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Abstract: Chemotherapy is the principal treatment for advanced cancer patients. However, chemotherapeutic resis-
tance, an important hallmark of cancer, is considered as a key impediment to effective therapy in cancer patients.
Multiple signaling pathways and factors have been underscored to participate in governing drug resistance. Post-
translational modifications, including ubiquitination, glycosylation, acetylation and phosphorylation, have emerged
as key players in modulating drug resistance in gynecological tumors, such as ovarian cancer, cervical cancer and
endometrial cancer. In this review article, we summarize the role of ubiquitination in governing drug sensitivity in
gynecological cancers. Moreover, we describe the numerous compounds that target ubiquitination in gynecological
cancers to reverse chemotherapeutic resistance. In addition, we provide the future perspectives to fully elucidate
the mechanisms by which ubiquitination controls drug resistance in gynecological tumors, contributing to restoring
drug sensitivity. This review highlights the complex interplay between ubiquitination and drug resistance in gyneco-
logical tumors, providing novel insights into potential therapeutic targets and personalized treatment strategies to
overcome the bottleneck of drug resistance.
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Introduction drug resistance mechanisms, which significant-

ly hinders the effective treatment of gynecologi-

Gynecological tumors, mainly comprising ovari-
an, cervical, and endometrial cancers, repre-
sent a substantial health burden worldwide,
impacting female health across various age
groups [1, 2]. Despite significant advance-
ments in early detection and therapeutic strat-
egies, these malignancies remain formidable
to manage due to the emergence of drug resis-
tance, which often leads to treatment failure
and malignant disease progression [3, 4]. Over
the past few decades, extensive research
efforts have been dedicated to unraveling the
intricate interplay between translational rese-
arch and the complex mechanisms of drug
resistance, with the aim of shedding light on
the underlying complexities of gynecological
tumors [5, 6]. Of particular concern is the for-
midable challenge posed by the emergence of

cal tumors [7]. Ovarian cancer, which is fre-
quently diagnosed at advanced stages, exhi-
bits a pronounced propensity for developing
resistance to platinum-based chemotherapies,
which are considered the cornerstone of first-
line treatment [8, 9]. Similarly, cervical cancer,
primarily associated with persistent human
papillomavirus (HPV) infection, can manifest
resistance to both radiotherapy and platinum
agents, further complicating therapeutic inter-
ventions [10, 11]. Additionally, endometrial can-
cer, a prevalent malignancy of the female re-
productive system, also encounters obstacles
related to drug resistance, impacting the effi-
cacy of hormonal therapies and other targeted
interventions [12].

In recent years, posttranslational modifications
(PTMs) have emerged as key regulators of cel-
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Figure 1. PTMs participate in drug resistance of gynecological cancers. These PTMs include ubiquitination, acetyla-
tion, glycosylation, phosphorylation, methylation and SUMOylation.

lular processes, influencing various aspects of
protein function, stability, and cellular signaling
[13-15]. Among these modifications, phos-
phorylation, acetylation, ubiquitination, O-Glc-
NAcylation and SUMOylation have been exten-
sively studied for their roles in cancer biology
[16-20]. Dysregulation of these modifications
can lead to altered cellular responses, ulti-
mately contributing to the development of
drug resistance in cancer cells [21-24]. In the
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context of gynecological tumors, compelling
evidence suggests that specific PTMs of key
regulatory proteins are associated with drug
resistance phenotypes (Figure 1). This compre-
hensive review aimed to explore the intricate
link between ubiquitination and drug resistance
in gynecological tumors. By consolidating cur-
rent research findings and the latest advance-
ments in our understanding of ubiquitination,
we endeavored to provide a comprehensive
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and insightful perspective on the impact of
ubiquitination on drug resistance in ovarian,
cervical, and endometrial cancers. Further-
more, we shed light on potential therapeutic
strategies targeting ubiquitination, with the
goal of enhancing drug sensitivity and improv-
ing the clinical management of gynecological
malignancies. Through this comprehensive ex-
ploration, we aspired to contribute significantly
to the advancement of precision medicine
approaches and the development of personal-
ized therapeutic strategies for patients facing
drug-resistant gynecological tumors, ultimately
improving patient outcomes and quality of life.

Ubiquitination and deubiquitination in gyneco-
logical cancer

Ubiquitination is an enzymatic cascade that is
conducted by the E1 Ub-activating enzyme,
the E2 Ub-conjugating enzyme, and the E3
Ub-protein ligase, leading to the transfer of
ubiquitin, a 76 amino-acid protein, to the target
proteins [25, 26]. E3 ubiquitin ligases are
responsible for selecting specific substrates
for ubiquitination and degradation [27]. There
are three classes of E3 ligases: RING-type,
homologous to the E6G-AP carboxyl terminus
(HECT)-type, and RBR-type [28, 29]. Ring-type
E3 ligases are characterized by the presence of
a ring-finger domain, a specialized zinc-finger
structure that is crucial for their function. This
domain enables the enzyme to interact with
both the E2 enzyme and the substrate protein,
thus catalyzing the ubiquitin transfer [30, 31].
RING-type E3 ligases include the Skp1-Cullin-F-
box (SCF) complex and the Anaphase Promot-
ing Complex/Cyclosome (APC/C). The SCF com-
plex is a multi-protein E3 ubiquitin ligase com-
plex that is composed of four main components
[32, 33]. S-phase kinase-associated protein 1
(Skpl) acts as an adaptor. Cullin serves as a
scaffold for the complex. The F-box protein
determines substrate specificity [34]. Different
F-box proteins target a wide range of substrates
[35]. RING-finger proteins (such as Rbx1/Rocl)
mediate the transfer of ubiquitin from the E2
enzyme to the substrate. The APC/C, a highly
complex E3 ubiquitin ligase, mainly regulates
the cell cycle, primarily by driving cell cycle tran-
sitions from metaphase to anaphase and from
anaphase to G1 [36]. The APC/C consists of
several core subunits and is regulated by coact-
ivators such as Cdc20 and Cdh1 [37, 38], which
maintain substrate specificity [39, 40].
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HECT-type E3 ligases are a distinct group of
enzymes involved in the ubiquitination process
and have unique HECT domains. This domain is
structurally different from that of RING-type E3
ligases [41, 42]. In the ubiquitination process,
the HECT domain directly participates in the
transfer of ubiquitin to the target protein [43].
Unlike RING-type E3 ligases, HECT-type E3
ligases form a transient thioester bond with
ubiquitin before transferring it to the substrate
protein [44]. The neural precursor cell ex-
pressed, developmentally down-regulated 4
(NEDD4) family is a good example of HECT-type
E3 ligases [45]. The NEDD4 family is character-
ized by several structural features: a HECT
domain, WW domains, and a C2 domain. The
HECT domain is involved in the direct transfer
of ubiquitin to the substrate proteins. WW
domains mediate protein-protein interactions.
These domains recognize proline-rich peptide
motifs in target proteins or in regulatory pro-
teins. The C2 domain can bind to phospholipids
and is involved in the localization of the ligase
to cellular membranes [46, 47]. The nine mem-
bers of the NEDD4 family are NEDD4-1 (also
known as NEDD4), NEDD4-2 (also known
as NEDDA4L), ITCH, WWP1, WWP2, SMURF1,
SMURF2, NEDL1 (HECW1) and NEDL2 (HECW?2)
[48-50].

Deubiquitination is conducted by deubiquitin-
ases (DUBs), which can remove the ubiquitin
from proteins involved in the regulation of
diverse cell processes, including the cell cycle,
apoptosis, autophagy, proliferation and differ-
entiation [51, 52]. DUBs, a group of enzymes,
play a crucial role in the process of removing
ubiquitin molecules from targeted proteins.
DUBs are involved in ensuring a balance in the
ubiquitination-deubiquitination cycle to main-
tain cellular homeostasis [563, 54]. These
enzymes counteract the action of ubiquitin
ligases, and thus, DUBs can rescue proteins
from being targeted for degradation. There are
several classes of DUBs, including the ubiqui-
tin-specific proteases (USP) and OTU domain-
containing proteases (OTUD) families, each
characterized by distinct structural motifs and
substrate specificities [55, 56]. Ubiquitination
plays an essential role in the regulation of drug
resistance in gynecological cancer [57].

Ovarian cancer

Ubiquitination and deubiquitination mediate
chemotherapy sensitivity in ovarian cancer [58,
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59]. One group used the 2-DE approach and
the ESI-Q-TOF MS/MS method and detected
differential protein expression profiles between
cisplatin-resistant and cisplatin-sensitive ovar-
ian cancer cells. Ubiquitin carboxyl-terminal
hydrolase isozyme L1 (UCH-L1) was identified
as a key regulatory factor in the modulation of
cisplatin resistance in ovarian cancer [60].
Another group showed that p62 enhanced the
mitochondrial localization of p53 via interac-
tion with its UBA domain, leading to the modu-
lation of cisplatin sensitivity in ovarian cancer
cells, indicating the critical role of the UPS in
cisplatin resistance in ovarian cancer cells [61].
AEBP2, a zinc finger protein, is crucial for con-
trolling the growth and response to cisplatin, a
widely used chemotherapy drug, in ovarian can-
cer cells [62, 63]. The genetic elimination of
AEBP2 impedes ovarian cancer cell prolifera-
tion and enhances ovarian cancer cell sensitiv-
ity to cisplatin. However, AEBP2 itself is subject
to ubiquitination, which is marked for degrada-
tion by the SCF B-TrCP ubiquitin ligase complex.
Failure of its effective degradation leads to the
development of cisplatin resistance in ovarian
cancer [62]. Similarly, Fn14 overexpression has
been shown to suppress cisplatin resistance
in OVCAR-3 ovarian cancer cells. This occurs
through a reduction in Hsp90 expression and
disruption of the Mdm2-p53-R248Q-Hsp90
complex, which is achieved by the Mdm2-
mediated ubiquitin-proteasome pathway [64].

UBC13, a critical player, is capable of revers-
ing paclitaxel resistance in ovarian cancer.
Downregulating UBC13 expression attenuates
UBC13 ubiquitination and elevates DNMT1 lev-
els, leading to enhanced DNA methylation on
the CHFR promoter. As a result, CHFR expres-
sion is reduced, and Aurora A levels are in-
creased, effectively countering paclitaxel resis-
tance [65]. Furthermore, SIAH1, which acts as
a ubiquitin ligase, employs its RING domain to
promote the ubiquitination and subsequent
degradation of RPS3. Dysregulation of RPS3
expression or loss of SIAH1-mediated ubiquiti-
nation through the K214R mutant significantly
impairs platinum-induced tumor suppression.
This highlights the critical role of the SIAH1-
RPS3-NF-kB axis in addressing therapeutic
resistance in epithelial ovarian cancer [66].
Additionally, the upregulation of Parkin expres-
sion has shown promise in inhibiting the prolif-
eration of chemotherapy-resistant ovarian can-
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cer cells by promoting the ubiquitination and
degradation of p53 [67]. OGT modulates the
ubiquitination and degradation of NRF2 in ovar-
ian cancer cells by modifying KEAP1 through
glycosylation, thus influencing ovarian cancer
cell resistance to cisplatin [68].

Another vital study showed that in ovarian can-
cer cells, RING1A mediates the monoubiquiti-
nation of phosphorylated H2AX (yH2AXub1) at
lysine 119 sites during platinum-induced DNA
damage. Consequently, RING1A deficiency im-
pairs the activation of the G2-M DNA damage
checkpoint, reducing the ability of ovarian can-
cer cells to repair platinum-induced DNA dam-
age and increasing their sensitivity to platinum
agents [69]. Ubiquitin-specific protease 14
(USP14) is a biomarker for the occurrence of
cisplatin resistance in ovarian cancer. The
expression of USP14 is downregulated in cis-
platin-resistant A2780 cells. Suppression of
USP14 counteracts cisplatin cytotoxicity via
enhancement of connexin 32 (Cx32) internal-
ization in ovarian cancer cells [70]. Another
study showed that USP14 confers cisplatin
resistance by targeting the BCL6 oncoprotein
to prevent its proteasomal-dependent degrada-
tion in ovarian cancer [71]. Reduced expression
of USP15 is observed in ovarian tumor tissues
with paclitaxel resistance [72]. USP8 activity is
elevated in cisplatin-resistant ovarian cancer
cells. Depletion of USP8 enhances cisplatin
sensitivity and inactivates receptor tyrosine
Kinases in ovarian cancer cells. USP8 downreg-
ulation promotes cisplatin-mediated caspase
3/7 activation and survivin downregulation in
ovarian cancer cells, leading to the promotion
of cell apoptosis [73].

Akt contributes to resistance, partially by re-
gulating the ubiquitination of FLIP, which is
induced by cisplatin and dependent on p53
[74]. Notably, acquired cisplatin-resistant ovar-
ian cancer cells exhibit elevated levels of MKP-1
and PARP-1 protein expression, and silencing
either protein improves the sensitivity of resis-
tant cells to cisplatin [75]. Additionally, the
direct binding of CENPK to SOX6 results in
changes to its interaction with 3-catenin, lead-
ing to increased expression and translocation
of B-catenin into the nucleus. This, in turn, pro-
motes the ubiquitination of p53, activating
the Wnt/B-catenin signaling pathway while sup-
pressing the p53 pathway. As a consequence
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Figure 2. Ubiquitination plays a critical role in cisplatin resistance in ovarian cancer cells. Multiple compounds target
ubiquitination to overcome the drug resistance of ovarian cancer cells.

of this dysregulation, epithelial-mesenchymal
transition (EMT), which is involved in metasta-
sis; DNA replication, which promotes tumor cell
proliferation; and tumorigenic pathways, which
are crucial for cell stemness, are ultimately
enhanced [76]. Higher expression of CRL4 is
observed in cisplatin-resistant ovarian cancer
cells. Downregulation of CRL4 by shRNA infec-
tion reverses cisplatin resistance via inhibition
of BIRC3 by mediating STAT3 in ovarian cancer
cells [77]. These compelling discoveries under-
score the pivotal role of ubiquitination in modu-
lating drug resistance mechanisms in ovarian
tumors, providing potential avenues for devel-
oping targeted therapies to overcome resis-
tance and improve treatment outcomes (Figure
2).
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Cervical cancer

USP15 downregulation leads to paclitaxel re-
sistance in Hela cells by impairing the stability
and activity of caspase-3. Decreased expres-
sion of USP15 is observed in paclitaxel-resis-
tant ovarian cancer tissues, suggesting that
USP15 could be a diagnostic biomarker for
paclitaxel-resistant cancer [72]. One study
revealed that miR-100 expression is high in
HelLa and SiHa cells under hypoxic conditions.
USP15 was identified as a target of miR-100,
and hypoxia inhibited the expression of USP15.
Upregulation of miR-100 leads to paclitaxel
resistance in cervical cancer cells by targeting
USP15 [78]. The SPOP E3 ligase has been con-
firmed to play an essential role in tumorigene-
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sis and cancer treatment [79]. Wu et al. report-
ed that SPOP expression is elevated in cervical
cancer patients with pelvic lymph node metas-
tasis and is correlated with poor prognosis.
SPOP enhances the proliferation and metasta-
sis of cervical cancer cells. SPOP triggers the
spatial separation of PD-1 from PD-L1 in spa-
tial localization and achieves immune toler-
ance, contributing to cervical cancer progres-
sion [80]. DRAK1 expression is downregulat-
ed in paclitaxel-resistant cervical cancer cells,
which is accompanied by the upregulation
of TRAF6 expression and NF-kB activation.
Downregulation of DRAK1 increases paclitaxel
resistance in cervical cancer cells, while over-
expression of DRAK1 represses cell growth in
paclitaxel-resistant cervical cancer cells. Che-
moresistant cervical cancer samples exhibit
lower expression of DRAK1. SPOP targets
DRAK1 for ubiquitination and degradation and
induces the growth of paclitaxel-resistant cervi-
cal cancer cells [81].

CUL4A expression is elevated in patients with
cervical squamous cell carcinoma and is asso-
ciated with tumor stage, lymph node metasta-
sis and poor prognosis. Downregulation of
CUL4A curtails cell proliferation, invasion and
migration in cervical cancer. Silencing of CUL4A
enhances cisplatin sensitivity in cervical can-
cer cells [82]. USP45 is illustrated to bind to
Myc and cause its deubiquitination and sta-
bilization. Overexpression of USP45 increases
the expression of MYC and promotes cancer
stemness and drug resistance. Knockdown of
MYC abolishes USP45-mediated drug resis-
tance and stemness [83]. The compound
a-mangostin can inhibit the expression of
USP45 and abrogate cancer stemness and
drug resistance. Specifically, a-mangostin in
combination with doxorubicin alleviates USP45-
triggered cervical oncogenesis [83]. Centro-
mere protein K (CENPK) is highly expressed in
cervical tissues and is correlated with poor
prognosis and cancer recurrence. Knockdown
of CENPK prolongs survival time and improves
chemotherapeutic effects in cervical cancer-
bearing mice. Mechanistically, CENPK interacts
with SOX6 and impairs the binding between
CENPK and B-catenin, leading to the promotion
of B-catenin expression and nuclear transloca-
tion, the upregulation of p53 ubiquitination, the
inactivation of the p53 signaling pathway and
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the activation of the Wnt/B-catenin pathway,
which ultimately promotes cancer cell stem-
ness, EMT and cisplatin/carboplatin resistance
in cervical cancer [84].

HAUSP reportedly stabilizes Cdc25A prote-
in level in cervical cancer cells. Silencing of
HAUSP reduces Cdc25A-involved colony forma-
tion and migration in HelLa cells. Furthermore,
HAUSP knockdown alleviates tumor progres-
sion in mice. HAUSP increases resistance to
DNA-damaging agents due to stabilization of
the Cdc25A protein [85]. iASPP, an EMT induc-
er, stimulates cisplatin resistance in cervical
cancer cells. Downregulation of iASPP reduces
cell proliferation and sensitizes cervical cancer
cells to cisplatin. iASPP increases the expres-
sion of miR-20a and subsequently induces
EMT and cisplatin chemoresistance. Further-
more, miR-20a suppresses the expression of
FBXL15 and BTG3 in cervical cancer cells.
Lower expression of FBXL5 and BTG3 is ob-
served in cervical cancer tissues and is linked
to poor outcomes in cervical cancer patients
[86]. One study revealed that the copper chela-
tor D-penicillamine in combination with oxalipl-
atin suppresses tumor growth in oxaliplatin-
resistant SiHa cervical cancer cells. D-peni-
cillamine increases the expression of the hCtrl
protein, a copper influx transporter, via the pro-
motion of Sp1 expression, leading to p53 trans-
location to the cytosol from the nucleus and the
induction of p53 ubiquitination and degrada-
tion as well as the suppression of the copper
efflux transporter ATP7A [87]. Downregulation
of CITED2 by shRNA results in cisplatin sen-
sitivity via the promotion of p53 stabilization
[88].

Endometrial cancer

Several studies have shown the critical role of
ubiquitination in the regulation of drug resis-
tance in endometrial cancer. For example,
RNF8 expression at the mRNA and protein lev-
els is elevated in doxorubicin- and cisplatin-
resistant endometrial cancer cells. RNF8 defi-
ciency stimulates cisplatin and doxorubicin
sensitivity in endometrial cancer cells by re-
ducing NHEJ efficiency and inducing Ku80
retention on DSBs. Knockdown of RNF8 revers-
es cisplatin resistance in a cisplatin-resistant
mouse xenograft model [89]. BRD2, BRD3 and
BRD4 were confirmed as substrates of SPOP-
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CUL3. Endometrial cancer-associated SPOP
mutants promote the degradation of BRD2,
BRD3 and BRD4, leading to cell sensitization to
BET inhibitors [90]. Moreover, USP14 a poten-
tial biomarker for stratifying patients with recur-
rent endometrial cancer. VLX570, an inhibitor
of USP14, reduces cell proliferation via regula-
tion of cell cycle arrest and induction of cas-
pase-3-induced apoptosis in chemotherapy-re-
sistant endometrial tumor cells [91]. The Skp2
E3 ligase is highly expressed in endometrial
cancer cells and is accompanied by low ex-
pression of FOXO1 [92]. FBXL16 expression is
upregulated and associated with MPA resis-
tance and poor outcomes in patients with
endometrial cancer. Downregulation of FBXL16
reduces the MPA tolerance of endometrial
tumor cells. FBXL16 interacts with PP2A and
inactivates PP2AB55aq, attenuates the pAkt at
Thr308, suppresses GSK-3B expression and
results in reduced phosphorylation of cyclin
D1at Thr286, which blocks cyclin D1 ubiquiti-
nation and degradation and MPA resistance in
Ishikawa cells [93].

Compounds target ubiquitination to overcome
drug resistance

Inhibitors of the proteasome

Evidence has demonstrated that compounds
can overcome drug resistance via the regula-
tion of ubiquitination in gynecological cancer.
For example, ALLnL, an inhibitor of the protea-
some, was reported to increase DNA platina-
tion and reduce DNA repair in ovarian cancer
cells, leading to increased cisplatin toxicity in
ovarian cancer cells via the inhibition of cispla-
tin-mediated ERCC-1 mRNA expression [94].
Lactacysin, an inhibitor of the proteasome, sup-
pressed cisplatin-induced ERCC-1 mRNA levels
in ovarian cancer cells [94]. Bortezomib, a pro-
teasome inhibitor, increased the sensitivity of
ovarian cancer cells to LDE225, a hedgehog
antagonist. Bortezomib alone or in combination
with LDE225 enhanced paclitaxel sensitivity
via the induction of apoptosis and G2/M arrest.
Bortezomib reduced the expression of ABCB1/
MDR1 and increased the acetylation of «-tu-
bulin in ovarian cancer cells. Bortezomib in
combination with either carboplatin or paclitax-
el exhibited synergistic effects on ovarian can-
cer cells [95]. Bortezomib increased the cispla-
tin sensitivity in ovarian cancer cells and cer-
vical cancer cells [96, 97].
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Treatment with epoxomicin, a proteasome in-
hibitor, in combination with cisplatin caused
the accumulation of p62 and p53 in the mito-
chondria, resulting in impaired mitochondrial
function, which induced cell apoptosis and in-
creased cisplatin sensitivity in ovarian cancer
cells [61]. Gamma-secretase inhibitors (GSI-I)
were reported to repress proteasome activity
in ovarian cancer cells. Bortezomib alone or
in combination with the hedgehog antagonist
LDE225 reduced paclitaxel resistance via the
modulation of apoptosis and G2/M phase
arrest. Bortezomib inhibited the expression of
ABCB1/MDR1 and promoted the acetylation of
a-tubulin in ovarian cancer [98].

Caffeic acid phenethyl ester

Caffeic acid phenethyl ester (CAPE) reportedly
inhibits ovarian cancer growth. CAPE was found
to activate proapoptotic genes and regulate
EMT-related genes in A2780 ovarian cancer
cells and cisplatin-resistant A2780 cells [99].
CAPE reduced the progression of ovarian can-
cer via inhibition of the NF-kappaB signaling
pathway [100]. CAPE deregulated the expres-
sion of the Bcl2/Bax genes and enhanced cell
apoptosis in serous ovarian cancer OV7 cells
[101]. CAPE was observed to increase pacli-
taxel sensitivity in ovarian cancer cells [102].
CAPE suppressed the expression of USP8 and
enhanced the efficacy of cisplatin in endometri-
oid ovarian carcinoma cells, including TOV112D
and cisplatin-resistant IGROV-1 cells. CAPE in
combination with cisplatin led to the upregula-
tion of p27 and the accumulation of cells in the
G1 phase in cisplatin-resistant IGROV-1 cells
[103]. CAPE had apoptotic effects on ME180
human cervical cancer cells [104]. CAPE inhib-
ited cell growth and induced cell cycle arrest
via regulation of E2F1 in cervical cancer cells
[105]. CAPE has been observed to suppress
the ubiquitination and degradation of p53,
leading to the activation of apoptosis-related
genes and the blockade of cervical cancer cell
growth. CAPE reduced EGAP expression and
impaired the binding between EGAP and p53,
resulting in the promotion of p53 stabilization
[1086].

U1

IU1, a pharmacological compound, inhibited
Dengue virus replication via suppression of
USP14 [107]. IU1 has been reported to have
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Table 1. Compounds target ubiquitination to overcome the drug resistance of gynecological cancer

Iltem Characteristic Mechanisms

Functions Ref

ALLnL Proteasome inhibitor
expression.

Lactacysin  Proteasome inhibitor

Inhibiting cisplatin-mediated ERCC-1 mRNA

Increases DNA platination, reduces DNA [94]
repair, increases cisplatin toxicity

Inhibits cisplatin-induced ERCC-1 mRNA levels. Inhibits cisplatin-induced ERCC-1 mRNA levels [94]

Bortezomib Proteasome inhibitor Induction of apoptosis and G2/M arrest. Increases paclitaxel sensitivity [95]
Epoxomicin  Proteasome inhibitor Accumulation of p62 and p53, impaired Increases cisplatin sensitivity [61]
mitochondrial functions, induction of apoptosis.

GSI- Represses proteasome Independent of Notch inhibition. Reverses hedgehog antagonist LDE225 [98]
activity resistance

CAPE A polyphenolic active Inhibiting NF-kB, USP8, Bcl-2, EGAP, E2F1, Reduces EGAP, enhances p53 stabilization [106]
ingredient in propolis enhances p53 stabilization, p27 expression.

U1 Inhibits Dengue virus Regulates USP14 and MDM2 degradation, Inhibits cell proliferation [114]
replication inhibits AR, PI3K/AKT, Wnt.

Piceatannol A metabolite of resveratrol Regulates p53, XIAP, and PTEN/AKT. Enhances cisplatin sensitivity [121]

antitumor potential via selective inhibition of
USP14 [108-110]. IU1 promoted the sensitivity
of breast cancer cells to enzalutamide via
downregulation of the androgen receptor (AR)
and inactivation of PI3K/AKT and Wnt/j-
catenin [111]. IU1 also promoted enzalutamide
sensitivity in castration-resistant prostate can-
cer cells [112]. IU1 inhibited cell proliferation
and migration by targeting USP14 in thyroid
cancer cells [113]. Moreover, IU1 was found to
regulate murine double minute (MDM2) degra-
dation and inhibit cell proliferation in cervical
cancer [114]. Hence, IU1 could regulate the
degradation of USP14 and MDM2 in cervical
cancer, leading to contribution of antitumor
effects.

Piceatannol

Piceatannol, a metabolite of resveratrol, has
been demonstrated to inhibit tumor develop-
ment and progression [115, 116]. For instance,
piceatannol inhibits tumor progression by en-
hancing Beclin-1 activity in gastric cancer [117].
Piceatannol activates autophagy and enhanc-
es the efficacy of immunogenic chemotherapy
[118]. Piceatannol blocks the binding between
VEGF and its receptors and has antiangiogenic
effects [119]. Piceatannol increases cell apop-
tosis and represses cell proliferation by govern-
ing the PTEN/AKT signaling pathway in bladder
cancer cells [120]. Piceatannol improves the
effectiveness of cisplatin by altering the ex-
pression of p53 and X-linked inhibitor of apop-
tosis protein (XIAP) in ovarian cancer. Picea-
tannol promotes NOXA expression and regu-
lates the degradation of XIAP in a ubiquitina-
tion-dependent manner in ovarian cancer cells.
Piceatannol enhances cisplatin sensitivity in
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ovarian cancer by influencing p53, XIAP and
mitochondrial fission [121].

Conclusion and future perspectives

Ubiquitination plays a critical role in modulating
drug sensitivity in cervical cancer, ovarian can-
cer, and endometrial cancer. Numerous com-
pounds can overcome the drug resistance by
targeting ubiquitination in gynecological can-
cers (Figure 2, Table 1). A challenging yet prom-
ising area of research is the intricate interplay
between drug resistance and ubiquitination in
gynecological tumors. A potential strategy to
overcome drug resistance and improve treat-
ment outcomes by targeting ubiquitination has
emerged. Several issues need to be clarified to
fully understand the role of ubiquitination in
regulating drug sensitivity in gynecological
cancers.

First, in addition to E3 ubiquitin ligases, E2
enzymes are involved in drug resistance in
gynecological cancers. Ubiquitin-conjugating
enzyme E2 N (UBE2N) is decreased in ovarian
cancer cells with paclitaxel resistance. Over-
expression of UBE2N reduces the paclitaxel
resistance of ovarian cancer cells. UBE2N gov-
erns paclitaxel sensitivity via regulation of the
Fox/p53 axis in ovarian cancer [122]. HP1ly
inhibits the expression of UBE2L3 and enhanc-
es p53 stability in cervical cancer cells. Lepto-
mycin B suppresses the nuclear export of HP1y
and induces cisplatin-mediated apoptosis via
activation of the p53 pathway. Doxorubicin
accelerates the HP1y-induced inhibition of
UBE2L3 and enhances p53 stability [123].
Downregulation of UBE2L6 increases cisplatin
sensitivity via suppression of ABCB6 transcrip-
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tion [124]. Fused toes homolog (FTS), an E2
variant without ubiquitin transfer activity, pro-
motes cisplatin resistance via suppression of
EGFR-induced DNA damage repair in cervical
cancer cells [125].

Second, mounting evidence has revealed that
drug resistance is associated with EMT and
cancer stem cells (CSCs). Because ubiquitina-
tion regulates EMT and CSCs, ubiquitination
could govern drug resistance by targeting EMT
and CSCs. The RNF144A E3 ubiquitin ligase
targets LIN28B for ubiquitination and degrada-
tion and reduces CSC properties and malignant
tumor progression in ovarian cancer [126].

Third, in addition to chemotherapeutic resis-
tance, ubiquitination participates in the ra-
dioresistance of gynecological cancer cells.
USP21 activates the Hippo signaling pathway
to induce radioresistance via the deubiquitina-
tion of FOXM1 in cervical cancer cells [127].
USP21 expression was increased in radiation-
treated cervical cancer cells and cervical can-
cer tissues with radioresistance. Depletion of
USP21 increases the radio-sensitivity of cervi-
cal cancer cells via regulation of the FOXM1/
Hippo pathway [127].

Fourth, the development of the MIL-88-
MG132@M nanoplatform as a sequential ubig-
uitination and phosphorylation epigenetic re-
gulation strategy has shown potential for over-
coming drug resistance in microsatellite insta-
bility-high colorectal cancer (MCRC) patients
[128, 129]. To maximize its clinical application,
further investigations should expand the scope
of nanoplatforms to include ovarian and cervi-
cal cancers, conduct in-depth mechanistic
studies to uncover additional signaling path-
ways involved in drug resistance modulation,
and optimize the nanoplatform’s design for bet-
ter therapeutic efficacy and safety.

E2 enzymes play an essential role in drug sen-
sitivity in gynecological cancers. In the future,
designing compounds that target the E2
enzyme could be an alternative approach for
improving drug sensitivity in gynecological can-
cers. It is unclear how ubiquitination progres-
sion governs drug resistance via the regulation
of EMT and CSCs. Proteolysis-targeting chime-
ras (PROTACs) are a novel class of therapeutic
agents designed to target and destroy specific
proteins [130]. Unlike traditional small mole-
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cule inhibitors that inhibit protein function,
PROTACs work by harnessing their own protein
degradation machinery in cells [131]. One study
showed that FAK PROTAC impaired kinase-
dependent and kinase-independent pathways
and suppressed tumor growth and metastasis
in ovarian cancer [132]. Another study report-
ed the use of highly potent nicotinamide ph-
osphoribosyltransferase (NAMPT) PROTACs for
ovarian cancer therapy [133]. In addition, FER-
targeting PROTACs were designed to anta-
gonize ovarian cancer cell motility and invasion
[134]. It is necessary to determine whether
PROTACs can overcome drug resistance in
ovarian cancer.

Natural compounds have been demonstrated
to attenuate drug resistance by targeting ubig-
uitination. It is necessary to point out that natu-
ral compounds have several disadvantages
associated with their use in cancer treatment,
such as limited potency and specificity, com-
plexity and variability, difficulty in isolation and
purification, and poor stability. To comprehen-
sively grasp the role of unexplored ubiquitina-
tion in drug resistance mechanisms, further in-
depth research is warranted. By delving into
these uncharted territories, we can gain valu-
able insights that may hold the key to advanc-
ing our understanding and therapeutic app-
roaches for gynecological cancers by targeting
ubiquitination.

Acknowledgements

The Figure 1 was created in BioRender.com.
This work was supported by Zhejiang Province
Health and Wellness Science and Technology
Plan Project (2022KY590).

Disclosure of conflict of interest
None.

Address correspondence to: Hongen Xu, Cancer
Center, Department of Radiation Oncology, Zhejiang
Provincial People’s Hospital (Affiliated People’s
Hospital), Hangzhou Medical College, Hangzhou,
Zhejiang, China. E-mail: xuhongenzpph@sina.com;
Wei Zhu, Cancer Center, Department of Nursing,
Zhejiang Provincial People’s Hospital (Affiliated
People’s Hospital), Hangzhou Medical College,
Hangzhou, Zhejiang, China. E-mail: Tougao556688@
163.com

Am J Cancer Res 2024;14(5):2523-2537


mailto:xuhongenzpph@sina.com
mailto:Tougao556688@163.com
mailto:Tougao556688@163.com

Ubiquitination in drug resistance

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Siegel RL, Miller KD, Wagle NS and Jemal A.
Cancer statistics, 2023. CA Cancer J Clin
2023; 73: 17-48.

Nishio S. PD4-2 - novel targeted therapies in
uterine carcinosarcomas. Ann Oncol 2019; 30:
vib0.

Sun Q, Wang L, Zhang C, Hong Z and Han Z.
Cervical cancer heterogeneity: a constant bat-
tle against viruses and drugs. Biomark Res
2022; 10: 85.

Bhattacharjee R, Dey T, Kumar L, Kar S, Sarkar
R, Ghorai M, Malik S, Jha NK, Vellingiri B, Kes-
ari KK, Pérez de la Lastra JM and Dey A. Cellu-
lar landscaping of cisplatin resistance in cervi-
cal cancer. Biomed Pharmacother 2022; 153:
113345.

Schmitz JC, Liu J, Lin X, Chen TM, Yan W, Tai N,
Gollerkeri A and Chu E. Translational regula-
tion as a novel mechanism for the develop-
ment of cellular drug resistance. Cancer Me-
tastasis Rev 2001; 20: 33-41.

D’Amico D and Canettieri G. Translating hedge-
hog in cancer: controlling protein synthesis.
Trends Mol Med 2016; 22: 851-862.
Norouzi-Barough L, Sarookhani MR, Sharifi M,
Moghbelinejad S, Jangjoo S and Salehi R. Mo-
lecular mechanisms of drug resistance in ovar-
ian cancer. J Cell Physiol 2018; 233: 4546-
4562.

Cooke SL and Brenton JD. Evolution of plati-
num resistance in high-grade serous ovarian
cancer. Lancet Oncol 2011; 12: 1169-1174.
Piccart MJ, Lamb H and Vermorken JB. Current
and future potential roles of the platinum
drugs in the treatment of ovarian cancer. Ann
Oncol 2001; 12: 1195-1203.

Burki TK. Cervical HPV testing versus cytology.
Lancet Oncol 2018; 19: e390.

Goodman A. HPV testing as a screen for cervi-
cal cancer. BMJ 2015; 350: h2372.

Moxley KM and McMeekin DS. Endometrial
carcinoma: a review of chemotherapy, drug re-
sistance, and the search for new agents. On-
cologist 2010; 15: 1026-1033.

Chen L and Kashina A. Post-translational mod-
ifications of the protein termini. Front Cell Dev
Biol 2021; 9: 719590.

Li W, Li F, Zhang X, Lin HK and Xu C. Insights
into the post-translational modification and its
emerging role in shaping the tumor microenvi-
ronment. Signal Transduct Target Ther 2021;
6:422.

Wang W, Liu W, Chen Q, Yuan Y and Wang P.
Targeting CSC-related transcription factors by
E3 ubiquitin ligases for cancer therapy. Semin
Cancer Biol 2022; 87: 84-97.

2532

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

Dang F and Wei W. Targeting the acetylation
signaling pathway in cancer therapy. Semin
Cancer Biol 2022; 85: 209-218.

Sun T, Liu Z and Yang Q. The role of ubiquitina-
tion and deubiquitination in cancer metabo-
lism. Mol Cancer 2020; 19: 146.

He XF, Hu X, Wen GJ, Wang Z and Lin WJ.
O-GlcNAcylation in cancer development and
immunotherapy. Cancer Lett 2023; 566:
216258.

Hou B, Chen T, Zhang H, Li J, Wang P and
Shang G. The E3 ubiquitin ligases regulate
PD-1/PD-L1 protein levels in tumor microenvi-
ronment to improve immunotherapy. Front Im-
munol 2023; 14: 1123244,

LiuJ, Chen T, Li S, Liu W, Wang P and Shang G.
Targeting matrix metalloproteinases by E3
ubiquitin ligases as a way to regulate the tu-
mor microenvironment for cancer therapy. Se-
min Cancer Biol 2022; 86: 259-268.

Baietti MF and Sewduth RN. Novel therapeutic
approaches targeting post-translational modi-
fications in lung cancer. Pharmaceutics 2023;
15: 206.

Yuan H, Lu Y, Chan YT, Zhang C, Wang N and
Feng Y. The role of protein SUMOylation in hu-
man hepatocellular carcinoma: a potential tar-
get of new drug discovery and development.
Cancers (Basel) 2021; 13: 5700.

Kukkula A, Ojala VK, Mendez LM, Sistonen L,
Elenius K and Sundvall M. Therapeutic poten-
tial of targeting the SUMO pathway in cancer.
Cancers (Basel) 2021; 13: 4402.

Kumar M, Joshi G, Chatterjee J and Kumar R.
Epidermal growth factor receptor and its traf-
ficking regulation by acetylation: implication in
resistance and exploring the newer therapeu-
tic avenues in cancer. Curr Top Med Chem
2020; 20: 1105-1123.

Cruz Walma DA, Chen Z, Bullock AN and Ya-
mada KM. Ubiquitin ligases: guardians of
mammalian development. Nat Rev Mol Cell
Biol 2022; 23: 350-367.

Rape M. Ubiquitylation at the crossroads of de-
velopment and disease. Nat Rev Mol Cell Biol
2018; 19: 59-70.

Zheng C, Chen J, Wu Y, Wang X, Lin Y, Shu L,
Liu W and Wang P. Elucidating the role of ubig-
uitination and deubiquitination in osteoarthri-
tis progression. Front Immunol 2023; 14:
1217466.

Wang P, Dai X, Jiang W, Li Y and Wei W. RBR E3
ubiquitin ligases in tumorigenesis. Semin Can-
cer Biol 2020; 67: 131-144.

Wang ZW, Hu X, Ye M, Lin M, Chu M and Shen
X. NEDD4 E3 ligase: functions and mechanism
in human cancer. Semin Cancer Biol 2020; 67:
92-101.

Am J Cancer Res 2024;14(5):2523-2537



[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Ubiquitination in drug resistance

Cai C, Tang YD, Zhai J and Zheng C. The RING
finger protein family in health and disease. Sig-
nal Transduct Target Ther 2022; 7: 300.
Zheng N, Zhou Q, Wang Z and Wei W. Recent
advances in SCF ubiquitin ligase complex: clin-
ical implications. Biochim Biophys Acta 2016;
1866: 12-22.

Liu J, Peng, Zhang J, Long J, Liu J and Wei W.
Targeting SCF E3 ligases for cancer therapies.
Adv Exp Med Biol 2020; 1217: 123-146.
Nguyen KM and Busino L. The biology of F-box
proteins: the SCF family of E3 ubiquitin ligases.
Adv Exp Med Biol 2020; 1217: 111-122.
Skaar JR, Pagan JK and Pagano M. SCF ubiqui-
tin ligase-targeted therapies. Nat Rev Drug Dis-
cov 2014; 13: 889-903.

Wang Z, Liu P, Inuzuka H and Wei W. Roles of
F-box proteins in cancer. Nat Rev Cancer 2014;
14: 233-247.

Schrock MS, Stromberg BR, Scarberry L and
Summers MK. APC/C ubiquitin ligase: func-
tions and mechanisms in tumorigenesis. Se-
min Cancer Biol 2020; 67: 80-91.

Kimata Y. APC/C ubiquitin ligase: coupling cel-
lular differentiation to G1/GO phase in multi-
cellular systems. Trends Cell Biol 2019; 29:
591-603.

de Boer HR, Guerrero Llobet S and van Vugt
MA. Controlling the response to DNA damage
by the APC/C-Cdh1. Cell Mol Life Sci 2016; 73:
949-960.

Jeong SM, Bui QT, Kwak M, Lee JY and Lee PC.
Targeting Cdc20 for cancer therapy. Biochim
Biophys Acta Rev Cancer 2022; 1877: 188824.
Wang L, Zhang J, Wan L, Zhou X, Wang Z and
Wei W. Targeting Cdc20 as a novel cancer ther-
apeutic strategy. Pharmacol Ther 2015; 151:
141-151.

Wang Y, Argiles-Castillo D, Kane El, Zhou A and
Spratt DE. HECT E3 ubiquitin ligases - emerg-
ing insights into their biological roles and
disease relevance. J Cell Sci 2020; 133:
jcs228072.

Weber J, Polo S and Maspero E. HECT E3 li-
gases: a tale with multiple facets. Front Physiol
2019; 10: 370.

Bernassola F, Chillemi G and Melino G. HECT-
Type E3 ubiquitin ligases in cancer. Trends Bio-
chem Sci 2019; 44: 1057-1075.

Sluimer J and Distel B. Regulating the human
HECT E3 ligases. Cell Mol Life Sci 2018; 75:
3121-3141.

Tian X, ChenY, Peng Z, Lin Q and Sun A. NEDD4
E3 ubiquitin ligases: promising biomarkers
and therapeutic targets for cancer. Biochem
Pharmacol 2023; 214: 115641.

Jayaprakash S, Hegde M, BharathwajChetty B,
Girisa S, Algahtani MS, Abbas M, Sethi G and
Kunnumakkara AB. Unraveling the potential

2533

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

[56]

[57]

(58]

(59]

[60]

[61]

role of NEDDA4-like E3 ligases in cancer. Int J
Mol Sci 2022; 23: 12380.

Zou X, Levy-Cohen G and Blank M. Molecular
functions of NEDD4 E3 ubiquitin ligases in
cancer. Biochim Biophys Acta 2015; 1856: 91-
106.

Ye X, Wang L, Shang B, Wang Z and Wei W.
NEDDA4: a promising target for cancer therapy.
Curr Cancer Drug Targets 2014; 14: 549-556.
Chen C and Matesic LE. The Nedd4-like family
of E3 ubiquitin ligases and cancer. Cancer Me-
tastasis Rev 2007; 26: 587-604.

Yin Q, Wyatt CJ, Han T, Smalley KSM and Wan
L. ITCH as a potential therapeutic target in hu-
man cancers. Semin Cancer Biol 2020; 67:
117-130.

Harrigan JA, Jacq X, Martin NM and Jackson
SP. Deubiquitylating enzymes and drug discov-
ery: emerging opportunities. Nat Rev Drug Dis-
cov 2018; 17: 57-78.

Love KR, Catic A, Schlieker C and Ploegh HL.
Mechanisms, biology and inhibitors of deubig-
uitinating enzymes. Nat Chem Biol 2007; 3:
697-705.

Dewson G, Eichhorn PJA and Komander D.
Deubiquitinases in cancer. Nat Rev Cancer
2023; 23: 842-862.

Ge F, LiY,Yuan T, Wu Y, He Q, Yang B and Zhu
H. Deubiquitinating enzymes: promising tar-
gets for drug resistance. Drug Discov Today
2022; 27: 2603-2613.

Ren J, Yu P, Liu S, Li R, Niu X, Chen Y, Zhang Z,
Zhou F and Zhang L. Deubiquitylating enzymes
in cancer and immunity. Adv Sci (Weinh) 2023;
10: e2303807.

Barman P, Chakraborty P, Bhaumik R and
Bhaumik SR. UPS writes a new saga of SAGA.
Biochim Biophys Acta Gene Regul Mech 2023;
1866: 194981.

Zhang X, Linder S and Bazzaro M. Drug devel-
opment targeting the ubiquitin-proteasome
system (UPS) for the treatment of human can-
cers. Cancers (Basel) 2020; 12: 902.

MinY, Park HB, Baek KH and Hwang S. Cellular
functions of deubiquitinating enzymes in ovar-
ian adenocarcinoma. Genes (Basel) 2023; 14:
886.

Meng Y, Qiu L, Zhang S and Han J. The emerg-
ing roles of E3 ubiquitin ligases in ovarian can-
cer chemoresistance. Cancer Drug Resist
2021; 4: 365-381.

Gong F, Peng X, Zeng Z, Yu M, Zhao Y and Tong
A. Proteomic analysis of cisplatin resistance in
human ovarian cancer using 2-DE method.
Mol Cell Biochem 2011; 348: 141-147.

Kong Q, Yan X, Cheng M, Jiang X, Xu L, Shen L,
Yu H and Sun L. p62 promotes the mitochon-
drial localization of p53 through its UBA do-
main and participates in regulating the sensi-

Am J Cancer Res 2024;14(5):2523-2537



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Ubiquitination in drug resistance

tivity of ovarian cancer cells to cisplatin. Int J
Mol Sci 2022; 23: 3290.

Zhang Q, Wang W and Gao Q. B-TRCP-mediated
AEBP2 ubiquitination and destruction controls
cisplatin resistance in ovarian cancer. Bio-
chem Biophys Res Commun 2020; 523: 274-
279.

Kasinath V, Faini M, Poepsel S, Reif D, Feng XA,
Stjepanovic G, Aebersold R and Nogales E.
Structures of human PRC2 with its cofactors
AEBP2 and JARID2. Science 2018; 359: 940-
944.

Wu AY, Gu LY, Cang W, Cheng MX, Wang WJ, Di
W, Huang L and Qiu LH. Fn14 overcomes cis-
platin resistance of high-grade serous ovarian
cancer by promoting Mdm2-mediated p53-
R248Q ubiquitination and degradation. J Exp
Clin Cancer Res 2019; 38: 176.

Zhang X, Feng Y, Wang XY, Zhang YN, Yuan CN,
Zhang SF, Shen YM, Fu YF, Zhou CY, Li X, Cheng
XD, Lu WG and Xie X. The inhibition of UBC13
expression and blockage of the DNMT1-CHFR-
Aurora a pathway contribute to paclitaxel resis-
tance in ovarian cancer. Cell Death Dis 2018;
9: 93.

Chen L, Gao W, Sha C, Yang M, Lin L, Li T, Wei
H, Chen Q, Xing J, Zhang M, Zhao S, Xu W, Li Y
and Zhu X. SIAH1-mediated RPS3 ubiquitina-
tion contributes to chemosensitivity in epithe-
lial ovarian cancer. Aging (Albany NY) 2022;
14: 6202-6226.

Min X, Zhang T, Lin Y, Wang B and Zhu K.
Metformin inhibits the growth of ovarian
cancer cells by promoting the Parkin-induc-
ed p53 ubiquitination. Biosci Rep 2020;
BSR20200679.

Huang W, Chen L, Zhu K and Wang D. Onco-
genic microRNA-181d binding to OGT contrib-
utes to resistance of ovarian cancer cells to
cisplatin. Cell Death Discov 2021; 7: 379.
Sriramkumar S, Matthews TD, Ghobashi AH,
Miller SA, VanderVere-Carozza PS, Pawelczak
KS, Nephew KP, Turchi JJ and O’Hagan HM.
Platinum-induced ubiquitination of phosphory-
lated H2AX by RING1A is mediated by replica-
tion protein a in ovarian cancer. Mol Cancer
Res 2020; 18: 1699-1710.

Luo H, Wang X, Ge H, Zheng N, Peng F, Fu Y,
Tao L and Wang Q. Inhibition of ubiquitin-spe-
cific protease 14 promotes connexin 32 inter-
nalization and counteracts cisplatin cytotoxici-
ty in human ovarian cancer cells. Oncol Rep
2019; 42: 1237-1247.

Shen J, Hong L and Chen L. Ubiquitin-specific
protease 14 regulates ovarian cancer cisplat-
in-resistance by stabilizing BCL6 oncoprotein.
Biochem Biophys Res Commun 2020; 524:
683-688.

2534

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Xu M, Takanashi M, Oikawa K, Tanaka M, Nishi
H, Isaka K, Kudo M and Kuroda M. USP15
plays an essential role for caspase-3 activation
during paclitaxel-induced apoptosis. Biochem
Biophys Res Commun 2009; 388: 366-371.
Corno C, D’Arcy P, Bagnoli M, Paolini B, Costan-
tino M, Carenini N, Corna E, Alberti P, Mezzan-
zanica D, Colombo D, Linder S, Arrighetti N and
Perego P. The deubiquitinase USP8 regulates
ovarian cancer cell response to cisplatin by
suppressing apoptosis. Front Cell Dev Biol
2022; 10: 1055067.

Abedini MR, Muller EJ, Bergeron R, Gray DA
and Tsang BK. Akt promotes chemoresistance
in human ovarian cancer cells by modulating
cisplatin-induced, p53-dependent ubiquitina-
tion of FLICE-like inhibitory protein. Oncogene
2010; 29: 11-25.

Wang J, Kho DH, Zhou JY, Davis RJ and Wu GS.
MKP-1 suppresses PARP-1 degradation to me-
diate cisplatin resistance. Oncogene 2017; 36:
5939-5947.

Xu W, Marcu M, Yuan X, Mimnaugh E, Patter-
son C and Neckers L. Chaperone-dependent
E3 ubiquitin ligase CHIP mediates a degrada-
tive pathway for c-ErbB2/Neu. Proc Natl Acad
Sci US A2002; 99: 12847-12852.

Hu X, Meng Y, Xu L, Qiu L, Wei M, Su D, Qi X,
Wang Z, Yang S, Liu C and Han J. Cul4 E3 ubig-
uitin ligase regulates ovarian cancer drug re-
sistance by targeting the antiapoptotic protein
BIRC3. Cell Death Dis 2019; 10: 104.

Nishi H, Ono M, Ohno S, Yamanaka Z, Sasaki T,
Ohyashiki K, Ohyashiki JH and Kuroda M. Hy-
poxia-induced paclitaxel resistance in cervical
cancer modulated by miR-100 targeting of
USP15. Gynecol Oncol Rep 2023; 45: 101138.
SongY, XuY, Pan C, Yan L, Wang ZW and Zhu X.
The emerging role of SPOP protein in tumori-
genesis and cancer therapy. Mol Cancer 2020;
19: 2.

Wu J, Wu'Y, Guo Q, Chen S, Wang S, Wu X, Zhu
Jand Ju X. SPOP promotes cervical cancer pro-
gression by inducing the movement of PD-1
away from PD-L1 in spatial localization. J Transl
Med 2022; 20: 384.

Pang K, Lee J, Kim J, Park J, Park Y, Hong E, An
H, Ooshima A, Son M, Park KS, Cho JH, Lee C,
Song YS, Yang KM and Kim SJ. Degradation of
DRAK1 by CUL3/SPOP E3 Ubiquitin ligase pro-
motes tumor growth of paclitaxel-resistant cer-
vical cancer cells. Cell Death Dis 2022; 13:
169.

Atri Y, Bharti H, Sahani N, Sarkar DP and Nag
A. CUL4A silencing attenuates cervical carcino-
genesis and improves cisplatin sensitivity. Mol
Cell Biochem 2024; 479: 1041-1058.

Tu X, Li C, Sun W, Tian X, Li Q, Wang S, Ding X
and Huang Z. Suppression of cancer cell stem-

Am J Cancer Res 2024;14(5):2523-2537



[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

Ubiquitination in drug resistance

ness and drug resistance via MYC destabiliza-
tion by deubiquitinase USP45 Inhibition with a
natural small molecule. Cancers (Basel) 2023;
15: 930.

Lin X, Wang F, Chen J, Liu J, Lin YB, Li L, Chen
CB and Xu Q. N(6)-methyladenosine modifica-
tion of CENPK mRNA by ZC3H13 promotes cer-
vical cancer stemness and chemoresistance.
Mil Med Res 2022; 9: 19.

Das S, Chandrasekaran AP, Jo KS, Ko NR, Oh
SJ, Kim KS and Ramakrishna S. HAUSP stabi-
lizes Cdc25A and protects cervical cancer cells
from DNA damage response. Biochim Biophys
Acta Mol Cell Res 2020; 1867: 118835.
Xiong Y, Sun F, Dong P, Watari H, Yue J, Yu MF,
Lan CY, Wang Y and Ma ZB. iASPP induces EMT
and cisplatin resistance in human cervical
cancer through miR-20a-FBXL5/BTG3 signal-
ing. J Exp Clin Cancer Res 2017; 36: 48.

Chen SJ, Kuo CC, Pan HY, Tsou TC, Yeh SC and
Chang JY. Mechanistic basis of a combination
D-penicillamine and platinum drugs synergisti-
cally inhibits tumor growth in oxaliplatin-resis-
tant human cervical cancer cells in vitro and in
vivo. Biochem Pharmacol 2015; 95: 28-37.
Wu ZZ, Sun NK and Chao CC. Knockdown of
CITED2 using short-hairpin RNA sensitizes
cancer cells to cisplatin through stabilization
of p53 and enhancement of p53-dependent
apoptosis. J Cell Physiol 2011; 226: 2415-
2428.

Yang B, Ke W, Wan Y and Li T. Targeting RNF8
effectively reverses cisplatin and doxorubicin
resistance in endometrial cancer. Biochem
Biophys Res Commun 2021; 545: 89-97.
Janouskova H, El Tekle G, Bellini E, Udeshi ND,
Rinaldi A, Ulbricht A, Bernasocchi T, Civenni G,
Losa M, Svinkina T, Bielski CM, Kryukov GV,
Cascione L, Napoli S, Enchev RI, Mutch DG,
Carney ME, Berchuck A, Winterhoff BJN, Bro-
addus RR, Schraml P, Moch H, Bertoni F, Cata-
pano CV, Peter M, Carr SA, Garraway LA, Wild
PJ and Theurillat JP. Opposing effects of can-
cer-type-specific SPOP mutants on BET protein
degradation and sensitivity to BET inhibitors.
Nat Med 2017; 23: 1046-1054.

Vogel RI, Pulver T, Heilmann W, Mooneyham A,
Mullany S, Zhao X, Shahi M, Richter J, Klein M,
Chen L, Ding R, Konecny G, Kommoss S, Win-
terhoff B, Ghebre R and Bazzaro M. USP14 is a
predictor of recurrence in endometrial cancer
and a molecular target for endometrial cancer
treatment. Oncotarget 2016; 7: 30962-30976.
Goto T, Takano M, Albergaria A, Briese J,
Pomeranz KM, Cloke B, Fusi L, Feroze-Zaidi F,
Maywald N, Sajin M, Dina RE, Ishihara O, Take-
da S, Lam EW, Bamberger AM, Ghaem-
Maghami S and Brosens JJ. Mechanism and
functional consequences of loss of FOXO1 ex-

2535

(93]

[95]

[96]

(98]

[99]

pression in endometrioid endometrial cancer
cells. Oncogene 2008; 27: 9-19.

Liu H, Han L, Zhong L, Zhuang X and Peng Y.
FBXL16 promotes endometrial progesterone
resistance via PP2A(B55alpha)/cyclin D1 axis
in Ishikawa. J Immunol Res 2022; 2022:
7372202.

Li QQ, Ding L and Reed E. Proteasome inhibi-
tion suppresses cisplatin-dependent ERCC-1
MRNA expression in human ovarian tumor
cells. Res Commun Mol Pathol Pharmacol
2000; 107: 387-396.

Cruz IN, Coley HM, Kramer HB, Madhuri TK,
Safuwan NA, Angelino AR and Yang M. Pro-
teomics analysis of ovarian cancer cell lines
and tissues reveals drug resistance-associat-
ed proteins. Cancer Genomics Proteomics
2017; 14: 35-51.

Al-Eisawi Z, Beale P, Chan C, Yu JQ and Huq F.
Modulation of cisplatin cytotoxicity due to its
combination with bortezomib and the nature
of its administration. Anticancer Res 2011; 31:
2757-2762.

Miyamoto Y, Nakagawa S, Wada-Hiraike O,
Seiki T, Tanikawa M, Hiraike H, Sone K, Naga-
saka K, Oda K, Kawana K, Nakagawa K, Fujii T,
Yano T, Kozuma S and Taketani Y. Sequential
effects of the proteasome inhibitor bortezomib
and chemotherapeutic agents in uterine cervi-
cal cancer cell lines. Oncol Rep 2013; 29: 51-
57.

Steg AD, Burke MR, Amm HM, Katre AA, Dob-
bin ZC, Jeong DH and Landen CN. Proteasome
inhibition reverses hedgehog inhibitor and tax-
ane resistance in ovarian cancer. Oncotarget
2014; 5: 7065-7080.

Gherman C, Braicu OL, Zanoaga O, Jurj A,
Pileczki V, Maralani M, Drigla F, Braicu C, Bud-
isan L, Achimas-Cadariu P and Berindan-
Neagoe |. Caffeic acid phenethyl ester acti-
vates pro-apoptotic and epithelial-mesenchy-
mal transition-related genes in ovarian cancer
cells A2780 and A2780cis. Mol Cell Biochem
2016; 413: 189-198.

[100] Liu GL, Han NZ and Liu SS. Caffeic acid

phenethyl ester inhibits the progression of
ovarian cancer by regulating NF-kappaB sig-
naling. Biomed Pharmacother 2018; 99: 825-
831.

[101] Kleczka A, Kubina R, Dzik R, Jasik K, Stojko J,

Cholewa K and Kabala-Dzik A. Caffeic acid
phenethyl ester (CAPE) induced apoptosis in
serous ovarian cancer OV7 cells by deregula-
tion of BCL2/BAX genes. Molecules 2020; 25:
3514.

[102] Kleczka A, Dzik R and Kabala-Dzik A. Caffeic

acid phenethyl ester (CAPE) synergistically en-
hances paclitaxel activity in ovarian cancer
cells. Molecules 2023; 28: 5813.

Am J Cancer Res 2024;14(5):2523-2537



Ubiquitination in drug resistance

[103] Colombo D, Gatti L, Sjostrand L, Carenini N,
Costantino M, Corna E, Arrighetti N, Zuccolo M,
De Cesare M, Linder S, D’Arcy P and Perego P.
Caffeic acid phenethyl ester targets ubiquitin-
specific protease 8 and synergizes with cispla-
tin in endometrioid ovarian carcinoma cells.
Biochem Pharmacol 2022; 197: 114900.

[104] Hung MW, Shiao MS, Tsai LC, Chang GG and
Chang TC. Apoptotic effect of caffeic acid
phenethyl ester and its ester and amide ana-
logues in human cervical cancer ME180 cells.
Anticancer Res 2003; 23: 4773-4780.

[105] Hsu TH, Chu CC, Hung MW, Lee HJ, Hsu HJ and
Chang TC. Caffeic acid phenethyl ester induces
E2F-1-mediated growth inhibition and cell-cy-
cle arrest in human cervical cancer cells. FEBS
J2013; 280: 2581-2593.

[106] Li W, Yang C, Shi Z, Long Q, Cheng Z, He S,
Dong J, Liu T and Wang C. Caffeic acid pheneth-
yl ester inhibits ubiquitination and degradation
of p53 and blocks cervical cancer cell growth.
Curr Mol Med 2023; 23: 960-970.

[107] Nag DK and Finley D. A small-molecule inhibi-
tor of deubiquitinating enzyme USP14 inhibits
dengue virus replication. Virus Res 2012; 165:
103-106.

[108] Han KH, Kwak M, Lee TH, Park MS, Jeong IH,
Kim MJ, Jin JO and Lee PC. USP14 inhibition
regulates tumorigenesis by inducing autopha-
gy in lung cancer in vitro. Int J Mol Sci 2019;
20: 5300.

[109] Moghadami AA, Aboutalebi Vand Beilankouhi
E, Kalantary-Charvadeh A, Hamzavi M, Mo-
sayyebi B, Sedghi H, Ghorbani Haghjo A and
Nazari Soltan Ahmad S. Inhibition of USP14
induces ER stress-mediated autophagy with-
out apoptosis in lung cancer cell line A549.
Cell Stress Chaperones 2020; 25: 909-917.

[110] Sharma A and Almasan A. USP14 regulates
DNA damage response and is a target for ra-
diosensitization in non-small cell lung cancer.
Int J Mol Sci 2020; 21: 6383.

[111] Xia X, Huang C, Liao Y, Liu Y, He J, Guo Z, Jiang
L, Wang X, Liu J and Huang H. Inhibition of
USP14 enhances the sensitivity of breast can-
cer to enzalutamide. J Exp Clin Cancer Res
2019; 38: 220.

[112] ZhangY, Liao Y, Luo M, Ye Y, Xu Z, Hou W, Liu R,
Zhai Q, Lv S and Wei Q. IU1 and enzaluta-
mide combination yields synergistic effects on
castration-resistant prostate cancer. Prostate
2023; 83: 1446-1457.

[113] Srinivasan V, Asghar MY, Zafar S, Tornquist K
and Lindholm D. Proliferation and migration of
ML1 follicular thyroid cancer cells are inhibited
by IU1 targeting USP14: role of proteasome
and autophagy flux. Front Cell Dev Biol 2023;
11: 1234204.

2536

[114] Xu L, Wang J, Yuan X, Yang S, Xu X, Li K, He Y,
Wei L, Zhang J and Tian Y. IU1 suppresses
proliferation of cervical cancer cells through
MDM2 degradation. Int J Biol Sci 2020; 16:
2951-2963.

[115] Banik K, Ranaware AM, Harsha C, Nitesh T,
Girisa S, Deshpande V, Fan L, Nalawade SP,
Sethi G and Kunnumakkara AB. Piceatannol: a
natural stilbene for the prevention and treat-
ment of cancer. Pharmacol Res 2020; 153:
104635.

[116] Nayyab S, Naureen H, Maryam A, Attar R, Sab-
italiyevich UY, Konysbayevna KK and Farooqi
AA. Piceatannol mediated regulation of dereg-
ulated signaling pathways in different cancers:
tumbling of the ninepins of molecular oncolo-
gy. Cell Mol Biol (Noisy-le-grand) 2020; 66:
157-163.

[117] Huangfu L, Wang X, Tian S, Chen J, Wang X,
Fan B, Yao Q, Wang G, Chen C, Han J, Xing X
and Ji J. Piceatannol enhances Beclin-1 activi-
ty to suppress tumor progression and its com-
bination therapy strategy with everolimus in
gastric cancer. Sci China Life Sci 2023; 66:
298-312.

[118] Wang S, Wang G, Wu W, Xu Z, Yang J, Cao M,
Wang Q, Wang J, Yang C and Zhang W. Autoph-
agy activation by dietary piceatannol enhances
the efficacy of immunogenic chemotherapy.
Front Immunol 2022; 13: 968686.

[119] Hu WH, Dai DK, Zheng BZ, Duan R, Dong TT,
Qin QW and Tsim KW. Piceatannol, a natural
analog of resveratrol, exerts anti-angiogenic
efficiencies by blockage of vascular endotheli-
al growth factor binding to its receptor. Mole-
cules 2020; 25: 3769.

[120] Li XG, Zhang WS and Yan XP. Piceatannol inhib-
its proliferation and induces apoptosis of blad-
der cancer cells through regulation of the
PTEN/AKT signal pathway. Cell Mol Biol (Noisy-
le-grand) 2020; 66: 181-184.

[121] Farrand L, Byun S, Kim JY, Im-Aram A, Lee J,
Lim S, Lee KW, Suh JY, Lee HJ and Tsang BK.
Piceatannol enhances cisplatin sensitivity in
ovarian cancer via modulation of p53, X-linked
inhibitor of apoptosis protein (XIAP), and mito-
chondrial fission. J Biol Chem 2013; 288:
23740-23750.

[122] Zhu Q, Chen J, Pan P, Lin Fand Zhang X. UBE2N
regulates paclitaxel sensitivity of ovarian can-
cer via Fos/P53 axis. Onco Targets Ther 2020;
13: 12751-12761.

[123]Yi SA, Kim GW, Yoo J, Han JW and Kwon SH.
HP1gamma sensitizes cervical cancer cells to
cisplatin through the suppression of UBE2L3.
Int J Mol Sci 2020; 21: 5976.

[124] Murakami M, Izumi H, Kurita T, Koi C, Morimo-
to Y and Yoshino K. UBE2L6 is involved in cis-
platin resistance by regulating the transcrip-

Am J Cancer Res 2024;14(5):2523-2537



Ubiquitination in drug resistance

tion of ABCB6. Anticancer Agents Med Chem
2020; 20: 1487-1496.

[125] Subramanian PD, An Z, Yu JR and Park WY. Si-
lencing of fused toes homolog enhances cispl-
atin sensitivity in cervical cancer cells by inhib-
itingepidermal growth factor receptor-mediated
repair of DNA damage. Cancer Chemother
Pharmacol 2016; 78: 753-762.

[126] Li Y, Wang J, Wang F, Chen W, Gao C and Wang
J. RNF144A suppresses ovarian cancer stem
cell properties and tumor progression through
regulation of LIN28B degradation via the ubig-
uitin-proteasome pathway. Cell Biol Toxicol
2022; 38: 809-824.

[127] Li Z, Liu X, Yu H, Wang S, Zhao S and lJiang G.
USP21 regulates Hippo signaling to promote
radioresistance by deubiquitinating FOXM1 in
cervical cancer. Hum Cell 2022; 35: 333-347.

[128] Bu Z, Yang J, Zhang Y, Luo T, Fang C, Liang X,
Peng Q, Wang D, Lin N, Zhang K and Tang W.
Sequential ubiquitination and phosphorylation
epigenetics reshaping by MG132-loaded Fe-
MOF disarms treatment resistance to repulse
metastatic colorectal cancer. Adv Sci (Weinh)
2023; 10: e2301638.

[129] Ren C, Han X, Lu C, Yang T, Qiao P, Sun Y and
Yu Z. Ubiquitination of NF-kB p65 by FBXW2
suppresses breast cancer stemness, tumori-
genesis, and paclitaxel resistance. Cell Death
Differ 2022; 29: 381-392.

2537

[130] Liu J, Ma J, Liu Y, Xia J, Li Y, Wang ZP and Wei
W. PROTACs: a novel strategy for cancer thera-
py. Semin Cancer Biol 2020; 67: 171-179.

[131] Li S, Chen T, Liu J, Zhang H, Li J, Wang Z and
Shang G. PROTACs: novel tools for improving
immunotherapy in cancer. Cancer Lett 2023;
560: 216128.

[132] Huo X, Zhang W, Zhao G, Chen Z, Dong P, Wa-
tari H, Narayanan R, Tillmanns TD, Pfeffer LM
and Yue J. FAK PROTAC inhibits ovarian tumor
growth and metastasis by disrupting kinase
dependent and independent pathways. Front
Oncol 2022; 12: 851065.

[133] Bi K, Cheng J, He S, Fang Y, Huang M, Sheng C
and Dong G. Discovery of highly potent nicotin-
amide phosphoribosyltransferase degraders
for efficient treatment of ovarian cancer. J Med
Chem 2023; 66: 1048-1062.

[134] Zhang Y, Xiong X, Sun R, Zhu X, Wang C, Jiang
B, Yang X, Li D and Fan G. Development of the
nonreceptor tyrosine kinase FER-targeting
PROTACs as a potential strategy for antagoniz-
ing ovarian cancer cell motility and invasive-
ness. J Biol Chem 2023; 299: 104825.

Am J Cancer Res 2024;14(5):2523-2537



