ubiquitination. These oligomers boost E3 ligase activity by
increasing substrate avidity and facilitating the availability of the E2 ubiquitin-

conjugating enzyme [28].

2 Structural characteristics of the SPOP protein



SPOP was first identified by Nagai et al. in 1997 and is characterized by a typical
POZ/BTB domain [29]. Structurally, the SPOP protein consists of five domains: an N-
terminal meprin and TRAF homology (MATH) domain that binds substrates containing
the SPOP-binding consensus (SBC) motif (a serine/threonine-rich peptide motif, ®-n-
S-S/T-S/T, where @ is nonpolar and 7 is polar); an internal BTB/POZ domain that
interacts with Cullin 3 and facilitates SPOP dimerization; a BACK domain that
mediates secondary dimerization; the 3-box, a subdomain within the BACK domain,
enhances the SPOP-CULS3 interaction; and a C-terminal nuclear localization sequence
(NLS) [Figure 3A] [28]. The structure of SPOP and its hotspot mutations are depicted
in Figure 3B. SPOP mutations are most commonly found in PCa, and Figure 3B
highlights the most frequent mutation sites associated with this cancer [14]. The
clustering of SPOP alterations specifically within the MATH domain can be attributed
to its functional and structural importance in substrate recognition and binding. The
MATH domain is essential for SPOP's role as an E3 ubiquitin ligase, as it facilitates the
recognition and binding of various substrates, including oncoproteins, for
ubiquitination and degradation [24]. Mutations in this domain can disrupt substrate
interactions, impairing SPOP's ability to regulate processes like the cell cycle [30],
apoptosis [31], and DNA repair [32]. Structurally, the MATH domain is highly
conserved and mediates multi-point binding to substrates through a distinct three-
dimensional structure [33]. Alterations in this region, through mutations or deletions,
can destabilize the binding site or induce conformational changes that affect substrate
specificity and SPOP's overall function [34]. In cancers such as prostate, renal
carcinoma, and endometrial cancer, SPOP mutations are often clustered in the MATH
domain, leading to loss-of-function or gain-of-function alterations [31,35,36]. Loss-of-
function mutations impair substrate binding and prevent the degradation of oncogenic
proteins, while gain-of-function mutations may create new binding interfaces that
promote oncogenic pathways [35,37]. The evolutionary conservation of the MATH
domain suggests that mutations in this region are more likely to disrupt SPOP's core
function, contributing to the high frequency of these mutations in cancer [34]. Overall,

the clustering of mutations in the MATH domain reflects its crucial role in substrate



recognition, structural integrity, and tumor suppression, with alterations in this region

significantly impacting cancer progression.
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Figure 3. Structural overview of SPOP. (A) The SPOP protein consists of five key domains: the
N-terminal MATH domain, which binds substrates containing the SBC motif (a serine/threonine-
rich peptide motif, ®-n-S-S/T-S/T, where @ is nonpolar and = is polar); an internal BTB/POZ
domain, which interacts with Cullin 3 and facilitates SPOP dimerization; a BACK domain, which
mediates secondary dimerization; and a C-terminal NLS. (B) The structure of SPOP, along with its
hotspot mutations in prostate cancer, is shown. BTB: Bric-a-brac/Tramtrack/Broad; MATH: Meprin

and TRAF homology; NLS: nuclear localization sequence; SBC: SPOP-binding consensus.



3 SPOP-regulated processes

As a key adaptor in CRL3-type E3 ligases, SPOP plays a critical role in tumorigenesis,
supported by substantial physiological, pathological, and biochemical evidence [24].
Key biochemical evidence indicates that SPOP facilitates the ubiquitination of its
downstream substrates [24]. The identification of diverse ubiquitin substrates has
underscored the dual role of SPOP in tumorigenesis, thus posing challenges to cancer
therapy and attracting significant attention [14]. Thus, an accurate understanding of
mechanisms for SPOP in cancer is critical for developing future effective drug

development.

SPOP functions as a pivotal regulatory hub, orchestrating a broad spectrum of cellular
processes critical to tumorigenesis across various cancer types [Figure 4]. In PCa, SPOP
functions as a tumor suppressor, regulating cell proliferation/migration/invasion
[14,30,38-47], drug resistance [35,48-51], DNA damage response (DDR) [52-55], X-
chromosome inactivation [56], metabolic processes [57-59], cellular senescence [60],
lymphocyte infiltration [61,62], stem cell-like properties [63,64], and endoplasmic
reticulum stress-induced apoptosis [65]. Of note, loss of SPOP further inhibits DNA
hypermethylation while exacerbating mitochondrial dysfunction [66], AKT kinase

activation [67], and aberrant cellular stress responses [68].

In breast and gynecologic cancers, multiple lines of evidence suggest that SPOP
primarily functions as a tumor suppressor, influencing cell
proliferation/migration/invasion [42,69,70], immune escape [71-73], MAPK/ERK
signaling [74], and metabolic regulation [75]. However, in breast cancer, SPOP appears
to promote tumor metastasis by degrading BRMSI1 [76], a key metastasis suppressor
gene. In endometrial cancer, SPOP-specific mutants, which markedly reduce BET
protein levels, enhance cancer cell sensitivity to BET inhibitors [36]. In cervical cancer,
SPOP seems to promote paclitaxel resistance and diminish the efficacy of immune
therapies, thereby contributing to tumor progression [72,77]; however, these findings

warrant further investigation.

In digestive system malignancies, SPOP primarily functions as a tumor suppressor,



regulating cell proliferation/migration/invasion [78-83], YAP1 activation [84],
metabolic processes [85], and immune escape [86]. Notably, the HCC-derived mutant
SPOP-M35L exhibits enhanced interaction with IRF2BP2, leading to its ubiquitination
and degradation, thereby promoting HCC cell proliferation and migration [37].
Similarly, in other cancers, including lung cancer, diffuse large B-cell lymphoma
(DLBCL), choriocarcinoma, and Ewing sarcoma, SPOP also exerts tumor-suppressive
functions. In lung cancer and DLBCL, SPOP regulates cell proliferation, migration,
invasion, and NF-«B signaling [87-90]. Moreover, SPOP controls proliferation,
migration, and invasion in choriocarcinoma and Ewing sarcoma [91,92], while in

bladder cancer, it inhibits immune escape [93].

In KC, SPOP promotes tumor progression by enhancing proliferation, inhibiting

apoptosis [31,94], and regulating H3K36me3 levels and Hippo signaling [95,96].
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Figure 4. Regulatory functions of SPOP across multiple cancer types. This figure highlights the
roles of SPOP in prostate cancer, breast and gynecologic cancers, digestive system malignancies,

diffuse large B-cell lymphoma, choriocarcinoma, Ewing sarcoma, bladder cancer, and kidney cancer.

Notably, SPOP has recently been implicated in liquid-liquid phase separation (LLPS),



a biophysical process where cellular components form membrane-less, dynamic
compartments that play key roles in cellular functions such as signal transduction,
transcription, and stress responses [25]. SPOP's ability to form higher-order oligomers,
combined with its intrinsically disordered regions (IDRs), allows it to undergo phase
separation, creating liquid-like droplets that concentrate substrates for efficient
ubiquitination [97]. This phase separation enhances the specificity and efficiency of
SPOP’s E3 ligase activity by organizing both the enzyme and its substrates into
localized areas. However, in the context of tumorigenesis, disruptions in SPOP's phase-
separating ability can lead to the stabilization of oncogenic proteins that should
otherwise be degraded, promoting uncontrolled cell proliferation and cancer
progression [97]. Mutations in SPOP, which impair its phase separation, can
dysregulate key processes such as cell cycle control, DNA damage response, and
apoptosis [25,34]. Moreover, alterations in SPOP's interactions with other phase-
separating proteins or changes in its phosphorylation status can further complicate its
function, influencing its ubiquitin ligase activity and substrate fate [25]. The emerging
role of SPOP in phase separation underscores the complex interplay between genetic

mutations and biophysical properties in cancer.

4 The regulation of SPOP

The regulation of SPOP expression occurs at multiple levels, including DNA
methylation, which affects transcription [80,98], miRNAs that modulate translation
[99-101], and phosphorylation and self-ubiquitination, which influence
posttranscriptional modifications [102—-104]. Together, these regulatory processes
ultimately alter either the expression or the function of SPOP. Table 1 summarizes the
regulators that promote increased SPOP expression, while Table 2 outlines those that

reduce SPOP expression, and Table 3 highlights the factors that influence its function.



Table 1. Regulators that enhance SPOP expression.

Regulators Regulation mechanism Tumor Refere
types nces
C/EBPa C/EBPa binds to the promoter of the SPOP geneto  NSCLC [98]

enhance the expression of SPOP mRNA

LncRNA The underlying molecular mechanism remains GC [105]
ADAMTS9- unclear
AS2
CDK1 Preventing SPOP degradation mediated by CDK1 PCa [106]
Dzipl Dzipl regulates Gli turnover by preventing Non [107]
proteasome-dependent degradation of SPOP cancer
(Embryo)

Abbreviations: Dzipl: DAZ-interacting protein 1; GC: gastric cancer; NSCLC: non-small cell lung

cancer; PCa: prostate cancer.

Table 2. Regulators that reduce SPOP expression.

Regulators Regulation mechanism Tumor References
types

miRNAs from exosome Targeting the 3' UTR of SPOP transcripts  RCC; [99-101]

(miR-520/372/373; diminishes SPOP mRNA levels, thereby GC;

miRNA-543; inhibiting SPOP protein expression CRC

microRNA-17-5p)

SMAD3 Recognizing SBEs in the SPOP promoter, PCa [108]
SMAD3 directly binds to it and represses

SPOP transcription

Promoter Hypermethylation of specific CpG sites CRC; [80,98]

hypermethylation within the SPOP promoter region has NSCLC




Regulators Regulation mechanism Tumor References

types
been observed
LIMK2 LIMK?2 promotes SPOP degradation CRPC [102]
through direct phosphorylation
Aurora A AURKA directly phosphorylates SPOP, CRPC [103]
leading to its ubiquitylation
Snail Snail promotes SPOP ubiquitination and PCa [104]

degradation through its BTB domain

Abbreviations: BTB: bric-a-brac/tramtrack/broad complex; CRC: colorectal cancer; CRPC:
castration-resistant prostate cancer; GC: gastric cancer; NSCLC: non-small cell lung cancer; PCa:

prostate cancer; RCC: renal cell carcinoma; SBEs: SMAD-binding elements.

Table 3. Regulators that influence SPOP's function.

Regulators Regulation mechanism Tumor Refere
types nces
HIFs Under hypoxic conditions, HIFs promote the RCC [31]

cytoplasmic accumulation of SPOP and influence

the degradation of its substrates

ATM SPOP is phosphorylated at Ser119 by the ATM PCa [52—
kinase (serine/threonine), modulating its interaction 54]

with substrates in response to DNA damage

GRK2 Phosphorylation of the serine residue at codon 222 Breast [75]
(SPOPS22%) disrupts SPOP dimerization, triggering ~ cancer

SPOP self-ubiquitylation and degradation

SPOPL SPOP and SPOPL (SPOP-like) form a molecular / [109]

rheostat that fine-tunes E3 ubiquitin ligase activity




Regulators Regulation mechanism Tumor Refere
types nces
by modulating the oligomeric state of the E3
complex
G3BP1 G3BP1 competes with SPOP substrates for binding PCa [110]

to the MATH domain, inhibiting SPOP’s

ubiquitination activity

Abbreviations: ATM: Ataxia-telangiectasia mutated; HIF: Hypoxia-inducible factor; PCa: prostate

cancer; RCC: renal cell carcinoma; SBEs: SMAD-binding elements; SPOP: Speckle-type POZ

protein.

5 Roles of SPOP substrates in human cancers

Growing evidence has clarified the role of SPOP in carcinogenesis, with its expression

levels and mutation status varying in a context-dependent manner across human cancers.

SPOP functions predominantly as a tumor suppressor in prostate, lung, gastric, liver,

colon, and endometrial cancers [14,24], but acts as an oncogene in clear cell renal cell

carcinoma (ccRCC) [14,31]. The identification of an increasing number of its substrates

within specific cancer types further underscores its significance in cancer [Table 4].

Table 4. Human SPOP substrates across different cancer types.

Substrates Degron sequences Cellular functions Cancer types References
in human
AR 203-EGSSS- PCa: AR signaling PCa [38,94,111]
207aa/645-ASSTT- activation; KC: KC
649aa Sunitinib resistance
ATF2 192-PTSST-196 aa/  Cell proliferation, PCa [39]
318-ATSTT-322 aa migration and invasion
CyclinEl 306-HFSSS-310 aa Proliferation, PCa [40]
migration, and tumor
formation
c-Myc 185-VCSTS-189aa/  PCa: Cell proliferation; PCa [41,42]

261-PTTSS-265aa

Breast cancer:
Epithelial-

mesenchymal transition

Breast cancer




Substrates Degron sequences Cellular functions Cancer types References
in human
CDCA5S 121-AESSS-125aa Cell survival and PCa [30]
proliferation
DEK 285-ADSST-299aa Cell invasion PCa [112]
EgIN2 17-PGSSS-21aa/67-  Facilitated PCa growth ~ PCa [43]
ATSTT-71aa
ERG 42-ASSSS-46aa Cell migration and PCa [44]
invasion
SRC3 99-DVSST-103 PCa: Cell migration PCa [69]
and invasion;
Breast cancer: Tumor Breast cancer
growth and
proliferation
Gli3 1177-VQSSS- AR signaling activation PCa [45]
1181aa
ITCH 281-DGSST-285aa Metastasis PCa [46]
PrLZ 30-42aa Promoting cell growth, PCa [47]
chemotherapy
resistance, cell
migration and invasion
BRD2/3/4 BRD2 (287-291aa),  PCa: Decreasing drug PCa [35,36]
BRD3 (250-254aa),  resistance;
BRD4 (296-300aa):  Endometrial cancer: Endometrial
ADTTT Increasing cell cancer
resistance to BET
inhibitors
Cdc20 61-GKSSS-65aa Drug resistance PCa [48]
TRIM24 151-VPSST- AR signaling activation PCa [112]
155aa/594-DCSST-
598aa
Caprinl 35-VSSTS-39aa Docetaxel resistance PCa [49]
SENP7 201-LSSSS- Inhibiting senescence PCa [60]
2052aa/393-AGSTT- HCC
397aa
PD-L1 285-HLEET-289aa Promoting immune PCa [61,73]
escape and decrease Ovarian cancer
chemotherapy
sensitivity
HIPK2 97-ASSTS- DNA damage PCa [52]
101aa/863- ASSTT-
867aa
53BP1 1641-ASSSS-1645aa  Genomic instability PCa [53]
MCM3 123-FPSSS-127aa DNA damage repair PCa [54]




Substrates Degron sequences Cellular functions Cancer types References
in human
Geminin 200-VSSST-204aa Genomic instability PCa [55]
BMI1 288-HISST-292aa X-chromosome PCa [56]
inactivation
MacroH2A  285-ADSST-289aa X-chromosome PCa [56]
inactivation
Pdx1 / B cell mass and PCa [57]
function
FASN 160-ACSSS- Lipid accumulation PCa [58]
164aa/1715-LDSTS-
1719aa/2251-
EGSTT-2255aa
Nanog 66-PDSST-70aa PCa: Stem cell traits; PCa [63,82]
Pancreatic cancer: Pancreatic
Promoting growth and  cancer
metastasis
DDIT3 96-VTSTS-100aa Apoptotic execution PCa [65]
pathways triggered by
endoplasmic reticulum
stress
INF2 1144-ADSTS- Mitochondrial fission PCa [113]
1148aa
17BHSD4  315-RATST-319aa Androgen synthesis PCa [59]
GLP 645-ADTTS- DNA methylation PCa [66]
649aa/667-ADTTT-
671aa
PDK1 VSSSS Activating the AKT PCa [67]
kinase
SQSTM1 272-PESSS-276aa Autophagy and Nrf2 PCa [68]
activation
LRP5 1481-ASSSS-1485aa  Transcriptional PCa [62]
inhibition and inhibit T
cell activity
ELK3 129-LRSTS- Docetaxel resistance PCa [50]
133aa/101-LPSTS-
105aa
PR 98-GSSSS-102aa Cell growth and Breast cancer [70]
invasion
BRMSI1 189-GSSRS-193aa Suppressing metastasis  Breast cancer [76]
ASCT2 349-GTSSS-353aa Glutamine uptake and Breast cancer [75]
metabolism
4-DVSSS-9aa Cell migration and Breast cancer [114]

TWIST1



Substrates Degron sequences Cellular functions Cancer types References
in human
invasion
ERa 461-FLSST- Cell proliferation, Endometrial [115]
465aa/571-AGSTS-  migration, and invasion cancer
575aa
IRF1 208-PDSTS-212aa The inducible Endometrial [71]
expression of PD-L1 cancer
BRAF 120-VTSSS-124 aa Activation of the Endometrial [74]
MAPK/ERK pathway  cancer
ZBTB3 196-LSSTS-200 aa,  Cell proliferation, Endometrial [116]
272-PSSST-276 aa migration, and invasion cancer
DRAKI1 / Inhibiting growth of Cervical cancer  [77]
paclitaxel-resistant
cervical cancer cells
CXCL16 / Promoting immune Cervical cancer [72]
tolerance
Nogo-B 9-LVSSS-13aa/113-  Promoting HCC [78]
PVSST-117aa/169- carcinogenesis
173aaPPSTP/181-
GSSGS-185aa
HMGCS1  143-1ESSS-147aa Activating YAPI to HCC [84]
promote tumor growth
IRF2BP2 447-VHSTT-451aa Inhibiting cell HCC [37]
proliferation and
metastasis
BCLAF1 137- PRSSS-141 aa  Stabilizing PD-L1and  HCC [86]
promote the
development and
immune escape
Gli2 371-PSSTS- CRC: Resisting cell CRC [80,117]
375aa/1362-VSSST-  death;
1366aa GC: Promoting cell GC
viability, migration,
proliferation, and
attenuated apoptosis
HDAC6 7-DSTTT-11aa /843- Tumorigenesis and CRC [81]
GPSSS-847aa metastasis
ILF3 360-PPSTT-364aa Increasing SGOC genes CRC [85]
expression and
facilitating tumor
growth
TIAM1 210-QHSST-214aa Promoting the GC [83]

proliferation, migration




Substrates Degron sequences Cellular functions Cancer types References

in human
and invasion
FADD 201-DASTS-205aa Promoting NF-xB Lung cancer [87]
activity
SIRT2 49-GISTS-53aa Promoting cell growth ~ Lung cancer [88]
CHAF1A  281-PSSTS-285aa Enhancing DLBCL [89]
aggressiveness,
including cell
proliferation, migration
MyD88 14-VSSTS-18 aa NF-kB signaling DLBCL [90]
activation
DHX9 341-PWTSS-345aa  Promoting migration Choriocarcinoma [91]
and invasion
EWS-FLI1 462-VTSSS-466aa Promoting growth Ewing sarcoma [92]
STAT3 512-FSSTT-516aa Elevated chemokine Bladder cancer [93]
CCL2 secretion
Daxx 608-VSSTS- Apoptosis KC [31]
612aa/680-ADSST-
684aa
DUSP7 191- VDSSS-195aa  Inhibit cell proliferation KC [31]
Gli2 371-PSSTS- Cell proliferation, anti- KC [31]
375aa/1362-VSSST-  apoptosis
1366aa
PTEN 359-ASSST-363aa Inhibit cell proliferation KC [31]
SETD2 1238-SSS- H3K36 KC [95]

1240aa/1268-STT- trimethyltransferase
1270aa/1373-SSNS-
1376aa
LATSI 332-MQSSS- Inhibit cell invasion KC [96]
336aa/434-PQSSS-
438aa

Abbreviations: 53BP1: p53 binding protein 1; AR: Androgen receptor; ASCT2: Alanine serine
cysteine transporter 2; ATF2: Activating transcription factor 2; BCLAF1: B cell lymphoma-2-
associated transcription factor 1; BMI1: B-lymphoma Mo-MLYV insertion region 1; BRAF: B-Raf
proto-oncogene; BRD2/3/4: Bromodomain containing proteins 2/3/4; BRMSI1: Breast cancer
metastasis suppressor 1; Cdc20: Cell division cycle 20; CDCAS: Cell division cycle associated 5;
CHAF1A: Chromatin assembly factor 1 subunit A; CXCL16: C-X-C motif chemokine ligand 16;
DDIT3: DNA damage inducible transcript 3; DLBCL: Diffuse large B-cell lymphoma; DRAKI1:

Death-associated protein kinase-related apoptosis-inducing kinase 1; EgIN2: Egl-9 family hypoxia



inducible factor 2; Era: Estrogen receptor o; ERG: ETS-related gene; FADD: FAS-associated death
structural domain; GC: Gastric cancer, HCC: Hepatocellular carcinoma; HDAC: Histone
deacetylases; HIPK2: Homeodomain interacting protein kinase 2; HMGCSI1: 3-hydroxy-3-
methylglutaryl-CoA synthase 1; INF2: Inverted formin 2; IRF2BP2: Interferon regulatory factor 2-
binding protein 2; IRF1: Interferon regulatory factor 1; KC: Kidney cancer; LRP5: Low-density
lipoprotein receptor-related protein 5; MCM3: Minichromosome maintenance complex component
3; NF-«B: Nuclear factor kappa-light-chain-enhancer of activated B cells; PCa: Prostate cancer;
Pdx1: Pancreatic duodenal homeobox 1; PDK1: 3-phosphoinositide-dependent kinase 1; PD-L1:
Programmed death-ligand 1; PR: Progesterone receptor; PrLZ: Prostate leucine zipper; SENP7:
Sentrin/SUMO-specific protease 7; SGOC: Serine—glycine—one-carbon; STAT3: Signal transducers
and transcriptional activators 3; TTAM1: T lymphoma invasion and metastasis 1; TRIM24: Tripartite
motif containing 24; TWIST1: Twist family BHLH transcription factor 1; ZBTB3: Zinc finger and

BTB domain-containing protein 3.

5.1 Tumor-suppressive functions of SPOP in PCa

Physiological evidence from animal models and pathological evidence from human
cancer specimens reveal frequent SPOP mutations, which are associated with a worse
prognosis in PCa [57,118,119]. These loss-of-function missense mutations
predominantly cluster in the MATH domain [Figure 3B], the substrate-binding motif,
potentially impairing or blocking substrate affinity [33]. This failure to degrade
oncogenic substrates can lead to the activation of oncogenic pathways. A diverse array
of SPOP substrates has recently been identified in PCa, each playing a role in specific

oncogenic pathways [Figure 5].
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Figure 5. Functions of SPOP Substrates in PCa. This figure outlines the functional roles of SPOP
substrates in PCa, highlighting how the ubiquitination-and either degradation or non-degradation-
of specific substrates by SPOP impacts key cellular processes such as cell growth, apoptosis,
androgen receptor signaling, and tumor progression. The diagram emphasizes how dysregulation of
these processes, often resulting from SPOP mutations, contributes to the development and

progression of PCa. PCa: prostate cancer; SPOP: Speckle-type POZ protein.

5.1.1 Downstream substrates of SPOP associated with growth, migration and invasion
From Table 4 and Figure 5, it is evident that the core substrates promoting cell
proliferation, migration, and invasion include AR, activating transcription factor 2
(ATF2), cyclin E1, c-MYC, cell division cycle associated protein 5 (CDCAS), DEK,
Egl-9 family hypoxia inducible factor 2 (EgIN2), ETS-related gene (ERQG), steroid

receptor coactivator 3 (SRC3), Gli3, ITCH, and prostate leucine zipper (PrLZ).

Androgens, primarily testosterone and dihydrotestosterone, play a crucial role in the

differentiation and functioning of various components of the male reproductive system.



The androgen receptor (AR) pathway serves as a key element in the signaling processes
within healthy prostatic tissue [120]. The AR signaling pathway is a well-recognized
driver of PCa progression [120]. Recent findings suggest that while wild-type (WT)
SPOP can interact directly with the hinge region of AR at the SBC motif, its mutant
forms lack this capacity. This interaction promotes AR ubiquitination and subsequent
degradation, underscoring the regulatory role of SPOP in AR signaling [38,111]. In
2014, An et al. demonstrated that SPOP could interact with the AR both in vitro and in
vivo. However, only AR splice variants containing the SBC motif, such as the v567es
variant, are capable of being bound by SPOP [111]. Androgens diminish SPOP-
mediated degradation of endogenous AR; however, this effect is significantly inhibited
by the antiandrogen enzalutamide [111]. Based on these findings, combining SPOP
activators with antiandrogens could serve as a promising approach for therapeutic
development. Additionally, Geng et al. revealed that WT SPOP, but not its mutant
forms-such as SPOP-F102C, SPOP-F133V, SPOP-F125V, SPOP-S119N, SPOP-Y87C,
and SPOP-Y87N-binds to AR, promoting its ubiquitination and subsequent degradation
[38]. Similarly, the presence of SPOP mutations can lead to a partial decrease in
sensitivity to enzalutamide [38]. However, they proposed that ARv7 indirectly interacts
with WT-SPOP through the formation of AR-full-length (FL) /ARv7 heterodimers in
22Rvl1 prostate adenocarcinoma cells, even in the absence of the SBC [38]. In
immunocompromised mice, they observed that SPOP-F102C xenografts grew
significantly faster and exhibited elevated AR protein levels compared with WT-SPOP
xenografts [38]. In patient cohorts, a strong correlation was observed between the SPOP
signature score and AR activity score [38]. Therefore, enhancing the interaction
between ARv7 and WT SPOP could be a promising therapeutic strategy for PCa

treatment.

The ATF/CREB bZIP family includes the transcription factor ATF2, a ubiquitously
expressed protein [121]. ATF2, while predominantly found in brain tissue, is a protein
expressed throughout various tissues and plays a significant role in regulating

transcription, remodeling chromatin, and responding to DNA damage [121]. The total



loss of ATF2 in somatic cells leads to lethality after birth, whereas a partial
dysregulation of ATF2 has been associated with cancer development [121]. In 2014,
Ricote et al. reported that PCa patients exhibit overexpression of phosphorylated ATF2,
as demonstrated through immunohistochemical and western blot analyses. This
overexpression is associated with enhanced cell proliferation and survival [122].
Subsequent studies have identified several SBC motifs in ATF2, which are essential for
its degradation via SPOP-mediated ubiquitination. Notably, PCa-associated SPOP
mutants impair this process, leading to defective ATF2 degradation and consequently

promoting cell proliferation, invasion, and migration [39].

Cyclin E1, which acts as an activator for cyclin-dependent kinase 2 (CDK?2), is
predominantly expressed during the transition from G1 to S phase of the cell cycle [14].
This protein plays a crucial role in facilitating DNA replication, centrosome duplication,
and histone biosynthesis, all of which are integral to the commencement of the S phase
[14]. It is an oncogene and key regulator of S phase progression in the cell cycle, is
implicated in PCa proliferation. Zhang ef al. demonstrated that cyclin E1 plays a crucial
role in PCa cell proliferation [40]. In PCa tissues, the relative expression of cyclin El
mRNA was significantly correlated with the progression of high-grade carcinomas,
particularly those with a Gleason score greater than 7 [123]. The SPOP/CUL3/RBX1
complex mediates polyubiquitination and subsequent degradation of cyclin E1, thereby
inhibiting PCa cell proliferation and migration [40]. Conversely, proteins such as
OTUBI promote PCa progression by deubiquitinating and stabilizing cyclin E1 [124].
These findings suggest that cyclin E1 functions as a tumor promoter in PCa and is a
substrate of SPOP. Dysregulated ubiquitination-mediated proteolysis of cyclin El

contributes to PCa development.

Previous studies have shown that elevated levels of c-MYC expression are linked to
aggressive forms of human PCa [125]. Recent work has uncovered that AR signaling
regulates c-MYC expression, which has important implications for the effectiveness of
AR signaling antagonists [126,127]. This newly identified regulatory axis sheds light

on the complex mechanisms driving PCa progression and therapeutic responses. Geng



and colleagues demonstrated that WT-SPOP directly interacts with c-MYC, promoting
its ubiquitination and subsequent proteasomal degradation in PCa cells. This regulatory
process, however, is disrupted in SPOP mutants with altered substrate binding pockets
[41]. Furthermore, SPOP plays a pivotal role in regulating prostate epithelial cell
proliferation, indicating its broader involvement in prostate homeostasis and
carcinogenesis [41]. Mice with prostate-specific heterozygous or homozygous SPOP
deletion (SPOP~"* or SPOP ") displayed increased prostate mass and elevated c-MYC
protein expression, ultimately developing prostatic intraepithelial neoplasia (PIN) [41].
Clinical data from human PCa samples further revealed a strong association between
high c-MYC transcriptional activity and poor clinical outcomes [41]. Taken together,
these findings, along with mechanistic studies, suggest that c-MYC is a bona fide SPOP
substrate. Thus, SPOP appears to exert its tumor-suppressive function, in part, by

targeting c-MYC for ubiquitination-mediated proteasomal degradation.

CDCAS, commonly referred to as sororin, was first recognized as a substrate of the
anaphase-promoting complex [128]. This protein plays a crucial role in maintaining the
binding of cohesin to chromatids throughout the S and G2/M phases of the cell cycle,
and it is also involved in the repair of DNA double-strand breaks [128]. Recent studies
have shown that CDCAS5 mRNA and protein levels are significantly upregulated in PCa
tissues, with high expression correlating with poor prognosis. These findings highlight
CDCAS as a potential biomarker and therapeutic target. Functional studies further
confirm its oncogenic role in PCa, as CDCAS knockdown inhibits cell proliferation in
C4-2 and PC-3 cell lines both in vitro and in vivo [129]. These findings provide
compelling evidence for the critical role of CDCAS in sustaining PCa growth and
progression and underscore its potential as a therapeutic target. A pivotal study revealed
that WT-SPOP, but not its mutant form, directly interacts with CDCAS and promotes
its polyubiquitination-mediated degradation in DU145 PCa cells [30]. In addition,
SPOP influences the growth of both DU145 and PC-3 PCa cell lines through, or at least
partially through, its regulation of CDCAS [30]. The AR-negative (AR-) PCa cell lines

DU145 and PC-3 have been extensively studied in this context. However, the potential



occurrence of SPOP-mediated CDCAS degradation in AR-positive (AR+) cells remains

to be elucidated.

Elevated DEK expression has been observed in both neuroendocrine prostate cancer
(NEPC) xenograft models and clinical specimens [130]. Evidence shows that DEK is a
substrate of SPOP-mediated ubiquitination, with SPOP mutations impairing DEK
degradation and contributing to cellular dysregulation [112]. In PCa, overexpression of
WT-DEK or SPOP-binding-deficient DEK mutants enhances cellular invasiveness
[112]. The SPOP Y87N mutant disrupts DEK degradation, promoting DEK
accumulation and enhancing sphere-forming capacity in prostate epithelial cells,
suggesting a role in tumor initiation [112]. Targeted DEK depletion in SPOP-Y87N
cells reduces sphere-forming ability [112], highlighting DEK’s critical role in SPOP-
mutant PCa and suggesting a potential therapeutic target. SPOP regulation of DEK may
influence stem-like phenotypes in PCa [112]. This regulatory axis potentially
contributes to cellular plasticity and the acquisition of cancer stem cell-like properties,
which are increasingly recognized as key factors in tumor progression and therapeutic

resistance.

The EgIN family of prolyl hydroxylases (EgIN1, EgIN2, EgIN3) regulates the stability
of hypoxia-inducible factor alpha (HIFa) subunits, but EgIN2 also has HIF-independent
roles in cellular proliferation [131,132]. Recent investigations into the role of EgIN2 in
PCa have revealed intriguing patterns of expression and clinical correlation, further
expanding our understanding of this prolyl hydroxylase's significance in various cancer
types. Notably, Studies have shown that EgIN2 is aberrantly expressed in PCa tissues,
with its expression levels correlating with Gleason score [43]. EgIN2 knockdown
significantly inhibits PC3 cell growth in vitro and in a xenograft model, highlighting its
role in PCa progression [43]. In AR+ PCa cell lines (RV1, LNCaP, C4-2), silencing AR
downregulates EgIN2 transcription. In contrast, ectopic AR expression in the AR- PC-
3 cell line upregulates EgIN2 at both mRNA and protein levels [43]. SPOP interacts
with and promotes the degradation of EgIN2. However, SPOP mutants associated with

PCa patients show impaired ability to degrade EgIN2, resulting in elevated EgIN2 levels,



which contribute to PCa progression [43]. These findings implicate EgIN2 as having
pro-oncogenic functions in PCa, while suggesting that SPOP exerts tumor-suppressive

effects, at least partially through its role in promoting EgIN2 degradation.

PCa is often characterized by TMPRSS2 gene fusions with ETS family transcription
factors, particularly the TMPRSS2-ERG fusion, which occurs in about 50% of cases
and drives disease progression through aberrant ETS expression [133]. Notably,
TMPRSS2-ERG is considered an early molecular event, as it has been detected in the
PCa precursor lesion high-grade prostatic intraepithelial neoplasia (HGPIN),
suggestive of its association with invasiveness and disease initiation [134]. Two
independent studies have shown that the E3 ubiquitin ligase adaptor SPOP regulates
ERG ubiquitination and subsequent proteasomal degradation [44,135]. However, N-
terminal-truncated ERG proteins encoded by TMPRSS2-ERG fusions evade this
process by impairing the degron, a critical region for SPOP-mediated ubiquitination
[135]. In C4-2 cells, SPOP mutants fail to bind and degrade ERG, highlighting the
importance of functional SPOP in regulating ERG levels [135]. Several studies have
reported near-complete mutual exclusivity between SPOP mutations and ERG
rearrangements, suggesting distinct molecular subclasses of PCa [136,137]. Consistent
with these findings, Shoag ef al. demonstrated that SPOP-mutant PCa lacks detectable
ERG protein expression in human samples [138]. Furthermore, gene expression
comparisons between SPOP-mutant and ERG-fusion organoid models revealed distinct
transcriptional signatures, reinforcing the divergent molecular pathways underlying
these PCa subtypes [138]. Thus, further investigation is needed to determine whether

ERG acts as an effector of SPOP mutation in human PCa.

The p160 SRC family, comprising SRC1, SRC2, and SRC3, plays crucial roles in
cancer initiation, progression, and metastasis through multiple pathways [139,140]. In
PCa, SRC overexpression correlates with high tumor recurrence, advanced disease
stage, and elevated tumor grade [140]. SRC3, an AR-preferential coactivator, is
particularly important for PCa proliferation and survival [141,142]. Geng et al.

demonstrated that WT-SPOP promotes SRC3 degradation, thereby suppressing AR



transcriptional activity, while sparing SRC1 and SRC2 [143]. Notably, all PCa-
associated SPOP mutants fail to bind SRC3, highlighting the critical role of SPOP in
regulating SRC3 and AR signaling [143]. Therefore, SRC3 and AR are key downstream

effectors of SPOP, critically influencing PCa pathophysiology and therapy resistance.

The Hh signaling pathway, frequently hyperactive in various human malignancies,
including PCa, plays a crucial role in driving cancer metastasis [144—147]. The GLI
zinc-finger transcription factors are the ultimate effectors of the Hh pathway, with GLI1
and GLI2 acting as positive regulators, and GLI3 generally functioning as a negative
regulator [146]. Paradoxically, GLI3 upregulation is observed in many prostate tumors,
with its expression levels surpassing those of GLI1 and GLI2 in various PCa models
[45,148]. GLI3 is a substrate of SPOP, which targets it for proteasomal degradation
[149]. However, oncogenic SPOP mutations stabilize GLI3 and activate an AR/GLI3
axis, potentially driving PCa development and castration resistance [45]. Depletion of
GLI3 inhibits castration-resistant PCa formation by disrupting AR/GLI3 crosstalk [45],
suggesting that GLI3-specific inhibitors may offer a rational therapeutic strategy for

PCa.

ITCH, a HECT E3 ubiquitin ligase, plays diverse roles in cellular processes and exhibits
both anti- and pro-tumorigenic functions in a cancer type-specific manner [150]. In PCa,
evidence suggests that SPOP mediates ITCH ubiquitination and degradation, thereby
protecting against cancer metastasis [46]. This finding implies that ITCH is a substrate
of SPOP, warranting further investigation to elucidate the precise mechanisms and

consequences of this regulatory axis in PCa progression.

PrLZ, a member of the tumor protein D52 (TPDS52) family, is a prostate-specific protein
implicated in multiple oncogenic processes [151]. Overexpression of PrLZ promotes
PCa progression by upregulating AR expression, enhancing cell growth, and conferring
resistance to docetaxel chemotherapy [152—156]. Recent studies have shown that PrL.Z
is a substrate of SPOP, with SPOP mediating its degradation [47]. Although PrLZ lacks
a classic SBC motif, it contains a SBC-like motif, and mutation of Ser40 in this motif

nearly abolishes SPOP-mediated degradation [47]. While the pathological Ser40



mutation has not been identified in patient databases, these findings suggest that clinical
SPOP mutations could lead to aberrant PrLZ accumulation, driving tumor progression
and contributing to poor outcomes in PCa patients. These studies underscore the
importance of SPOP-mediated regulation of PrLZ in PCa development and progression,
highlighting the need for further research to elucidate the full implications of this
interaction. Additionally, these findings may inform potential therapeutic strategies

targeting the SPOP-PrLZ axis in PCa treatment.

5.1.2 Downstream substrates of SPOP associated with drug resistance
From Table 4 and Figure 5, we can see that downstream substrates of SPOP implicated
in drug resistance include bromodomain containing proteins 2/3/4 (BRD2/3/4), cell

division cycle 20 (Cdc20), tripartite motif containing 24 (TRIM24), Caprinl, and ELK3.

Bromodomain and extraterminal domain (BET) proteins, including BRD2, BRD3, and
BRD4, co-regulate transcriptional activation and repression [157]. While BRD2 and
BRD4 are essential for cell growth, the role of BRD3 in this process remains unclear
[157]. Recent evidence shows that SPOP targets BRD2, BRD3, and BRD4 for
ubiquitination-mediated degradation [35]. Oncogenic SPOP mutations impair this
degradation, leading to BET protein accumulation and conferring resistance to BET
inhibitors in PCa cells [35]. Consistently, sequencing data reveal that SPOP-mutated
tumors exhibit strong or intermediate staining of BET proteins [35]. Collectively, these
findings suggest that SPOP may function as a tumor suppressor in PCa, in part by

promoting the degradation of BRD2, BRD3, and BRD4.

Cdc20, a subunit of the anaphase-promoting complex/cyclosome (APC/C) ubiquitin
ligase, plays a crucial role in regulating the M and G1 phases of the cell cycle by
mediating the ubiquitination and degradation of securin and cyclin B, thereby
promoting anaphase onset and mitotic exit [158]. Recent studies have uncovered the
oncogenic properties of Cdc20, with its overexpression observed in numerous human
cancers [158-161], including non-small cell lung cancer (NSCLC) [162], breast cancer
[163,164], pancreatic cancer [165], CRC [166], HCC [167], gastric cancer (GC) [168],
glioblastoma [169], PCa [170], and bladder, oral, and cervical cancers [171,172].



Genetic ablation of CDC20 leads to efficient tumor regression both in vitro and in vivo
[170,173], making it an attractive target for cancer therapy [158]. Wu ef al. identified
Cdc20 as a novel ubiquitin substrate of the E3 ubiquitin ligase adaptor SPOP, which
promotes Cdc20 polyubiquitination and subsequent degradation [48]. Consequently,
PCa cells deficient in SPOP and exhibiting increased Cdc20 expression demonstrated
resistance to pharmacological inhibition of Cdc20 [48]. This finding provides a
rationale for designing therapeutic strategies using Cdc20 inhibitors to treat SPOP-WT

PCa, where SPOP's tumor-suppressive function remains intact.

TRIM?24, also known as TIFa, is a member of the TRIM family and primarily functions
as a dual epigenetic reader [174,175]. TRIM24 enhances AR signaling and promotes
proliferation, and it has been identified as an effector substrate of SPOP [51]. Oncogenic
SPOP mutants impair the ubiquitylation and proteasomal degradation of TRIM24,
leading to its stabilization [51]. This stabilization amplifies AR signaling, resulting in
significant upregulation of co-activated AR and TRIM?24 target genes in castration-
resistant prostate cancer (CRPC) [51]. Additionally, TRIM24 protein expression
increases as PCa progresses from primary PC to CRPC [51]. In LNCaP cells expressing
the SPOP Y87C mutant, there is a significant growth advantage over SPOP-WT cells,
particularly under low androgen conditions [51]. This growth advantage is abrogated
when TRIM24 expression is knocked down by specific short hairpin RNA (shRNA),
indicating that the stabilization of TRIM24 via SPOP mutations is essential for

promoting PCa cell proliferation under low androgen conditions [51].

Caprinl plays a crucial role in nucleating stress granule (SG) assembly in response to
environmental stress [176]. Caprinl is found to be upregulated in various types of
cancers [177,178]. In PCa, SPOP mutation status is linked to increased Caprinl
expression [49]. Cytoplasmic, but not nuclear, SPOP promotes the ubiquitination and
degradation of Caprinl [49]. SPOP specifically regulates Caprinl-dependent SG
assembly in C4-2 cells, and PCa-associated SPOP mutations enhance cancer cell
survival by elevating Caprinl levels [49]. Knockout of SPOP or expression of PCa-

associated SPOP mutants confers resistance to cell death triggered by SG inducers,



including docetaxel, sodium arsenite, and H20:, in PCa cells [49]. These findings
underscore the importance of SPOP-mediated regulation of Caprinl in PCa and suggest

that targeting this interaction may have therapeutic implications.

ELK3, also known as Net, SAP-2, or Erp, is a member of the ETS family of
transcription factors. It forms a ternary complex with serum response factor (SRF) to
regulate key target genes, such as C-FOS, involved in fundamental cellular processes
like proliferation, differentiation, and stress responses [179]. Studies have shown that
silencing ELK3 in PCa cells induces S-M phase arrest and apoptosis, while also
upregulating SERPINE1 expression, which subsequently inhibits cell migration [180].
Recent research reveals that SPOP interacts with ELK3 to promote its ubiquitination
and degradation, a process driven by checkpoint kinase-mediated phosphorylation [50].
This regulation of ELK3 stability by SPOP impacts c-fos-driven proliferation and
invasion in PCa cells [50]. Docetaxel treatment induces cell death by activating
checkpoint kinase- and SPOP-mediated ELK3 degradation; however, PCa cells with
SPOP depletion or mutation exhibit resistance to this mechanism [50]. These findings
suggest that targeting ELK3 activation and its stability-enhancing pathways may offer
effective therapeutic strategies to overcome docetaxel resistance in PCa, potentially

improving the treatment of CRPC, warranting further investigation.

5.1.3 Downstream substrates of SPOP associated with DNA damage response

According to Table 4 and Figure 5, SPOP downstream substrates involved in the DDR
include homeodomain interacting protein kinase 2 (HIPK2), p53 binding protein 1
(53BP1), GEMININ, and minichromosome maintenance complex component 3

(MCM3).

HIPK2, a member of the HIPK family, is a well-characterized serine/threonine protein
kinase involved in various biological processes, including the DDR [181,182]. It has
been identified as a tumor suppressor, activated by the checkpoint kinase ataxia-
telangiectasia mutated (ATM), and triggers apoptosis through the regulatory
phosphorylation of the tumor suppressor p53 [182,183]. Several reports suggest that
HIPK2 plays a dual role in determining cell fate following DNA damage [184—-187].



After sublethal DNA damage, HIPK2 phosphorylates the epigenetic regulator
heterochromatin protein 1y (HP1y), stimulating the DDR. In contrast, under severe
damage, HIPK2 phosphorylates p53 at Ser46, irreversibly driving cells toward
apoptosis [184—187]. Recent studies have identified HIPK2 as a novel SPOP-
interacting protein [52]. In PC-3/DU145 cells, SPOP promotes non-degradative
ubiquitination of HIPK2 [52]. This interaction is facilitated by ATM-mediated
phosphorylation of SPOP at Ser119 upon DNA damage, which enhances SPOP binding
to HIPK2 [52]. The binding of SPOP to HIPK2 increases HIPK2's phosphorylation
activity toward HP1y, promoting the dissociation of HP1y from the trimethylation of
histone H3 at lysine 9 (H3K9me3), thereby initiating the DDR [52]. Thus, the SPOP-

HIPK?2 axis plays a crucial role in facilitating the DDR.

53BP1 regulates nonhomologous end joining (NHEJ) and homologous recombination
(HR) repair pathways [188]. It promotes NHEJ and inhibits HR by preventing DNA
end resection, which can lead to genomic instability [189,190]. Additionally, SPOP
induces non-degradable polyubiquitination of 53BP1, facilitating its extraction from
chromatin and promoting HR repair over NHEJ during DNA replication [53]. However,
cancer-derived SPOP mutations disrupt the SPOP-53BP1 interaction, leading to HR
defects and chromosomal instability [53]. As a result, tumors with SPOP mutations may
benefit from Poly(ADP-ribose) polymerase (PARP) inhibition, a DNA repair-targeted
therapy. This notion was recently confirmed by research from Xiaofeng Jin and

colleagues [32].

Geminin plays a critical role in the cell cycle, with two key functions: inhibiting DNA
replication initiation and undergoing degradation during the metaphase-anaphase
transition [191]. It has been implicated in regulating differentiation, cell proliferation,
and the DDR [192,193]. Ma et al. suggested that SPOP promotes non-degradable
polyubiquitination of geminin at lysine residues 100 and 127, preventing DNA
replication over-firing and genome instability [55]. However, mutations in SPOP lead
to geminin inactivation, resulting in undesired replication over-firing, replication

catastrophe, and extensive DNA breaks [55].



MCM3 is a member of the MCM protein family, essential for DNA synthesis and the
regulation of DNA replication initiation and elongation [194,195]. Aberrant expression
and activation of MCMs are frequently observed in various malignancies, contributing
to genome instability [196]. In 2021, researchers demonstrated that SPOP ubiquitinates
and degrades MCM3 in response to DNA damage [54]. This process is inhibited by
phosphorylation of SPOP at Ser119 [54]. The underlying mechanism involves ATM-
mediated phosphorylation of SPOP, which is required for the dissociation of the SPOP-
MCM3 complex and subsequent degradation of MCM3 [54].

In summary, SPOP regulates four critical substrates—HIPK?2, 53BP1, MCM3, and
geminin—that collectively contribute to genome stability. Notably, while most of these
substrates undergo non-degradable polyubiquitination, MCM3 is a unique exception.
Importantly, MCM3 alone inhibits the DDR, whereas the other substrates actively

promote it, highlighting SPOP's essential role in supporting DDR pathways.

5.1.4 Downstream substrates of SPOP associated with X-chromosome inactivation
As detailed in Table 4 and Figure 5, SPOP regulates several downstream substrates
involved in X-chromosome inactivation, including B-lymphoma Mo-MLV insertion

region 1 (BMI1) and macroH2A2.

BMI1 is a component of the maintenance polycomb repressive complex 1 (PRC1),
which is part of the epigenetic gene regulators known as polycomb group (PcG)
proteins [56]. SPOP, in conjunction with CULLIN3, mediates the non-degradative

ubiquitination of BMI1, thereby stabilizing X chromosome inactivation [56].

Histone variants, such as macroH2A2 (previously referred to as H2AFY?2), differ from
core histones due to key amino acid variations. Specifically, macroH2A2 is a closely
related variant of the core histone H2A, sharing only about 60% sequence identity in
its histone domain [197]. Similar to BMI1, SPOP ubiquitinates macroH2A2, impairing

its localization to the inactive X chromosome without affecting its overall stability [56].

5.1.5 Downstream substrates of SPOP associated with cancer metabolism

Based on Table 4 and Figure 5, SPOP modulates key downstream substrates implicated



in cancer metabolism, such as pancreatic duodenal homeobox 1 (Pdx1), FASN, and

17BHSDA.

Pdxl is a transcription factor essential for pancreatic development during
embryogenesis and the survival of pancreatic cells in adults [198,199]. Recent studies
have demonstrated that SPOP targets Pdx1 for ubiquitination and proteasomal
degradation, a regulation associated with improved B-cell function and mass, thereby
enhancing glucose homeostasis and -cell survival [57]. However, no established link

between Pdx1 and PCa exists, warranting further investigation.

FASN, the rate-limiting enzyme in de novo lipogenesis, is often upregulated in cancer,
providing growth and survival advantages across various malignancies, including PCa
[200-203]. In 2019, Gang et al. reported that FASN is a substrate of SPOP, and their
interaction facilitates FASN ubiquitination and proteasome-dependent degradation [58].
As a result, FASN serves as one of the key mediators of SPOP-induced inhibition of
PCa cell growth [58]. Given that SPOP fails to regulate FASN in SPOP-mutant PCa,
targeting FASN or its downstream metabolic pathways represents a promising

therapeutic strategy.

17BHSD4, encoded by HSDI7B4, traditionally inactivates testosterone and
dihydrotestosterone by converting them to their inert 17-keto forms [204]. Among its
five alternative splice forms, only isoform 2 encodes an enzyme capable of inactivating
these hormones. The regulation of HSD17B2, HSD17B4, and HSD17BS5 by ligands of
LXR, VDR, and AR in PCa cells is complex, yet functional expression of isoform 2 is
specifically suppressed during CRPC development [204,205]. SPOP interacts with a
functional SBC motifin 17BHSDA4, facilitating its non-degradable K27- and K29-linked
polyubiquitination [59]. This action is counteracted by serum- and glucocorticoid-
regulated kinase-3 (SGK3)-mediated phosphorylation of serine 318 (S318) within the
SBC motif [59]. Phosphorylation at S318 enhances the binding of the SKP2 E3 ligase,
which then induces K48-linked polyubiquitination and proteasomal degradation of
17BHSDA4 [59]. Consequently, mutations in SPOP or overexpression of SKP2 promote

PCa progression by reducing 17BHSD4 levels and enhancing intertumoral androgen



production.

5.1.6 Downstream substrates of SPOP associated with cell senescence
As evidenced by Table 4 and Figure 5, SPOP regulates key downstream substrates

involved in cell senescence, including Sentrin/SUMO-specific protease 7 (SENP7).

SENP7, a SUMO2/3-specific protease, plays a crucial role in various physiological and
pathological processes, including epithelial-mesenchymal transition (EMT), cancer cell
motility and invasiveness, DNA repair, and innate immune responses [206—209].
Recent studies have shown that SPOP targets SENP7 for degradation during senescence,
while cancer-associated SPOP mutants are impaired in this function [60].
Mechanistically, SPOP-mediated SENP7 downregulation increases the sumoylation
levels of HPla, leading to gene silencing and promoting cellular senescence, an
important tumor suppression mechanism [60]. These findings underscore SPOP's role
as a tumor suppressor and provide a rationale for designing novel therapeutic strategies

targeting the SPOP-SENP7-HP1a axis.

5.1.7 Downstream substrates of SPOP associated with lymphocytes infiltration

As evidenced by the tabulated results (Table 4) and corresponding visualization (Figure
5), SPOP regulates key downstream substrates involved in lymphocyte infiltration,
including programmed death-ligand 1 (PD-L1) and low-density lipoprotein receptor-
related protein 5 (LRPS).

PD-L1, primarily expressed by tumor cells, interacts with its receptor, programmed
death receptor-1 (PD-1), playing a pivotal role in immune tolerance or escape [210,211].
Recent research has demonstrated that cyclin D-CDK4 and SPOP regulate PD-L1
protein levels via proteasome-mediated degradation [61]. Cyclin D-CDK4 mediates
SPOP phosphorylation, leading to its degradation by APC/Cdh1, thereby elevating PD-
L1 levels [61]. Additionally, loss-of-function SPOP mutations result in increased PD-
L1 levels and reduced tumor-infiltrating lymphocytes (TILs) in both mouse tumors and
primary human PCa specimens [61]. These findings suggest that combining SPOP

activators or CDK4/6 inhibitors with immune checkpoint inhibitors targeting PD-L1



may enhance therapeutic efficacy in human cancers.

Blood lipids and apolipoproteins assemble into lipoproteins, which are distributed
throughout the body via the circulatory system. Tissues internalize these lipoproteins
through LRP on the cell surface to support normal cellular functions. In PCa patients,
lipid profiles are significantly altered, and genetic variations in APOE and APOJ have
been implicated in disease development and progression [212]. As previously
mentioned, SPOP regulates lipid metabolism by decreasing the expression of FASN
and fatty acid synthesis, contributing to tumor suppression [58]. Similarly, the
intracellular tail of LRP5 contains a SPOP binding site, facilitating direct interaction
between LRP5 and SPOP [62]. However, the functions of the SPOP-FASN axis and the
SPOP-LRPS axis differ. Specifically, overexpression of the LRP5 tail shifts the
regulatory balance toward enhanced Daxx-mediated transcriptional inhibition,
subsequently diminishing T cell activity in co-culture systems [62]. Interestingly, the
SPOP-F133V and SPOP-A227V mutations uniquely elevate PD-1 and PD-L1 protein
levels [62]. Consistently, these SPOP variants exert pronounced inhibitory effects on T
cells relative to WT SPOP in co-culture [62]. This SPOP-LRPS5 axis is crucial, as
specific SPOP genetic variants differentially influence immune checkpoint expression

and activity within the PCa microenvironment.

5.1.8 Downstream substrates of SPOP associated with stem cell-like traits

According to Table 4 and Figure 5, the downstream substrate of SPOP associated with
stem cell-like traits is Nanog. Nanog, a master transcriptional regulator of stemness in
cancer stem cells (CSCs), is frequently aberrantly expressed in various cancer types
[213]. In 2019, two reports indicated that SPOP promotes Nanog poly-ubiquitination
and subsequent degradation via a conserved SBC motif, thereby regulating PCa cell
stem traits [63,64]. Pinl and the AMPK-BRAF signaling axis were identified as
upstream negative regulators of SPOP, blocking the interaction between SPOP and
Nanog. Specifically, BRAF phosphorylates Nanog at Ser68 [63,64]. Notably, PCa-
associated mutations in SPOP or the S68Y mutation in Nanog disrupt SPOP-mediated

degradation of Nanog, leading to elevated cancer stem cell traits and PCa progression



[63,64]. Therefore, targeting the Pinl-SPOP-Nanog axis and the AMPK-BRAF-
Nanog/SPOP-Nanog axis may offer promising therapeutic strategies for PCa in the

future.

5.1.9 Downstream substrates of SPOP associated with ER-stress-induced apoptosis

DNA damage inducible transcript 3 (DDIT3), also known as GADDI153 or CHOP, is
an endoplasm transcription factor that plays crucial roles in various stress responses
and regulates cancer stemness across diverse tumor types [214,215]. For instance,
DDIT3 is associated with prognosis and the immune microenvironment in breast cancer
and contributes to the progression of PCa [216-218]. SPOP recruits DDIT3 for its
ubiquitination and subsequent degradation. SPOP recognizes an SBC motif in the
transactivation domain of DDIT3, triggering its degradation via the ubiquitin-
proteasome pathway [65]. Notably, PCa-associated mutants of SPOP are defective in
this function [65]. Therefore, in PCa, the DDIT3-SPOP axis significantly influences
tumor growth and progression. Disruptions in this axis can lead to abnormal protein
turnover, resulting in the accumulation of oncogenic proteins that fuel tumor
development. Moreover, mutations in SPOP, frequently found in PCa, may compromise
the function of the DDIT3-SPOP axis, contributing to therapy resistance and more
aggressive cancer phenotypes. Consequently, targeting the DDIT3-SPOP axis offers a

promising therapeutic strategy for PCa.

5.1.10 Downstream substrates of SPOP associated with mitochondrial disfunction

The quantitative findings summarized in Table 4, along with the categorical
organization in Figure 5, inverted formin 2 (INF2) is a downstream substrate of SPOP
linked to mitochondrial dysfunction. INF2, a distinctive vertebrate formin protein,
enhances both actin polymerization and depolymerization [219]. SPOP binds to the
SBC motif in the C-terminal region of INF2, triggering atypical polyubiquitination.
This modification does not destabilize INF2 but decreases its localization to the ER and
the formation of DRP1 puncta on mitochondria, impairing its role in promoting
mitochondrial fission [113]. However, both INF2 mutants and PCa-associated SPOP

mutants promote mitochondrial fission [113]. Additionally, deletion of the NLS



sequence causes PCa-associated SPOP mutants to localize in the cytosol as puncta.
Unlike WT SPOP, these mutants do not affect the endoplasmic reticulum localization
of INF2 [113]. Therefore, SPOP may perform its tumor-suppressive functions in both

the nucleus and the cytoplasm.

5.1.11 Downstream substrates of SPOP associated with DNA hypermethylation

As depicted in Table 4 and Figure 5, GLP and G9a are downstream substrates of SPOP
linked to DNA hypermethylation. GLP, encoded by EHMTI, and G9a, encoded by
EHMT?2, form a protein complex that functions as a euchromatic histone
methyltransferase (HMTase), catalyzing the mono- and di-methylation of H3K9mel/2,
which leads to the epigenetic silencing of target genes [220,221]. SPOP interacts with
GLP, promoting its polyubiquitination and subsequent degradation. Mutations in SPOP
result in the stabilization of GLP and G9a, causing abnormal upregulation of global
DNA hypermethylation in a subset of tumor suppressor genes, including FOXO3,
GATAS5, and NDRGI [66]. The DNA methylation inhibitor 5-azacytidine effectively
reactivates the expression of these tumor suppressor genes, inhibits the growth of
SPOP-mutated PCa cells both in vitro and in vivo, and enhances the anti-cancer efficacy
of docetaxel [66]. Therefore, for SPOP-mutated PCa, the use of methylation inhibitors,

either alone or in combination with docetaxel, should be considered.

5.1.12 Downstream substrates of SPOP associated with AKT kinase activity
According to Table 4 and Figure 5, 3-phosphoinositide-dependent kinase 1 (PDK1) is
a downstream substrate of SPOP associated with AKT kinase activity. It was initially
isolated from tissue extracts as an enzyme that phosphorylates the T-loop of PKB at
Thr308 in the presence of PtdIns (3,4,5) P3 (PIP3) [222,223]. SPOP directly binds to
PDKI1 through a consensus degron in a phosphorylation-dependent manner, regulated
by CK1 and GSK3p [67]. Pathologically, mutations in SPOP associated with PCa
disrupt PDK1 degradation, while mutations within or near the PDK 1 degron—either by
blocking SPOP binding or inhibiting CK1/GSK3B-mediated PDK1 phosphorylation—
enable PDK1 to evade SPOP-mediated degradation [67]. These alterations promote

oncogenesis by enhancing AKT activation. Therefore, the therapeutic potential of



PDK1 inhibitors in SPOP-mutant PCa merits further investigation.

5.1.13 Downstream substrates of SPOP associated with cellular stress response

Sequestosome-1 (SQSTMI, p62), a multifunctional autophagy adaptor induced during
cellular stress [224], emerges as a critical SPOP substrate. Shi et al. demonstrated that
cytoplasmic SPOP binds to p62 and triggers its non-degradative ubiquitination at
residue K420 within the UBA domain [68]. This action reduces p62 puncta formation,
liquid phase condensation, dimerization, and ubiquitin-binding capacity, thereby
suppressing p62-dependent autophagy [68]. SPOP also disrupts p62-mediated Keapl
sequestration, leading to decreased Nrf2-driven transcription of antioxidant genes [68].
In PCa, SPOP mutants lose the ability to ubiquitinate p62, instead enhancing autophagy
and redox responses in a dominant-negative manner [68]. These mechanisms highlight
the oncogenic roles of autophagy and Nrf2 activation in SPOP-mutant PCa, making this

pathway a promising therapeutic target.

In conclusion, SPOP governs its substrates through ubiquitin-mediated proteasomal
degradation or non-degradative ubiquitination. Mutations or reduced expression of
SPOP disrupt this regulatory mechanism, leading to substrate dysregulation and
affecting various biological processes in cells, driving tumorigenesis and progression

in PCa.

5.2 Versatile roles of SPOP in tumorigenesis of the breast cancer and gynecologic
cancer

A growing body of research has investigated the role of SPOP in breast cancer and
gynecologic cancers, including endometrial, cervical, and ovarian cancers. As can be
observed from Table 4 and Figure 6, several SPOP substrates have been identified
across these cancer types, including SRC3, progesterone receptor (PR), c-MYC, breast
cancer metastasis suppressor 1 (BRMS1), alanine serine cysteine transporter 2 (ASCT2)
and twist family BHLH transcription factor 1 (TWISTI1) in breast cancer, estrogen
receptor oo (ERa), BRD2/3/4, B-Raf proto-oncogene (BRAF), zinc finger and BTB
domain-containing protein 3 (ZBTB3), and interferon regulatory factor 1 (IRFI) in

endometrial cancer, death-associated protein kinase-related apoptosis-inducing kinase



1 (DRAK1) and C-X-C motif chemokine ligand 16 (CXCL16) in cervical cancer, and

PD-L1 in ovarian cancer.
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Figure 6. Functional roles of SPOP substrates in breast cancer and gynecologic cancer. The
figure encapsulates the multifaceted roles of SPOP substrates in the oncogenic processes of breast
cancer and gynecologic cancer. By regulating various pathways—ranging from growth factor
signaling to immune evasion and hormonal regulation—SPOP substrates are pivotal in determining

the aggressiveness and progression of these malignancies. SPOP: Speckle-type POZ protein.

5.2.1 Downstream substrates of SPOP in breast cancer

SRC-3/AIBI1, also referred to as ACTR/pCIP/TRAM-1/RAC3, was originally
identified as a mediator of ER signaling and is often amplified or overexpressed in
breast cancer [225]. The role of SRC-3 in breast cancer is similar to its role in PCa, with
its primary function being the enhancement of gene transcription involved in cell
proliferation, survival, and metastasis [226,227]. SRC-3 is a coactivator of ER, which
is crucial in estrogen-dependent breast cancer [226,227]. Li, C et al. demonstrated that
SPOP orchestrates the ubiquitination and degradation of SRC-3 through a

phosphorylation-dependent interaction with an SRC-3 phospho-degron [69]. Casein



kinase Ie phosphorylates Serine 102 within this degron, thereby enhancing SPOP-
dependent SRC-3 turnover [69]. Genomic analysis of the SPOP locus in breast cancer
reveals frequent instances of genomic loss or loss of heterozygosity [69]. Furthermore,
re-expression of SPOP effectively suppresses SRC-3-driven oncogenic signaling and
tumorigenesis, highlighting its role as a tumor suppressor in breast cancer [69]. In
summary, the SPOP-SRC-3 axis serves as a crucial regulatory mechanism in breast
cancer, with therapeutic interventions aimed at restoring this pathway potentially

improving outcomes and overcoming resistance in patients.

PR, a protein modulated by estrogen, was established as the first prognostic and
predictive biomarker for evaluating response to endocrine therapies [228]. Today, it
remains the gold standard for identifying functional, targetable estrogen receptors in
breast malignancies [228]. Recent reports have identified PR as a bona fide substrate
for SPOP [70]. The SPOP-PR axis plays a critical role in breast cancer by regulating
PR protein stability through ubiquitin-dependent degradation [70]. SPOP’s interaction
with PR suppresses PR’s activity, including its transactivation potential and
downstream signaling effects, such as ERK1/2 activation and S-phase entry [70]. This
axis highlights a molecular pathway essential for maintaining PR homeostasis, and its
disruption—such as through SPOP inactivation—may contribute to breast cancer
progression [70]. Understanding this axis provides valuable insights into potential

therapeutic strategies targeting PR regulation in breast cancer.

c-MYC amplification and/or hyperactivation occurs in 20% to 40% of human cancers,
including breast cancer, and is often associated with poor clinical outcomes [229]. As a
transcription factor, c-MYC exerts its oncogenic effects by modulating gene expression
programs, both activating and repressing target genes to drive tumor progression [229].
c-MYC binds to both LINC01638 and SPOP, with LINC01638 preventing SPOP-
mediated ubiquitination and degradation of c-MYC [42]. In turn, c-MYC promotes the
transcription of metadherin (MTDH), which subsequently activates Twistl expression,
driving EMT [42]. Therapeutic strategies targeting this pathway could involve
disrupting the c-MYC/LINCO01638 interaction to restore SPOP-mediated c-MYC



degradation. Alternatively, direct inhibition of c-MYC, MTDH, or Twistl expression
could effectively block downstream signaling, thereby suppressing EMT and limiting

tumor progression.

BRMSI, located on chromosome 11q13, was first identified in the 1990s following
clinical observations linking deletions in chromosome 11 to increased breast cancer
aggressiveness and reduced overall survival in patients [230,231]. One possible
explanation for BRMS1’s metastasis suppression is its interaction with retinoblastoma
binding protein 1 (RBP1) and multiple components of the mSin3 histone deacetylases
(HDAC) complex, suggesting a role in transcriptional repression mechanisms [232].
Additionally, BRMS1 functions as a negative regulator of EGFR, indicating its
potential to inhibit breast cancer progression [233]. This could represent an additional
mechanism by which BRMS1 suppresses metastasis, as demonstrated by the findings
of Hurst, Douglas R., et al [234]. The SPOP-BRMSI axis plays a crucial role in
regulating metastasis by enhancing the stability and activity of BRMSI1. Through its
interaction with SPOP, BRMSI1 evades ubiquitin-mediated degradation, which
augments its transcriptional repression of metastasis-related genes such as uPA4 and
OPN [76]. This axis holds promise as a therapeutic target, providing insights into novel

strategies for inhibiting metastasis in aggressive cancers.

Glutamine, a versatile amino acid with pleiotropic functions, serves as a critical nutrient
source for cancer cells, facilitating their rapid proliferation and supporting the
maintenance of the tumorigenic phenotype [235]. Recent studies have revealed a novel
mechanism by which the neddylation inhibitor MLN4924 modulates glutamine
metabolism in cancer cells [75]. This process involves the inactivation of SPOP, leading
to enhanced glutamine uptake [75]. Mechanistic investigations show that ASCT2, a
major glutamine transporter, is a substrate of SPOP [75]. Upon MLN4924 treatment,
ASCT?2 accumulates, resulting in increased glutamine uptake [75]. Notably, glutamine
deprivation itself initiates a feedback loop, triggering SPOP self-ubiquitylation and
subsequent degradation, which further promotes ASCT2 accumulation [75]. This

finding underscores the intricate interplay between cellular metabolic states and protein



degradation pathways in cancer cells. From a therapeutic perspective, combining
MLN4924 with the glutamine metabolism inhibitor V-9302 demonstrated synergistic
effects, significantly enhancing cytotoxicity against breast cancer cells both in vitro and
in vivo [75]. These results highlight the potential of targeting multiple nodes in the

glutamine metabolism pathway for improved anticancer efficacy.

Twistl, a key transcription factor implicated in embryonic development and cancer
progression, plays a pivotal role in orchestrating EMT in various malignancies,
including breast cancer [236-239]. Recent studies have shown that SPOP physically
interacts with Twistl, facilitating both K63- and K48-linked ubiquitination, primarily
at the K73 residue [114]. This ubiquitination marks Twistl for degradation, which
subsequently suppresses EMT processes, including cancer cell migration and invasion
[114]. When SPOP is silenced, Twistl stability increases, leading to enhanced EMT
characteristics [114]. This alteration significantly accelerates breast cancer cell
migration and invasiveness in vitro and promotes lung metastasis in vivo [114]. These
findings suggest that the loss of SPOP contributes to a more aggressive cancer
phenotype due to the unregulated activity of Twistl. In conclusion, SPOP's role in
ubiquitinating and destabilizing Twistl is crucial for controlling EMT levels and
mitigating aggressive cancer behaviors. This study highlights the therapeutic potential

of targeting the SPOP-Twist1 axis in breast cancer treatment strategies.

5.2.2 Downstream substrates of SPOP in endometrial cancer
From outlined in Table 4 and Figure 6, the downstream substrates of SPOP in

endometrial cancer include ERa, BRD2/3/4, IRF1, BRAF, and ZBTB3.

ERa, encoded by the ESRI gene, belongs to the steroid hormone receptor superfamily
and is essential for mediating estrogen-induced proliferation in hormone-responsive
cancers, such as endometrial cancer [240]. ERa plays a central role in promoting
endometrial cancer and serves as a substrate for SPOP. SPOP targets ERa by
recognizing its Ser/Thr (S/T)-rich degrons located in the AF2 domain, leading to ERa
degradation via the ubiquitin-proteasome pathway [241]. Inhibition of SPOP using

small interfering RNAs (siRNAs) promotes the proliferation of endometrial cells,



indicating its regulatory function [241]. Mutations in SPOP found in endometrial
cancer compromise its ability to mediate ERa degradation and ubiquitination [241].
Moreover, SPOP also plays a role in estrogen-driven ERa degradation and
transactivation, highlighting its multifaceted involvement in endometrial cancer
progression [241]. Recent studies have identified G3BPI as both highly expressed and
frequently mutated in endometrial cancer, with its expression positively correlating
with ERa protein levels [242]. Mechanistically, G3BP1 and its mutant variant, the latter
characterized by a prolonged half-life, compete with ERa for binding to SPOP [242].
This competitive binding interferes with SPOP-mediated ubiquitination and
degradation of ERa, resulting in ERa stabilization [242]. Functionally, G3BP1 and its
mutant enhance endometrial cancer cell proliferation and migration by modulating the
G3BP1/SPOP/ERa axis [242]. Importantly, the anti-estrogen drug fulvestrant has
shown the capacity to reverse the oncogenic effects of G3BP1 and its mutant,

highlighting a promising therapeutic avenue.

The BET family proteins—BRD2, BRD3, and BRD4—are established as direct
substrates of SPOP, a key regulator in PCa [35]. Parallel studies have confirmed this
interaction in endometrial cancer [36]. Notably, SPOP mutations associated with PCa
inhibit BET protein degradation, while mutations associated with endometrial cancer
paradoxically enhance BET protein degradation through a gain-of-function mechanism
[36]. Specifically, endometrial cancer-specific SPOP mutants, which markedly reduce
BET protein levels, increase endometrial cancer cells' sensitivity to BET inhibitors by
promoting apoptosis and suppressing proliferation. In contrast, overexpression of PCa-
specific SPOP mutants, relative to WT SPOP, renders PCa cells more resistant to BET
inhibitors [35]. This resistance is mitigated by individual or combined knockdown of
BET proteins in cells with the SPOP-Y87C mutation [35], underscoring the context-
dependent effects of SPOP mutations on BET-targeted therapies. In summary, the
differential impact of SPOP mutations on BET protein degradation highlights a context-
dependent mechanism that distinctly influences therapeutic responses in prostate and

endometrial cancers. While endometrial cancer-specific SPOP mutations enhance BET



protein degradation and sensitize cells to BET inhibitors, PCa-specific mutations hinder
this degradation, leading to increased resistance. These findings underscore the
importance of SPOP mutation profiling in personalizing BET inhibitor therapies,

offering a potential strategy for more targeted and effective cancer treatments.

BRAF is a member of the rapidly accelerated fibrosarcoma (RAF) kinase family, which
also includes ARAF and CRAF (RAF1)[243]. Among these, BRAF exhibits the highest
affinity for binding to RAS and demonstrates the greatest activity in phosphorylating
MEK1/2, thereby effectively transducing signals downstream of RAS through the
MEK-ERK signaling cascade [244]. Cytoplasmic SPOP directly interacts with BRAF,
promoting its non-degradative ubiquitination and thereby limiting BRAF’s association
with other essential components of the MAPK/ERK pathway [74]. Loss of SPOP
function enhances MAPK/ERK activation, a process further exacerbated by
endometrial cancer - and PCa-associated SPOP mutations, which show diminished
binding and ubiquitination capacity toward BRAF [74]. Additionally, cancer-specific
mutations within BRAF disrupt its interaction with SPOP, allowing BRAF to evade
SPOP-mediated ubiquitination [74]. This escape leads to increased MAPK/ERK
signaling, thereby intensifying the neoplastic potential and malignant behavior of
cancer cells [74]. In conclusion, targeting the dysregulation of the SPOP-BRAF
interaction presents a potential therapeutic strategy for cancers characterized by
aberrant MAPK/ERK signaling. Moreover, therapies aimed at counteracting the effects
of cancer-associated BRAF mutations may provide a tailored approach to inhibit
oncogenic signaling, offering new opportunities for more effective treatments in

cancers with SPOP or BRAF mutations, such as endometrial and PCa.

ZBTB proteins represent a growing family of transcription factors, defined by a DNA-
binding zinc finger domain paired with a transcription-repressing BTB/POZ domain
[245]. These ZBTB proteins are essential in numerous biological processes, including
development, cellular differentiation, and oncogenesis, reflecting their importance
across normal physiology and disease [246]. Among them, ZBTB3 has emerged as a

critical regulator of cancer cell proliferation via the reactive oxygen species (ROS)



detoxification pathway [246]. SPOP selectively recognizes two Ser/Thr (S/T)-rich
degrons within ZBTB3, initiating its degradation via the ubiquitin-proteasome pathway
[116]. However, endometrial cancer -associated SPOP mutants exhibit impaired
regulation of ZBTB3 stability [116]. Loss of SPOP function consequently promotes
endometrial cell proliferation, migration, and invasion, partly through ZBTB3
accumulation [116]. Notably, ZBTB3 regulates the transcription of sonic hedgehog
(SHH), with SPOP inactivation leading to ZBTB3-dependent SHH upregulation in
endometrial cancer cells [116]. The small molecule SHH inhibitor RUSKI-43
effectively suppresses cell proliferation, migration, and invasion in endometrial cancer
cells lacking functional SPOP or expressing endometrial cancer -associated SPOP
mutants [116], underscoring its potential as a therapeutic strategy in SPOP-deficient
endometrial cancer. Importantly, by targeting the downstream effects of SPOP loss—
particularly the accumulation of ZBTB3 and its upregulation of SHH—these therapies
could address the unique oncogenic mechanisms in SPOP-mutant cancers, potentially

improving patient outcomes with reduced off-target effects.

IRFs are critical transcription factors within the interferon system, playing key roles in
immune response regulation [247]. Certain IRFs, such as IRF1, is pivotal as a
transcription factor in driving the expression of immune response genes during
infection [248]. Distinct from other IRFs, IRF1 uniquely promotes the expression of
various cell cycle inhibiting factors, thus serving as an important tumor suppressor
[248]. Recent studies have identified the SPOP as a key mediator of IRF1 proteasomal
turnover in both human and mouse cells [248]. Specifically, S/T-rich degrons in IRF1
are essential for its degradation through the SPOP MATH domain [248]. In the absence
of SPOP, elevated levels of IRF1 enhance IRFI-dependent cellular responses,
underscoring the critical role of SPOP in regulating IRF1 protein abundance [248].
Recently, the SPOP has also been identified as a key negative regulator of the IRF1-
PD-L1 axis in endometrial cancer [71]. Mechanistically, WT SPOP binds to IRF1, the
primary transcription factor governing PD-L1 expression, and facilitates its ubiquitin-

proteasomal degradation [71]. This interaction suppresses IRFI-mediated



transcriptional upregulation of PD-L1, thereby limiting immune evasion. In contrast,
endometrial cancer-associated SPOP mutants fail to degrade IRF1 and instead promote
its stabilization, leading to enhanced PD-L1 expression [71]. Functionally, endometrial
cancer-associated SPOP mutations accelerate xenograft tumor growth, partially by
augmenting IRF1 and PD-L1 levels [71]. These findings highlight the critical roles of
IRF1 and PD-L1 in SPOP mutation-driven tumor immune evasion in endometrial

cancer and suggest potential targets for immunotherapeutic intervention.

5.2.3 Downstream substrates of SPOP in cervical cancer
Based on the systematic classification presented in Table 4 and the progressive changes

captured in Figure 6, SPOP substrates include DRAK1 and CXCL16 in cervical cancer.

DRAKI1, or serine/threonine protein kinase 17A (STK17A), is indeed a significant
member of the DAP kinase family, which is known for its role in promoting apoptosis
and regulating various cellular processes [249]. In cervical cancer, recent studies have
showed that DRAKI is identified as a novel antagonist of inflammation that targets
TRAFG6 for degradation, thereby limiting the progression of advanced cervical cancer
mediated by inflammatory signaling [250]. Furthermore, the downregulation of
DRAKI expression is associated with paclitaxel resistance in cervical cancer cells [77].
In paclitaxel-resistant cells, DRAK1 protein is degraded by the SPOP through K48-
linked polyubiquitination-mediated proteasomal degradation, leading to an increase in
TRAF6 levels and subsequent TRAF6-mediated NF-kB activation, which promotes
tumor progression [77]. Targeting this axis may present a novel therapeutic strategy for

overcoming drug resistance and inhibiting the advancement of cervical cancer.

In the CXC chemokine family, CXCL16 is a prominent chemokine produced by tumor
cells, especially those that infiltrate the tumor microenvironment (TME), where it
signals through its receptor, CXCR6 [251]. Recent studies have shown that myeloid
cells promote tumor cell survival via CXCL16-CXCR6 signaling, and targeting this
pathway has demonstrated promising efficacy against NK-cell tumors in vivo [252]. In
cervical cancer, SPOP has been identified as a critical regulator that binds to and

promotes the degradation of the chemokine CXCL16 [72]. This interaction profoundly



impacts the TME, particularly through the modulation of immune cell dynamics by
cancer-associated fibroblasts (CAFs) [72]. The degradation of CXCL16 by SPOP
disrupts the chemoattractive gradient necessary for the efficient recruitment of immune
cells to the tumor site [72]. Consequently, this spatial separation impairs the ability of
immune cells to effectively locate and attack tumor cells, facilitating immune evasion
by the tumor [72]. Elucidating the role of SPOP in the regulation of CXCL16
degradation reveals potential therapeutic targets. Strategies aimed at inhibiting SPOP
activity or stabilizing CXCL16 levels may enhance the infiltration of immune cells into

tumors, thereby augmenting the efficacy of immunotherapies.

5.2.4 Downstream substrates of SPOP in ovarian cancer

In ovarian cancer, PD-L1 positivity has been associated with both poorer and better
prognoses in various studies [253,254]. Interestingly, in a trial with results published in
2024, PD-L1 expression was not associated with clinical response to Nivolumab in
gynecologic cancers [255]. Instead, total CD8+ T cell infiltration, as well as an
increasing fraction of CD8+PD-1+ and CD8+PD-1+TOX+ T cells, was linked to
improved clinical benefit [255]. Recent studies have revealed that CRL3 facilitates the
degradation of PD-L1 by forming a complex with its adaptor protein SPOP [73]. This
mechanism suppresses the malignant characteristics of cancer cells, thereby inhibiting
the immune escape of ovarian cancer cells and enhancing their sensitivity to
chemotherapeutic agents such as cisplatin [73]. Therapies targeting the CUL3/SPOP
complex-PD-L1 axis hold significant potential for improving treatment outcomes in
ovarian cancer. By promoting the degradation of PD-LI1, these therapies could
effectively suppress cancer cell malignancy, inhibit immune escape, and enhance

sensitivity to chemotherapeutic agents like cisplatin.

5.3 Tumor-suppressive roles of SPOP in digestive system malignancies

SPOP has been recognized as a critical tumor suppressor in various malignancies,
including those of the digestive system. As represented in Table 4 and Figure 7, SPOP
plays a crucial role in the degradation of several oncogenic proteins including SENP7,

Nogo-B, 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCSI1), interferon



regulatory factor 2-binding protein 2 (IRF2BP2), and B cell lymphoma-2-associated
transcription factor 1 (BCLAF1) in HCC; Gli2, HDACG6, and ILF3 in CRC; Gli2 and T

lymphoma invasion and metastasis 1 (TIAM1) in GC; Nanog in pancreatic cancer.
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Figure 7. Functional roles of SPOP substrates in digestive system tumors. This figure illustrates
the diverse roles of SPOP substrates in the oncogenic processes of digestive system cancers. By
regulating pathways such as immune evasion, SPOP substrates play a crucial role in the

aggressiveness and progression of these tumors. SPOP: Speckle-type POZ protein.

5.3.1 Downstream substrates of SPOP in HCC

The reversible post-translational modification of proteins by small ubiquitin-related
modifier (SUMO), termed SUMOylation, is tightly regulated by SENPs [256]. SENP7,
a member of the SENP family, has been implicated in various critical cellular processes,
including tumorigenesis [206], DNA repair [207], cytosolic DNA sensing [60], and
lipid metabolism [257]. As previously demonstrated, SPOP orchestrates the ubiquitin-
dependent proteolysis of SENP7 during cellular senescence in PCa [60]. In the context

of HCC, studies suggest that SPOP recognizes and binds to SENP7, facilitating its



degradation via ubiquitin-dependent proteolysis [79]. Immunohistochemical analysis
indicates that vimentin expression is negatively correlated with SPOP and positively
correlated with SENP7 [79]. Consequently, the increased degradation of SENP7 due to
SPOP overexpression leads to reduced vimentin levels, which in turn attenuates HCC
cell metastasis [79]. In conclusion, targeting the SPOP-SENP7 pathway presents a
promising therapeutic strategy for HCC. Developing inhibitors or modulators that
specifically alter SPOP activity or SENP7 stability could pave the way for novel

treatments aimed at mitigating the metastatic spread of HCC.

Nogo-B, also known as reticulon-4B (RTN-4B), is a member of the reticulon protein
family that is predominantly localized in the endoplasmic reticulum [258-260]. It plays
a critical role in maintaining the tubular structure and function of the endoplasmic
reticulum [258-260]. Nogo-B is widely expressed in various tissues, including the liver
[261], kidney [262], and lung [263]. With respect to its biological functions, Nogo-B is
crucial in vascular remodeling [264], cell migration and proliferation, as well as the
EMT [265]. A recent study has uncovered a novel mechanism by which Nogo-B
contributes to the progression of HCC. Specifically, in HCC, SPOP is highly O-
GlcNAcylated by O-GIcNAc transferase (OGT) at Ser96, which enhances the nuclear
localization of SPOP in hepatoma cells [78]. This nuclear positioning attenuates the
ubiquitination of the Nogo-B protein, thereby promoting HCC progression both in vitro
and in vivo [78]. Furthermore, the ablation of O-GlcNAcylation through an S96A
mutation increased the cytoplasmic localization of SPOP, which in turn inhibited the
Nogo-B/c-FLIP cascade and impeded HCC progression [78]. These findings suggest
that targeting the OGT/SPOP/Nogo-B axis could represent a promising therapeutic

strategy for HCC.

HMGCSI is a pivotal cytoplasmic enzyme in the lanosterol biosynthesis pathway,
responsible for catalyzing the conversion of acetoacetyl-CoA to 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) [266]. The expression of HMGCS1 was associated
with the malignant progression in multiple cancers including HCC [267]. A recent study

revealed that SPOP interacts with HMGCS1 and facilitates its polyubiquitination,



leading to its degradation [84]. Conversely, CSN6 antagonizes the ubiquitin ligase
activity of SPOP, thereby stabilizing HMGCS1, which in turn activates YAP1 to drive
tumor growth [84]. In orthotopic liver cancer models, targeting both CSN6 and
HMGCSI1 effectively suppresses tumor growth under both normal and high-fat diet
conditions [84]. Furthermore, depleting HMGCS! significantly enhances the efficacy
of YAP inhibitors in patient-derived xenograft models [84]. These findings suggest that
therapeutic strategies aimed at the CSN6-SPOP-HMGCSI axis hold potential for
cancer treatment. Inhibiting CSN6 or enhancing SPOP activity could promote
HMGCSI1 degradation, thereby diminishing YAP1 activation and subsequent tumor
growth. Moreover, combining HMGCSI1 depletion with YAP inhibitors could further
potentiate therapeutic outcomes. Such approaches indicate that modulating this axis

could provide effective treatment options for HCC.

IRF2BP2 was initially identified as a transcription corepressor of IRF-2 [268-270]. It
regulates the expression of various genes involved in oncogenic processes such as cell
proliferation, metastasis, and immune response [268-270]. Recent research has
revealed that IRF2BP2 is a substrate of SPOP [37]. Studies have shown that SPOP
facilitates IRF2BP2 ubiquitination through a CUL3-dependent mechanism [37]. From
a functional perspective, IRF2BP2 was found to inhibit the proliferation and migration
of HCC cells, an effect that could be reversed by co-expressing SPOP [37]. Interestingly,
an HCC-derived mutant, SPOP-M35L, demonstrated enhanced interaction with
IRF2BP2 [37]. In line with this observation, SPOP-M35L exhibited a more potent
ability to ubiquitinate and degrade IRF2BP2 compared to its WT counterpart [37].
Unlike WT SPOP, the SPOP-M35L variant was capable of promoting HCC cell
proliferation and migration, possibly due to its higher affinity for IRF2BP2 [37]. These
findings suggest that the M35L mutation effectively transforms SPOP from a tumor
suppressor into an oncoprotein. This discovery provides new insights into the molecular
mechanisms underlying HCC progression and may have implications for developing

targeted therapies for this type of cancer.

BCLAF]1 was initially identified as a protein that interacts with anti-apoptotic members



of the Bcl2 family; however, it has since been linked to various biological processes,
including the regulation of transcription [271]. Recent studies have demonstrated that
BCLAF1 competitively inhibits the SPOP-mediated ubiquitination and degradation of
PD-L1 by interacting with SPOP, thereby sustaining PD-L1 expression [86]. This
mechanism ultimately promotes immune evasion and tumor progression in HCC [86].
Additionally, BCLAF1 has been identified as a potential therapeutic target, with the
efficacy of immune checkpoint blockade (ICB) treatment potentially enhanced in HCC
cases exhibiting high BCLAF1 expression in vitro [86]. In conclusion, Targeting the

SPOP-BCLAF]1 axis may enhance the efficacy of immunotherapy in HCC.

Importantly, recent research has confirmed that SPOP functions as a tumor suppressor
in hepatoblastoma (HB) development via the PI3K/Akt pathway, with its anti-cancer
activity impaired by the S119N mutation [272]. Furthermore, solute carrier family 7
member 1 (SLC7A1) has been identified as a potential substrate of SPOP, contributing

to HB progression through the disruption of arginine metabolism [272].

5.3.2 Downstream substrates of SPOP in CRC

As previously noted, GLI zinc-finger transcription factors serve as the final effectors of
the Hh signaling pathway, with GLI1 and GLI2 generally acting as positive regulators
and GLI3 often functioning as a negative regulator [146]. In CRC, the expression levels
of Hh pathway proteins vary considerably across different studies [273]. A study has
shown that SPOP interacts with Gli2, facilitating its ubiquitination and subsequent
degradation [80]. This interaction leads to a reduction in the expression of Bcl-2, an
apoptotic protein associated with the Hh/Gli2 pathway, thereby impairing its function
in preventing cell death in CRC [80]. The SPOP-Gli2 axis, therefore, plays a critical
role in maintaining the balance between cell survival and death, and its dysregulation
could offer potential therapeutic targets for cancer treatment. This is different from the
role of GLI zinc-finger transcription factors in PCa, where GLI3 is upregulated and acts

as a substrate of SPOP [45].

HDAC6, a member of the HDAC family, is an enzyme involved in the dynamic

regulation of the deacetylation of both histone and non-histone substrates [274]. In CRC,



HDACS6 expression is elevated in tumor tissue relative to adjacent non-cancerous tissue
and is frequently linked to poor disease prognosis [275]. A study reported that SPOP
specifically interacts with HDAC6, promoting its polyubiquitination and subsequent
degradation in cells [81]. Notably, cancer-derived SPOP mutants disrupt this interaction,
preventing HDAC6 degradation [81]. Furthermore, increased cellular proliferation and
migration observed in SPOP-depleted HCT116 colon cancer cells could be partially
reversed by additional depletion of HDAC6, suggesting that HDAC6 is a key
downstream effector of SPOP's tumor suppressor function [81]. Together, these
findings establish SPOP as an upstream negative regulator of HDAC6 stability. Loss-
of-function mutations in SPOP may lead to elevated levels of the HDAC6 oncoprotein,
which could promote tumorigenesis and metastasis in CRC, highlighting the potential

for targeted therapies aimed at this axis.

ILF3, also referred to as NF90/NF110, encodes a double-stranded RNA (dsRNA)-
binding protein that associates with proteins, mRNAs, small noncoding RNAs, and
dsRNAs to regulate gene expression and enhance mRNA stability [276,277]. Recent
studies have shown that ILF3 is overexpressed in CRC and serves as a prognostic
marker associated with poor survival, by reprogramming serine metabolism to sustain
malignant progression [85]. Mechanistic investigations revealed that the EGF-MEK—
ERK signaling pathway is responsible for the phosphorylation of ILF3, which in turn
inhibits the SPOP-mediated polyubiquitination and subsequent degradation of ILF3
[85]. Notably, the combination of the Serine—Glycine—One-Carbon (SGOC) inhibitor
and the anti-EGFR monoclonal antibody cetuximab effectively suppresses the growth

of patient-derived xenografts characterized by elevated levels of ERK and ILF3 [85].

5.3.3 Downstream substrates of SPOP in GC

As previously reported, GLI2 has been recognized as a substrate of SPOP, which
mediates its proteasomal degradation in CRC. Recent studies have shown that GLI2 is
significantly upregulated in GC, with high GLI2 expression correlating with poor
survival outcomes [278]. Recent studies have shown that high SPOP expression is

negatively correlated with lymph node metastasis, poor histological differentiation, and



tumor malignancy according to TNM staging [117]. In vitro, SPOP overexpression
suppressed cell proliferation, migration, and colony formation in GC cell lines, whereas
SPOP knockdown enhanced cell viability, migration, and proliferation, while inhibiting
apoptosis [117]. Mechanistically, SPOP promoted Gli2 degradation without impacting
its synthesis [117]. Furthermore, in MKN45 cells, elevated SPOP expression was
associated with a significant reduction in cytoplasmic Gli2 levels [117]. These results
indicate that SPOP plays a critical role in suppressing gastric tumorigenesis by
inhibiting the Hh/Gli2 signaling pathway. This suggests that SPOP may serve as a

potential target for the development of therapeutic strategies for GC in the future.

TIAMI1 is a member of the Rac-specific guanine nucleotide exchange factor (GEF)
family, with its primary function being the activation of RACI1 through the exchange of
guanosine diphosphate (GDP) for guanosine triphosphate (GTP) [279]. This activation
triggers downstream RAS signaling pathways that regulate processes such as
cytoskeletal remodeling, cell adhesion, migration, proliferation, and apoptosis [279]. In
2024, a study has indicated that SPOP selectively interacts with TIAM1, facilitating its
ubiquitination and degradation [83]. Importantly, the disruption of SPOP-mediated
degradation of TTAM1 enhances the migration, invasion, and proliferation of GC cells
[83]. Additionally, a strong correlation between TIAM1 and SPOP expression was
observed in both GC tissues and adjacent normal tissues [83]. Ultimately, dysregulation
of the SPOP-TIAMI1 axis may contribute to the uncontrolled growth and metastasis of

GC, making it a potential therapeutic target.

5.3.4 Downstream substrates of SPOP in pancreatic cancer

As noted earlier, Nanog is a substrate of SPOP in PCa, where it facilitates Nanog
polyubiquitination and subsequent degradation, thereby regulating the stem cell
characteristics of PCa cells. In the same year, researchers have also found that SPOP
functions as a tumor suppressor in pancreatic cancer, where it was found to be
downregulated in most patients, with low expression levels correlating with poor
prognosis [82]. Knockdown of SPOP in pancreatic cancer cell lines SW1990 and

PANC-1 significantly enhanced cell proliferation, migration, and invasion, effects



linked to the upregulation of proteins involved in cell cycle progression and EMT [82].
This oncogenic activity was further associated with decreased ubiquitination and
degradation of NANOG [82]. Moreover, the patient-derived SPOP mutation Q360*
impaired its nuclear localization, leading to NANOG accumulation in the nucleus,
thereby driving tumor growth and metastasis [82]. Targeting the SPOP-NANOG axis
presents a promising therapeutic strategy for pancreatic cancer. Given that SPOP
functions as a tumor suppressor and regulates NANOG degradation, restoring or
mimicking SPOP activity could prevent NANOG accumulation and its subsequent

oncogenic effects, including enhanced proliferation and metastasis.

5.4 Tumor-suppressive roles of SPOP in other malignancies

Both the Table 4 and Figure 8 indicate that SPOP suppresses tumorigenesis in various
human malignancies, extending beyond PCa, gynecological tumors, and digestive
system cancers. These include lung cancer, diffuse large B-cell lymphoma (DLBCL),
choriocarcinoma, and Ewing sarcoma. Notably, SPOP exerts its effects through the
regulation of key factors such as FAS-associated death structural domain (FADD) and
SIRT?2 in lung cancer, MyD88 and chromatin assembly factor 1 subunit A (CHAF1A)
in DLBLC, DHX9 in choriocarcinoma, EWS-FLI1 in Ewing sarcoma, and signal

transducers and transcriptional activators 3 (STAT3) in bladder cancer.
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Figure 8. Functional roles of SPOP substrates in other tumor types. This figure illustrates the
diverse roles of SPOP substrates in various cancers, including lung cancer, DLBCL,
choriocarcinoma, Ewing sarcoma, and bladder cancer. By regulating pathways such as signaling
and immune evasion, SPOP substrates play a crucial role in the aggressiveness and progression of

these tumors. DLBCL.: diffuse large B-cell lymphoma; SPOP: Speckle-type POZ protein.

5.4.1 Downstream substrates of SPOP in lung cancer

FADD is a key adaptor protein that transmits apoptotic signals from primary death
receptors. In addition to its crucial role in cell death, FADD is also involved in
proliferation, cell cycle progression, tumorigenesis, inflammation, innate immunity,
and autophagy [280,281]. A recent study revealed that elevated FADD protein levels
correlate with poor prognosis in NSCLC patients, with its expression primarily
regulated by the 26S proteasome [87]. SPOP binds FADD and facilitates its degradation,
a process that can be blocked by MG132 treatment [87]. Notably, SPOP inhibits NF-
kB activity and the expression of its target genes via FADD [87]. Targeting the SPOP-

FADD axis presents a promising therapeutic strategy in lung cancer.



SIRT2, an NAD(+)-dependent protein deacetylase targeting histone H4 lysine 16, p53,
and o-tubulin, is essential for mitotic progression and regulates checkpoint functions
during early metaphase to ensure chromosomal stability [282]. A previous study found
that SPOP levels were significantly reduced, while SIRT2 levels were markedly
elevated in NSCLC cell lines compared to normal bronchial epithelial cells and in
NSCLC specimens compared to paired non-tumor lung tissues [88]. SIRT2 is a
substrate of SPOP, with SPOP binding to SIRT2 and mediating its degradation [88].
Mutations in the MATH domain (G75L and G132R) and BTB domain (G192A and
K279N) of SPOP in NSCLC impair its ability to degrade SIRT2 and suppress NSCLC
cell growth, highlighting a strong correlation between SPOP's degradation of SIRT2
and its role in inhibiting NSCLC cell proliferation [88]. By modulating the SPOP-
SIRT2 interaction or enhancing SPOP activity, it may be possible to restore the
degradation of SIRT2, thereby inhibiting tumor progression. This approach could offer
a novel avenue for therapeutic intervention in NSCLC and potentially other cancers
where this axis is dysregulated. Further research into specific inhibitors or activators of

the SPOP-SIRT?2 pathway could provide valuable tools for targeted cancer treatment.

5.4.2 Downstream substrates of SPOP in DLBLC

MyDS88 is an adaptor protein that plays a key role in the innate immune response and

inflammatory signaling [283]. It is activated by members of the Toll-like receptor (TLR)
and interleukin-1 receptor (IL-1R) families [283]. Recent studies have revealed that

SPOP negatively regulates NF-kB signaling by binding to MyD88 and facilitating its

nondegradative ubiquitination [90]. Mutations in MyD88 (S149G, S1491, S1501) or in

the MATH domain of SPOP (F102I, D140H), commonly associated with DLBCL,

disrupt the SPOP-MyDS88 interaction and inhibit MyD88 ubiquitination [90]. As a result,
these mutations drive aberrant MyD88/NF-«kB activation in DLBCL [90]. Targeting the

SPOP-MyD88-NF-kB axis holds therapeutic potential, particularly in cancers like

DLBCL where mutations disrupt this pathway.

CHAFI1A, the largest subunit of the chromatin assembly factor-1 (CAF-1) complex, is

crucial for nucleosome assembly on newly synthesized DNA [284]. In DLBCL, studies



have shown that CHAF1A is overexpressed and plays a key role in promoting malignant
proliferation and growth [89]. SPOP acts as a negative regulator of CHAF1A by binding
to it and inducing its ubiquitin-mediated degradation [89]. Mutations in SPOP or its
downregulation, commonly observed in DLBCL, lead to CHAF1A accumulation,
which in turn enhances tumor autophagy in a TFEB-dependent manner [89]. Targeting
the SPOP-CHAF1A axis presents a promising therapeutic strategy for DLBCL.
Inhibiting the CHAF1A-TFEB signaling pathway may further suppress tumor growth
and survival. Therapeutic approaches such as small molecules or gene therapies
designed to modulate this axis could provide novel treatment options for DLBCL

patients, especially those with SPOP mutations or low SPOP expression.

5.4.3 Downstream substrates of SPOP in choriocarcinoma

DHX9, formerly known as DNA helicase Il and RNA helicase A, is a critical component
of the RNA polymerase II (Pol II) holoenzyme, involved in co-transcriptional pre-
mRNA processing [285]. In choriocarcinoma, studies have shown that reduced SPOP
expression enhances cell proliferation, migration, and invasion by promoting EMT [91].
These findings further suggest that SPOP acts as a negative regulator of
choriocarcinoma progression by binding to DHX9 and inducing its ubiquitin-mediated
degradation [91]. Targeting the SPOP-DHX9 axis presents a promising therapeutic

strategy for choriocarcinoma and potentially other cancers.

5.4.4 Downstream substrates of SPOP in Ewing sarcoma

Ewing sarcoma is a malignancy of bone and soft tissue that predominantly affects
children and young adults [286,287]. It is driven by a chromosomal translocation that
fuses the EWS gene with an ETS family transcription factor, most commonly FL/I. The
resulting EWS-FLII fusion protein is the key oncogenic driver of the disease [286,287].
A recent study has identified SPOP as the bona fide E3 ligase that regulates the turnover
of EWS-FLII in Ewing sarcoma [92]. Phosphorylation of the VTSSS degron within the
FLI1 domain by Casein kinase 1 enhances SPOP-mediated degradation of EWS-FLII
[92]. In contrast, OTUD7A deubiquitinates and stabilizes EWS-FLII [92]. Knockdown
of OTUD7A in Ewing sarcoma cell lines reduces EWS-FLI1 levels and inhibits tumor



growth both in vitro and in vivo [92]. In conclusion, targeting the SPOP/OTUD7A-
EWS-FLII axis offers a promising therapeutic strategy for Ewing sarcoma, particularly

in cases driven by the EWS-FLII fusion protein.

5.4.5 Downstream substrates of SPOP in bladder cancer

STAT, as a family of cytoplasmic transcription factors, responds to stimuli such as
cytokines, growth factors, and hormones, transmitting extracellular signals to various
organelles within the cell [288]. STAT3 plays a key role in promoting cell cycle
progression, proliferation, migration, and invasion across various cancer types,
including bladder cancer [289]. In 2024, researchers identified STAT3 as a novel
substrate of SPOP, revealing that SPOP deficiency increased STAT3 protein stability
and elevated the secretion of chemokine CCL2, which induced macrophage chemotaxis
and M2 polarization [93]. In co-cultured macrophages, IL-6 secretion promoted bladder
cancer cell proliferation and stemness [93]. Furthermore, the transcription factor
VEZF1 was found to directly activate SPOP transcription, and its overexpression
suppressed these effects in bladder cancer cells [93]. Targeting this crosstalk may
provide a promising therapeutic strategy for patients with bladder cancer harboring

SPOP deficiency.

5.5 SPOP's oncogenic role in KC

No mutations in SPOP have been detected in KC to date. The experimental outcomes
documented in Table 4 and Figure 9 showed that SPOP plays an oncogenic role in
kidney tumorigenesis by targeting key tumor suppressors, including AR, Daxx, DUSP7,
Gli2, PTEN, SETD2, and LATSI1, and these proteins are essential for regulating cellular

processes such as cell proliferation, the cell cycle, and apoptosis .
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Figure 9. Potential oncogenic roles of SPOP in KC. The SPOP contributes to oncogenesis in KC
by targeting multiple substrates. Specifically, the cytoplasmic accumulation of SPOP promotes the
ubiquitination and degradation of Daxx, DUSP7, Gli2, and PTEN, enhancing cell proliferation and
inhibiting apoptosis. Additionally, SPOP mediates the ubiquitination and degradation of SETD2,
resulting in decreased H3K36me3, which may facilitate renal carcinogenesis. Furthermore,
cytoplasmic SPOP prevents the degradation of the AR in the nucleus, leading to the activation of
AR-driven pathways and the progression of KC. AR: androgen receptor; H3K36me: Trimethylation
of histone H3 lysine 36; Kidney cancer: KC; SETD2: SET domain-containing 2; SPOP: Speckle-

type POZ protein.

5.5.1 Downstream substrates of SPOP in KC

As mentioned above, AR is a key factor driving PCa progression. Similarly, studies
have shown that targeting AR in both RCC cells (HKC-5, 786-0, 786-P, and SW839)
and xenografts (HKC-5 and 786-0) inhibits cell migration and invasion by modulating
HIF2a/VEGF signaling by recruiting vascular endothelial cells [290]. Accumulating

evidence suggests that AR functions as an oncoprotein in RCC, with SPOP inhibiting



KC tumorigenesis and progression by targeting AR [94]. In an RCC patient-derived
xenograft model of acquired resistance to the receptor tyrosine kinase inhibitor (RTKi)
sunitinib, AR expression was significantly elevated [94]. Similarly, AR levels were
increased in RCC cell lines with either acquired or intrinsic sunitinib resistance in vitro
[94]. Sunitinib-induced AR transcriptional activity was associated with increased
phosphorylation of serine 81 (pS81) on AR, leading to its nuclear translocation [94].
Notably, enzalutamide induced degradation of the phosphorylated AR—SPOP complex,
restoring sunitinib sensitivity in vivo and promoting tumor regression in the 786-O
model [94]. In sunitinib-resistant UMRC2 RCC cells, pharmacological inhibition of the
proteasome or SPOP ablation via siRNA prevented the degradation of AR induced by
enzalutamide [94]. These findings underscore the potential of targeting the SPOP-AR
axis as a novel approach to improve treatment outcomes in RCC, particularly for

patients with acquired resistance to current therapies.

The hypoxic response plays a crucial role in the tumorigenesis of most solid tumors,
particularly in RCC [291]. Hypoxia, or low oxygen levels within tumors, triggers
adaptive responses that promote tumor growth, metastasis, and resistance to therapy
[292]. In RCC, hypoxia-induced signaling pathways, such as the HIF pathway, are
central to these processes [291]. These pathways regulate critical factors involved in
angiogenesis, metabolism, and cell survival, making them key drivers of KC
progression [291]. One study demonstrated that in RCC, hypoxia leads to the
accumulation of SPOP in the cytoplasm, where it exerts anti-apoptotic and pro-
proliferative effects [31]. This is achieved by promoting the ubiquitination and
degradation of key tumor suppressors, including Daxx, the ERK phosphatase DUSP7,
Gli2, and PTEN [31]. A significant inverse correlation between PTEN levels and SPOP
levels was observed in 100% (14/14) of primary ccRCC tumor samples examined [31].
In vivo experiments further supported this, where subcutaneous injection of stably
transfected HEK293-SPOP-cyto cells into nude mice resulted in tumor formation in
approximately 80% (15/19) of the mice within 6 weeks [31]. In contrast, WT SPOP and

control empty vector cells did not induce tumor growth (0/19 in both cases) [31]. These



findings suggest that SPOP may have an oncogenic role in RCC, potentially due to its
accumulation in the cytoplasm, which impairs its ability to promote the ubiquitination

and degradation of substrates typically regulated in the nucleus.

SETD2 primarily catalyzes the trimethylation of histone H3 at lysine 36 (H3K36me3)
from the dimethylated form (H3K36me2) within gene bodies, thereby facilitating
transcription elongation [293]. It has also been identified as a potential tumor
suppressor in several human cancers, including RCC [294]. One study demonstrated
that SPOP directly interacts with SETD2, thereby modulating SETD2 activity on a
broad range of genes in HEK293 [95]. This pathway is particularly important for
regulating splicing through the modulation of H3K36me3 levels within the cell [95].
The events regulated by SETD2 and SPOP encompass various forms of alternative
splicing, with a predominant effect on exon exclusion, thereby highlighting the role of
PTB in the alternative splicing process controlled by both SPOP and SETD2 [95]. In
conclusion, the SPOP-SETD?2 axis plays a crucial role in regulating gene expression
and alternative splicing in cells. Through its influence on SETD2, SPOP regulates
H3K36me3 levels, which are essential for proper splicing, with a notable effect on exon
exclusion. Given the significance of SETD2 as a tumor suppressor and SPOP's role in
regulating splicing, targeting this axis may offer new therapeutic opportunities in cancer
treatment, particularly in cancers like RCC where both proteins are implicated in

tumorigenesis and drug resistance.

The Hippo/Warts (Mst/Lats) pathway is a critical signaling cascade that regulates organ
size and tissue growth during embryonic development. It controls the activity of genes
involved in cell differentiation, proliferation, and survival through a kinase-driven
mechanism. As illustrated in Figure 9, the Mstl and Mst2 kinases (orthologs of
Drosophila Hippo), in complex with Savl, activate Latsl and Lats2 (orthologs of
Drosophila Warts) via phosphorylation [295]. In turn, these Lats kinases phosphorylate
the transcriptional coactivators Yap and Taz (orthologs of Drosophila Yorkie),
sequestering them in the cytoplasm and inhibiting their activity [295]. Recent studies

have demonstrated that the deletion of Lats//2 in adult kidney epithelium leads to the



development of renal cell carcinoma (RCC), suggesting that LATS1 functions as a
tumor suppressor that negatively regulates tumor progression [296]. One study
identified LATS1, a key component of the Hippo tumor suppressor pathway, as a novel
ubiquitin substrate of SPOP [96]. Mechanistically, SPOP specifically interacted with
LATSI1, promoting its polyubiquitination and subsequent degradation in a degron-
dependent manner [96]. Overexpression of SPOP enhanced cell proliferation, partly by
regulating cell cycle distribution, in both 786-O and A498 KC cells. Additionally, SPOP
facilitated KC cell invasion by degrading LATS1 [96].

In conclusion, SPOP plays a pivotal oncogenic role in KC, particularly in RCC, by
regulating key tumor suppressors and modulating critical cellular processes. SPOP
facilitates tumorigenesis by targeting and promoting the degradation of tumor
suppressors like LATS1, PTEN, SETD2, and others, thus disrupting important
signaling pathways such as the Hippo, PI3K/Akt, and cell cycle regulation pathways.
Through these actions, SPOP enhances cell proliferation, invasion, and survival,
contributing to tumor growth and metastasis. The dysregulation of SPOP-mediated
substrate degradation may also be involved in resistance to therapy. As such, targeting
SPOP or its downstream effects offers a promising therapeutic avenue for treating KC,

particularly for patients with aggressive or resistant forms of the disease.
6 SPOP-Targeting Strategies

6.1 SPOP as a therapeutic target

Given the dual roles of SPOP as both an oncogene and tumor suppressor in a cancer
type-specific manner, the development of SPOP-targeting agents may prove crucial for
the treatment of diverse cancers. Structurally, the SPOP protein selectively interacts
with specific substrates via its N-terminal MATH domain, which recognizes the SBC
motif [33]. As previously noted, SPOP is overexpressed and mislocalized in the
cytoplasm of nearly all ccRCC, a condition that may drive cellular proliferation and
contribute to kidney tumorigenesis [31]. A structure-based design, followed by hit
optimization, facilitated the identification of small molecules that inhibit the SPOP-

substrate protein interaction, thereby disrupting oncogenic SPOP signaling [297].



Computational screening, integrating pharmacophore modeling and molecular docking,
led to the selection of 109 compounds from the SPECS database, which contains over
200,000 drug-like molecules [297]. Compound 6a was identified as a promising hit,
effectively competing with the puc SBCI1 peptide for SPOP binding [297]. Further
chemical optimization produced the more potent compound 6b. Inhibitors 6a, 6b, and
soluble compound 6b-HCI significantly disrupted SPOP binding to PTEN and DUSP7
in a dose-dependent manner, whereas compound 6¢ did not affect these interactions
[297]. Both 6a and 6b exhibited notable inhibitory effects on the proliferation of the
ccRCC A498 cell line [297]. Subsequently, the research team continued their
investigation and, in 2020, established a structure-activity relationship for 6b analogues
as SPOP inhibitors [298]. Compound 6lc was found to significantly inhibit colony
formation in both A498 and OS-RC-2 cell lines, outperforming previously reported 6b
and other tested analogues [298]. Various assays confirmed that 6lc directly interacts
with the SPOP protein both in vifro and in cell lysates. Further mechanistic studies
revealed that compound 6lc disrupts the SPOP-substrate protein interaction in ccRCC
cell lines, leading to the stabilization and accumulation of tumor suppressors PTEN and
DUSP7, while reducing the levels of phosphorylated AKT and ERK downstream [298].
Furthermore, SPOP interacts with the cullin 3—RING box 1 scaffold protein through its
C-terminal BTB domain, promoting SPOP dimerization and enhancing the
ubiquitination activity of the E3 ligase [109]. Disrupting the BTB—cullin 3 interaction
or inhibiting SPOP dimerization with small molecules could therefore provide a
promising strategy for RCC therapy. Notably, the role of SPOP protein varies depending
on the cancer context, highlighting the need for future studies to focus on developing

cancer treatments that are specific to particular tissues or cell types.

6.2 SPOP Ligand—Based PROTACs

Proteolysis-targeting chimeras (PROTACSs) are a leading class of agents used for
targeted protein degradation (TPD). APROTAC molecule consists of three components:
a ligand for an E3 ubiquitin ligase, a linker, and a ligand for the protein of interest (POI)

[299]. This structure facilitates the polyubiquitination and subsequent degradation of



the POI through the action of the E3 ligase and the UPS [299]. Certain E3 ubiquitin
ligases recognize specific degradation signals, known as "degrons," which were
originally used as ligands for the POI in PROTAC design. Studies have revealed that
SPOP substrates contain one or more SBC motifs [33], positioning SPOP as a promising
target for developing PROTAC: to treat RCC with SPOP overexpression.

In 2025, Deng et al. presented a bridged PROTAC strategy and successfully developed
a proof-of-concept PROTAC degrader, 9 (MS479), which recruits the E3 ligase SPOP
by directly binding its substrate GLP as a bridging protein [300]. This approach
facilitates the polyubiquitination and subsequent degradation of BRD4/3/2 via the 26S
proteasome [300]. Compound 9 notably reduced the protein levels of the BRD4 short
isoform in a time-, concentration-, GLP-, SPOP-, and UPS-dependent manner.
Additionally, it effectively suppressed the proliferation of CRC cells [300]. Similar
strategies may be extended to other cancer types. The bridged PROTAC approach holds
promise for targeting E3 ligases that lack small-molecule binders but can interact with
substrate proteins amenable to small-molecule binding. Notably, cereblon (CRBN) is,
to date, the most widely employed E3 ligases in PROTAC development, with all
PROTACs currently in clinical trials relying on CRBN, Hippel-Lindau (VHL), or
CRLA4PCAFIS [301]. Consequently, the emergence of acquired resistance to PROTACs
that target VHL or CRBN has been observed [302]. Future research should therefore
focus on expanding the repertoire of SPOP E3 ligases for PROTAC development, a
critical step for advancing this field. Such expansion could help address emerging
resistance issues, enhance tissue and cell-type specificity, and significantly improve the

therapeutic window.

Importantly, for cancers with SPOP loss-of-function mutations, SPOP ligand-based
PROTACS are ineffective. In contrast, Wang et al. developed potent small-molecule
PROTACs for AR degradation [303]. Using a strong AR antagonist and E3 ligase
ligands with weak VHL binding affinities, they identified compound 11 (ARD-266),
which induced over 95% AR protein degradation in AR+ PCa cell lines (LNCaP, VCaP,

22Rv1) and suppressed AR-regulated gene expression [303]. This approach shows



promise for treating SPOP-mutated PCa. Comparable strategies could be employed to
eliminate the cytoplasmic oncogenic activities of SPOP as a potential treatment for

RCC.
7 Conclusion

Emerging insights into the diverse substrates of SPOP across various cancer types
reveal a complex network of interactions that can either promote or inhibit
tumorigenesis. Understanding these molecular interactions is crucial for the
development of targeted therapies that can modulate SPOP activity and its downstream
effects. Future trends in cancer therapy are likely to focus on the creation of small
molecule inhibitors or activators of SPOP, tailored to specific cancer types and their
underlying genetic aberrations. Additionally, integrating SPOP-targeted therapies with
current treatment modalities, such as immunotherapy and precision medicine, holds
significant promise for enhancing therapeutic efficacy and overcoming resistance
mechanisms. Continued research into the SPOP interactome and its regulatory
pathways will undoubtedly broaden our therapeutic arsenal, offering new hope for

patients with SPOP-related malignancies.

In summary, the multifaceted role of SPOP in cancer biology presents both challenges
and opportunities. By deepening our understanding of its diverse substrates and their
contributions to carcinogenesis, we can pave the way for innovative and more effective

cancer therapies in the future.
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