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Ubiquitin-specific proteases as emerging molecular drivers and therapeutic targets in 
hepatobiliary cancers

Abstract 
Hepatobiliary malignancies, such as gallbladder carcinoma (GBC), cholangiocarcinoma 
(CCA), and hepatocellular carcinoma (HCC), continue to be extremely deadly because of their 
late diagnosis, intertumoral heterogeneity, recurrence, and resistance to treatment. Finding 
new molecular drivers is crucial to enhancing diagnosis and therapy. Hepatobiliary tumor 
biology is significantly regulated by the ubiquitin-proteasome system (UPS), in particular by 
ubiquitin-specific proteases (USPs). USPs affect cell cycle regulation, apoptosis, DNA repair, 
epithelial-mesenchymal transition (EMT), metabolic adaptability, and immunological signaling 
by reversing ubiquitination. By stabilizing p53, c-Myc, β-catenin, and NF-κB, dysregulated 
USPs such as USP7, USP9X, USP10, USP14, and USP22 function as oncogenic drivers 
in HCC and increase resistance to tyrosine kinase inhibitors. In CCA and GBC, additional 
USPs, such as USP21, USP33, and USP39, encourage invasion, immunological evasion, and 
chemoresistance. USPs function as key nodes connecting oncogenic signaling, metabolic 
rewiring, and immune evasion by modifying immunological checkpoints, cytokine signaling, 
and hepatocyte-specific metabolic pathways in addition to intrinsic tumor control. Preclinical 
evidence suggests that pharmacological inhibition of USPs, including drugs like VLX1570, 
FT671, and P5091, can induce apoptosis, decrease metastasis, and improve drug sensitivity. 
Additional therapeutic promise is provided by emerging techniques such as allosteric 
modulators and proteolysis-targeting chimera (PROTACs), as well as combinatorial treatments 
that incorporate metabolic modulators or immune checkpoint inhibition. However, the lack 
of prognostic biomarkers, structural redundancy, and dual oncogenic/tumor-suppressive 
activities makes clinical translation difficult. To map USP activities across hepatobiliary 
subtypes, integrative profiling utilizing single-cell omics and CRISPR-based screening is 
necessary. Altogether, USPs constitute a quickly developing class of therapeutic targets and 
molecular drivers that could revolutionize precision medicine in GBC, CCA, and HCC.
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Introduction

Hepatobiliary cancers (HBCs), which include GBC, CCA, and 
HCC, continue to pose a serious threat to world health. These 
cancers collectively cause about a million fatalities each year, 
making them one of the leading causes of cancer-related death 
globally [1, 2]. Whereas CCA and GBC are becoming more 
common in portions of Asia and South America, HCC is more 
common in areas with chronic hepatitis B and C virus prevalence, 
aflatoxin exposure, and alcohol-related liver disease [3, 4]. Long-
term survival is still poor even with advancements in early 
identification, surgical resection, locoregional treatments, and 
systemic therapeutic options like as immune checkpoint inhibitors 
(nivolumab, atezolizumab-bevacizumab) and tyrosine kinase 
inhibitors (sorafenib, lenvatinib). Treatment resistance continues to 
restrict long-term clinical improvement, and the median survival 
for the majority of patients diagnosed at advanced stages rarely 
surpasses 12-18 months. This emphasises how critical it is to 
find novel molecular drivers and therapeutic targets that have the 
potential to revolutionise the treatment of disease [5, 6].
    The main mechanism that controls protein stability and turnover, 
the UPS, is the focus of a quickly developing area of cancer 
biology. By destroying tumour suppressors or stabilising oncogenic 
proteins, UPS dysregulation aids in oncogenesis. By eliminating 
ubiquitin moieties from target proteins, deubiquitinating enzymes 
(DUBs) balance out ubiquitin ligases in this system [7]. The USP 
family is the largest and most functionally varied of the more than 
100 known DUBs. According to their structural makeup, USPs are 
cysteine proteases that selectively cleave ubiquitin from protein 
substrates, influencing the processes that control immunological 
responses, metabolic signalling, apoptosis, DNA repair, and cell 
cycle progression [8, 9] (Figure 1).
    Hepatobiliary malignancies highlight the increasing importance 
of USPs in the field of cancer biology, which has been the case 
for the past few years. In HCC, numerous USPs are expressed 
abnormally and function as molecular drivers of carcinogenesis. 
For example, it has been shown that USP14, which is significantly 
elevated in HCC tissues, promotes tumor growth through the 
HK2/AKT/P62 axis activation, thus linking deubiquitination to the 
metabolism and survival of cancer cells [10, 11]. Similarly, USP9X 
promotes the abnormal Wnt signaling by β-catenin's stabilization, 
connected with poor clinical prognosis [12]. Besides, a few others' 
USPs like USP7, USP10, and USP22 by regulating oncogenic 
transcription factors, apoptotic mediators and DNA damage repair 
proteins, have also been very helpful in the promotion of HCC 
[13, 14]. Interestingly, some USPs can inhibit tumors in a context-
dependent manner, which reflects the complexity of their roles in 
liver cancer development.
    Even though it is new, the proof for CCA is equally solid. 
A study recently revealed that USP21 connects the metabolic 
switch to the deubiquitination process by acting as a stabilizer of 
HSP90 and ENO1, which promote glycolysis and tumor (CCA) 
proliferation [15]. Another research indicates that deubiquitination 
of PARP1 by USP1 prevents its degradation, thus prolonging the 
life of CCA cells, which might be the cause of drug resistance by 
DNA repair [16, 17]. There are not enough systematic studies yet 
compared to HCC; still these results signify USPs as the decisive 
factors in the development of aggressive traits in CCA. The precise 
function of USPs in gallbladder cancer is not defined yet, but 
preliminary evidence suggests USP33 and USP10's involvement in 
the sustaining of oncogenic signaling [18, 19]. There is a pressing 
need for further investigations into the USP-directed pathways in 
GBC due to its infrequent occurrence and the limited number of 
patient samples.
    USPs have been associated not only with their direct 
actions on tumor cells but also with the aetiology and tumor 

microenvironment (TME) of HBCs. Among the several USPs, 
USP7, USP22, USP4, and USP10 are involved in viral replication 
and chronic inflammatory signaling in the viral hepatitis context; 
thus, linking infection to cancer development [20, 21]. Moreover, 
the immunological evasion, the main characteristic of resistance 
to immunotherapy is supported by USP-mediated stabilization of 
immune checkpoint regulators. Such results indicate that besides 
nurturing the tumor's internal development, USPs are also the ones 
who regulate the external factors that affect the disease's course 
[22].
    Proteases specific to ubiquitin are the new molecular drivers 
of hepatobiliary malignancies. Their diverse roles in regulating 
immunological signaling, metabolism, DNA repair, apoptosis, and 
cell cycle control not only underscore their potential as therapeutic 
targets but also highlight their varied roles in controlling these 
processes. Crucially, preclinical research on pharmacological 
inhibition of USPs is starting to show promise, which could lead to 
clinical translation. In this review, we summarise the most recent 
data about USP dysregulation in HCC, CCA, and GBC, investigate 
their potential as novel therapeutic targets in hepatobiliary 
malignancies, and look at their molecular roles in oncogenesis and 
therapeutic resistance.

Overview of ubiquitin system and deubiquitination

One of the most crucial systems for intracellular protein quality 
control is the USP, which makes sure that regulatory, damaged, or 
misfolded proteins are processed correctly. This route is thought 
to be responsible for the breakdown of most cellular proteins, 
highlighting its function in preserving homeostasis and permitting 
adaptive reactions to stress [9, 23]. The primary alteration in this 
system is ubiquitination, a post-translational process wherein a 
short 76-amino acid polypeptide called ubiquitin is covalently 
bonded to target proteins through a series of enzymatic processes 
involving ligating (E3), conjugating (E2), and activating (E1) 
enzymes. The functional result depends on the type of ubiquitin 
chain that is formed; K48-linked polyubiquitin chains typically 
direct substrates for proteasomal degradation, while K63-linked 
chains control non-proteolytic processes like signal transduction, 
endocytosis, and DNA repair [24, 25]. Therefore, the variety of 
ubiquitin alterations functions as a molecular code that precisely 
adjusts cellular pathways essential for adaptability and survival.
    DUBs, which eliminate ubiquitin moieties from proteins 
or modify polyubiquitin chains, counteract the effects of 
ubiquitination since it is reversible (Table 1). In addition to 
protecting proteins against deterioration, these enzymes also 
recycle ubiquitin molecules and alter the strength or length of 
signalling cascades. Based on their catalytic domains, the more 
than 100 deubiquitinases that have been found in humans are 
divided into several families, such as ovarian tumour proteases 
(OTUs), USPs, Machado-Joseph disease proteases (MJDs), 
ubiquitin C-terminal hydrolases (UCHs), JAB1/MPN/MOV34 
metalloproteases (JAMMs), MINDY proteases, and ZUFSP family 
members [26, 27]. Among these, the USP family is the largest and 
most diverse, comprising approximately 60 members with broad 
and context-dependent substrate specificity.
    The structural defining feature of USPs is a conserved catalytic 
domain, which is organized in a hand-like architecture with 
subdomains for palm, thumb, and finger. The structure creates a 
flexible binding pocket that could potentially recognize diverse 
substrate proteins and ubiquitin links. The enzymatic activity 
is facilitated by the cysteine-histidine-aspartate catalytic triad; 
nevertheless, several USPs are still inactivated by holding 
conformations until activation by conformational change or 
cofactor interactions [8, 28]. Various mechanisms involved in the 
regulation include stress-induced relocalization, interactions with 
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binding partners like the USP1-UAF1 complex, post-translational 
modifications such as phosphorylation or SUMOylation, and 
overexpression of the gene in cancer cells. For instance, upon 
oxidative stress, USP10 is reported to transfer between the 

cytoplasm and the nucleus where it influences p53 stability [29].
    Oncogenesis and the biological roles of USPs are closely related. 
Many USPs function as tumour promoters by stabilising metabolic 
enzymes, signalling intermediates, or oncogenic transcription 

Figure 1. USPs have each taken on different responsibilities in the context of HCC, CCA, and GBC. In the case of HCC, a number of USPs, 
namely USP7, USP14, and USP22, are being overexpressed and thus they help the cancer cells to grow, become resistant to chemotherapy and 
finally lead to their death mainly through p53 degradation and Wnt/β-catenin signaling activation. On the other hand, in CCA, USP9X and 
USP21 are the ones that support the progression to more malignancy by inducing the EMT and thus the cancer cells are more prone to invade. 
USPs have a different role in GBC, where USP4 and USP10 are also active contributors to the tumor by adopting an apoptosis-related pathway. 
The depiction of cancer-specific pathways underlies a great variability of USPs in terms of function and that is why the development of specific 
inhibitors targeting these USPs is proposed in the context of hepatobiliary cancer treatment.

Table 1. Classification of deubiquitinases and representative USPs in HBCs.

DUB Family USPs Catalytic Domain Biological Functions HBC Involvement References

USP
USP7, USP10, 
USP14, USP22, 
USP9X

Cysteine protease
Protein stabilization, signaling 
regulation, DNA repair, chromatin 
remodeling

HCC, CCA, GBC [30, 31]

OTU OTUD1, 
OTUD7B Cysteine protease NF-κB signaling, inflammation HCC, CCA [32]

MJD ATXN3, JOSD1 Cysteine protease Protein quality control HCC [33]

UCH UCHL1, UCHL3 Cysteine protease Proteasomal targeting, 
neuroprotective roles HCC [34]

JAMM BRCC36, Rpn11 Metalloprotease DNA repair, proteasome regulation HCC, CCA [35]
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factors. Classic examples include USP22, a histone deubiquitinase 
that regulates gene expression programs linked to stemness and 
EMT, and USP7, which suppresses apoptosis by regulating the 
MDM2-p53 axis [36]. Through their respective modulations of 
PI3K/AKT and Wnt/β-catenin signalling, which are essential 
for hepatobiliary carcinogenesis, USP14 and USP9X aid in the 
advancement of malignancy. However, several USPs have tumor-
suppressive effects based on the mutational background and 
cellular environment. For instance, under genotoxic stress, USP10 
can stabilise wild-type p53 and induce apoptosis; yet, when p53 is 
not functioning or signalling circumstances are changed, it may 
instead promote oncogenic survival pathways. The intricacy of 
USP biology and the necessity of carefully assessing its functions 
in cancer are highlighted by this paradox [37].
    Because the liver, biliary system, and gallbladder are constantly 
exposed to pathogens, xenobiotics, and metabolic byproducts, 
these are organs that are particularly reliant on proteostasis. 
Therefore, the UPS and especially USPs play a crucial role in 
controlling how cells react to damage, infection, and metabolic 
imbalance in these tissues. The biology of gallbladder cancer is still 
largely unknown; however, dysregulation of USPs can accelerate 
CCA progression, cause hepatocarcinogenesis, and additional 
damage [14]. The abnormal USP expression in HCC regulates 
apoptosis resistance, angiogenesis, tumour cell proliferation, and 
treatment resistance. Studies that have been conducted recently 
point out that the USPs play a role in the metabolic plasticity 
and DNA repair of CCA, while there is an increasing amount of 
evidence that USP is involved in the signalling of carcinogenesis 
in GBC, but comprehensive studies are still lacking. Among the 
USPs, some are associated with viral hepatitis, which poses a 
major risk of developing HCC. As an example, USP7 and USP22 
have been shown to be related to the persistence and replication 
of viruses, connecting the viral infection to the process of 
hepatocarcinogenesis [38, 39].
    USPs are the regulators of the ubiquitin system protein 
stability and signalling integrity, which is a finely tuned system 
of regulation. Tumour initiation, development, and resistance 
pathways are largely dependent on the coordination of the ubiquitin 
system; thus, their dysregulation has dire consequences for 
cancer biology, particularly in the case of hepatobiliary tumours. 
Understanding the structural, molecular, and environmental 
factors that shape the USPs activity is a prerequisite to considering 
them for therapeutic targeting. In the subsequent sections of 
this review, the specific USPs dysregulation in GBC, CCA, and 
HCC will be elaborated further with the implications for clinical 
translation and their mechanistic significance being emphasized 
[40].

Usp dysregulation in hepatobiliary cancers

HBCs offer one of the most remarkable illustrations of the context-
dependent functions of USPs, whose biological and clinical 
significance in cancer is becoming more and more clear. GBC, 
CCA, and HCC all exhibit distinctive USP dysregulation patterns 
that impact metabolic reprogramming, oncogenic signalling, 
and treatment resistance (Table 2). Although most research has 
focused on HCC, new data suggest that USPs are also important 
in CCA and GBC, underscoring their widespread importance in 
hepatobiliary malignancies [41].
    By stabilising carcinogenic proteins or altering survival 
pathways, several USPs function as molecular drivers of 
carcinogenesis in HCC (Figure 2). For example, USP9X, which is 
often overexpressed in HCC, protects β-catenin from proteasomal 
degradation, enhancing Wnt/β-catenin signalling. This promotes 
proliferation and is associated with a lower patient survival rate 
[47]. Similarly, USP7 has been shown to stabilise MDM2, which 

results in p53 degradation and reduced apoptotic responses. This 
mechanism gives hepatocytes resilience to treatments that damage 
DNA [48]. It has been demonstrated that USP22, a member of 
the SAGA complex, deubiquitinates histones H2A and H2B 
in HCC, maintaining chromatin states that support stemness-
like phenotypes, EMT, and oncogenic transcriptional programs 
[49, 50]. USP22 is a possible prognostic biomarker since clinical 
evaluations consistently show that increased expression of the 
protein in HCC tissues correlates with advanced stage, vascular 
invasion, and poor overall survival (Figure 3, 4).
    USP10 is another important USP in HCC. Its function 
exemplifies the dual nature of USPs in cancer biology: although it 
can occasionally stabilise and activate wild-type p53, research on 
HCC has shown that USP10 may also shield oncogenic substrates 
like YAP/TAZ, promoting tumour growth and invasion [51]. 
Because it controls the stability of proteins involved in metabolic 
signalling and cell proliferation, USP14 is equally important. 
Increased glycolytic flux and hyperactivation of the AKT/mTOR 
pathway have been linked to elevated USP14 expression in HCC, 
highlighting the connection between deubiquitination and liver 
metabolic rewiring [52]. 
    In addition to these extensively researched instances, several 
other USPs have been linked to hepatocarcinogenesis. It has 
been demonstrated that USP5 controls NF-κB signalling, which 
promotes the growth of tumours driven by chronic inflammation 
[53, 54]. Under metabolic stress conditions typical of cirrhotic 
livers, USP13 provides growth advantages by stabilising 
mitochondrial proteins that promote oxidative phosphorylation 
[55, 56]. According to reports, USP19 enhances angiogenesis 
and adaptability to the hypoxic tumour microenvironment via 
controlling hypoxia-inducible factor 1-alpha (HIF-1α) [57, 58]. 
All of these studies show that the dysregulation of several USPs, 
each of which targets different substrates but converges on the 
characteristics of malignancy, characterises the HCC landscape.
    A less well-studied condition, cholangiocarcinoma, has also 
been connected to abnormal USP activity. One such example is 
USP21, which improves metabolic adaptability in CCA cells and 
accelerates tumour growth by stabilising glycolytic enzymes 
like ENO1 [59]. By deubiquitinating PARP1, USP1 contributes 
equally to the prolonged DNA repair activity that allows tumour 
cells to resist the genotoxic stress caused by chemotherapy [16]. 
By controlling Smad4, USP9X has also been linked to CCA, 
indicating a part in invasion and metastasis triggered by TGF-β 
[60]. According to recent research, USP39, an RNA splicing factor-
associated DUB, contributes to the aberrant cell-cycle progression 
in CCA. In CCA cell lines, USP39 knockdown has been 
demonstrated to suppress proliferation and trigger apoptosis [34, 
61]. Together, our results imply that USPs support metabolic and 
epigenetic modifications that maintain the progression of cancer in 
addition to intrinsic tumour cell survival in CCA.
    Although there is still little research on GBC in relation to 
deubiquitination, new findings suggest that some USPs play 
significant roles. According to research, USP33 modulates 
receptor tyrosine kinase signalling, and its absence causes 
GBC cells' MAPK pathways to become hyperactivated [62]. 
In gallbladder cancer, USP10 has also been shown to maintain 
oncogenic NF-κB signalling, which connects inflammation to 
the growth of the tumour [63]. These early findings highlight 
the possibility that GBC, like HCC and CCA, is impacted by 
abnormal deubiquitination processes that may one day be used for 
therapeutic benefit, even though the research is still preliminary 
[64].
    It is crucial to understand that USP dysregulation in 
hepatobiliary malignancies affects the tumour microenvironment 
and resistance to treatment in addition to intrinsic oncogenic 
signalling. For instance, USP7 has been linked to immune 
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Figure 2. Crosstalk between USPs and important cancer-causing signaling pathways in liver and bile duct malignancies. The sketch depicts the 
juncture of the USPs that are out of control and the corresponding critical molecular pathways that tumor initiation and progression. The main 
USPs are involved with and deubiquitinate their key substrates in different signaling areas, thus affecting many cancer-making processes. In 
the Wnt/β-catenin pathway, USPs are the ones that keep β-catenin in the nucleus because they do not allow it to go through the whole aerobic 
degradation process by ubiquitin, so the transcription of oncogenic genes is targeted more than usual. In the case of p53/Mdm2, there are some 
USPs that through deubiquitination of p53, allow for tumor suppression and other USPs which in turn stabilize Mdm2 leading to p53 inactivation 
and uncontrolled tumor growth. The USPs cap IκB degradation and this way they control NF-κB activation; thus, they are the ones who promote 
inflammatory signaling and cancer cell survival. USPs are the ones who make the decision whether the degradation of key intermediates in the 
PI3K/Akt/mTOR pathway will be stopped or not and, thus, play a significant role in the triggering of the downstream signaling cascades that 
are supportive of the cells being alive and multiplying. Additionally, USPs contribute to EMT in the TGF-β signaling pathway by modulating 
receptor availability and downstream effectors, ultimately driving invasion and metastatic potential in hepatobiliary malignancies.

Table 2. Dysregulated USPs and their mechanistic roles in HBCs.

USP Cancer Type Pathway Mechanistic Role Clinical Correlation References

USP21 CCA ENO1, glycolytic 
enzymes Metabolic adaptation Tumor progression [15]

USP7 HCC MDM2-p53, PD-L1 Immune evasion, apoptosis 
suppression

Poor survival, therapy 
resistance [34]

USP10 HCC, GBC p53, YAP/TAZ Cell survival, invasion Advanced stage, 
metastasis [42]

USP14 HCC AKT/mTOR Metabolic reprogramming, 
proliferation Sorafenib resistance [43]

USP22 HCC H2A/H2B, EMT genes Chromatin remodeling, stemness Aggressive tumors, poor 
prognosis [44]

USP1 CCA PARP1, FANCD2 DNA repair, chemoresistance Platinum resistance [45]

USP9X HCC, CCA β-catenin, Smad4 Wnt signaling, TGF-β signaling Poor survival, invasion [46]
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evasion, PD-L1 stabilisation, and decreased immune checkpoint 
blockade effectiveness in HCC [65]. Despite being an ISG15-
specific protease, USP18 functions similarly to USPs and has 
been demonstrated to control interferon signalling in HCC, which 
helps to inhibit the immune system [66]. According to Zhang et al. 
(2023), USP21-mediated stabilisation of inflammatory mediators 
in CCA supports a tumor-permissive stroma by facilitating 
interaction with cancer-associated fibroblasts. These observations 
highlight the broader influence of USPs in shaping not just cancer 
cells themselves but also the ecosystem in which they thrive [60].
    In the case of HBCs, USP dysregulation has been linked to 
aggressive disease and resistance to treatment from the clinical 
perspective. For example, in HCC, poor response to sorafenib 
was correlated with elevated USP14 expression, while USP22 
expression was linked to shorter overall survival after surgical 
resection [67, 68]. On the other hand, USP1 expression was found 
to be associated with resistance to platinum-based chemotherapy 
in CCA [69]. These findings are indicative of the potential role of 
USPs as biomarkers for prediction and they will possibly guide 
clinicians in the selection of treatments along with their potential 
use as molecular drivers. 
    The data have given strong support to the idea that dysregulated 
ubiquitin-specific proteases are the main molecular drivers in 
GBC, CCA, and HCC. Their participation in the development 
of cancers in the liver and biliary tract is evidenced by their 
ability to manage oncogenic signalling, metabolism, DNA repair, 

immunological evasion, and treatment resistance. The diversity 
of their functions also allows for a supposition that concentrating 
on certain USPs or their substrates might provide new routes for 
therapeutic intervention; this idea is further elaborated in the 
following sections.

Usp-mediated mechanisms driving hepatobiliary cancer 
progression

The complicated integration of deubiquitination into basic 
oncogenic processes is shown in the dysregulation of USP in 
hepatobiliary malignancies, which goes beyond simple expression 
alterations. USPs have a mechanistic impact on immunological 
interactions, metabolic programming, DNA repair, transcriptional 
regulation, and signalling cascades [70] (Table 3). USPs enable 
malignant hepatocytes and cholangiocytes to evade regulatory 
checkpoints and develop phenotypes that propel tumour growth 
by protecting particular oncogenic proteins from proteasomal 
destruction. Gaining knowledge of these mechanistic foundations 
helps one better understand the biology of cancer and its treatment 
vulnerabilities.
    Stabilisation of oncogenic signalling intermediates is one 
of the main ways in whereby USPs aid in the advancement of 
hepatobiliary carcinoma. USP9X is involved in the stabilization of 
β-catenin in liver cancer cells by obstructing the latter's ubiquitin-
mediated degradation and by Wnt pathway activation which 

Figure 3. Overview of the UPS and the role of USPs in HBCs. The figure illustrates the process of protein ubiquitination mediated by E1 
activating enzymes, E2 conjugating enzymes, and E3 ligases, leading to substrate proteins being targeted for proteasomal degradation. USPs 
(USP7, USP10, USP14, USP22, USP21, USP1) remove ubiquitin chains from specific oncogenic or tumor suppressor substrates, including 
β-catenin, MDM2, PD-L1, H2A/H2B, FANCD2, and ENO1. USP-mediated stabilization enables activation of oncogenic signaling (Wnt/β-catenin, 
AKT/mTOR), DNA repair, metabolic adaptation, chromatin remodeling, and immune evasion. Red arrows indicate ubiquitin-mediated 
degradation, and green arrows indicate USP-mediated deubiquitination and protein stabilization.
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in turn opens up new cell divisions and maintains cancer-like 
characteristics [71]. USP22's removal of ubiquitin from histones 
H2A and H2B is a similar process of chromatin remodelling, 
where transcriptionally permissive chromatin that promotes the 
expression of genes linked to angiogenesis and EMT is maintained 
[49]. USP14 is said to keep the oncogenic PI3K/AKT signaling on 
by newly stabilizing the associated upstream kinases and impeding 
their degradation, hence enhancing cell proliferation and survival 
[72]. These USPs act together to hold the stability of core pathways 
that would otherwise be tightly dependent on ubiquitin for their 
degradation.
    USPs exert an equally significant influence on DNA repair 
and genomic integrity, thus allowing tumor cells to cope with 
genotoxic stress coming from both therapeutic approaches and 
internal metabolic byproducts. USP1, for instance, has been a 
major player in this context by deubiquitinating proteins associated 
with the Fanconi anaemia pathway, especially FANCD2. This 
not only maintains DNA crosslink repair but also protects 
tumorigenic cells from cisplatin-based chemotherapy in CCA 
[78]. In the case of HCC, USP3 has been associated with the de-
ubiquitination of H2AX, thus ensuring fast double-strand break 
repair and contributing to increased resistance to radiation [79]. 
These USPs help tumour cells survive genomic instability and also 

contribute to therapeutic resistance, which is a significant problem 
in hepatobiliary oncology, by enhancing DNA repair capability.
    Another characteristic of cancer progression that is closely 
related to USP activity is metabolic reprogramming. USP21 has 
been shown to deubiquitinate ENO1 in cholangiocarcinoma, 
promoting glycolysis and facilitating quick ATP synthesis even 
in the presence of nutritional shortages [15]. USP29 promotes 
metabolic f lexibility in HCC by stabilising c-Myc, a crucial 
transcriptional regulator of glycolytic and glutaminolytic enzymes 
[80]. By stabilising mitochondrial proteins that sustain oxidative 
phosphorylation, USP13 aids in metabolic adaptability, which is 
especially beneficial in microenvironments that are low in oxygen 
and nutrients [43]. These results show that USPs alter the metabolic 
landscape of tumours and control signalling proteins, allowing 
HBC cells to proliferate in unfavourable microenvironments.
    The control of cell death pathways is another major theme. In 
HCC, for example, USP10 stabilises mutant p53, changing its role 
from tumour suppression to a gain-of-function oncogene that 
encourages invasion and chemoresistance [37]. Although less 
research has been done on USP2 in hepatobiliary tumours, it has 
been demonstrated to stabilise MDM2, which lowers p53 levels 
and prevents HCC cells from undergoing apoptosis [34]. Moreover, 
USP5, by the removal of ubiquitin chains from IκBα, boosts NF-

Figure 4. Key oncogenic signaling pathways regulated by the USP family members in HCC. The sketch shows that the USPs are the main players 
in the regulation of the principal oncogenic pathways in HCC. An HCC cell is portrayed in the middle of the diagram with a nucleus containing 
DNA, a sign of genetic control. The most important signaling pathways related to cancer, RAS/RAF/MEK/ERK, PI3K/AKT, WNT/β-catenin, 
JAK/STAT, and TGF-β, are drawn around the cell. The pathways are all linked to the cell by arrows indicating their role in the process of 
tumor growth, invasion, survival, and metastasis. The oval components marked “USP” point out the different USPs involved in the process of 
stabilizing with the help of preventing degradation through proteasomal action, the key signaling proteins in each pathway. The illustration 
highlights that the impaired USPs' deubiquitination process strengthens the oncogenic signaling, thus revealing the possible drug targets for 
HCC treatment.
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κB activation, which, in turn, limits the degradation of NF-κB and 
allows for the sustained pro-survival inflammatory signalling that 
continues to be attractive in the case of cancer [81]. If we consider 
these mechanisms all together, they provide a way for tumour cells 
to dodge apoptotic checkpoints and keep inflammation going, 
which are the two main processes that promote cancer growth.
    USPs act as mediators of stromal and immunological 
interactions and the TME is gradually recognized as having a 
decisive role in the whole scenario of hepatobiliary tumors. A 
major role in immune evasion and in diminishing the effectiveness 
of immune checkpoint inhibitors is attributed to USP7 through 
the stabilization of PD-L1 on HCC cells [82]. Likewise, the 
USP18 helps the tumor cells avoid death via immune response 
by deubiquitinating the necessary signaling intermediates that 
can through energy consumption by the tumor cell inhibit the 
immune response [83]. The extracellular matrix remodelling and 
fibroblast activation in CCA are associated with USP21, which 
creates an environment that supports tumor growth and infiltration 
[84]. These findings indicate that USPs not only keep tumor-
intrinsic oncogenic pathways active but also, in fact, take an active 
part in influencing the immunosuppressive and desmoplastic 
microenvironments of the tumors. By stabilizing PD-L1 on the 
surface of HCC cells, USP7 has a particularly significant function 
in facilitating immune evasion and decreasing the efficacy of 
immune checkpoint inhibitors [85]. Similarly, by deubiquitinating 
important signaling intermediates, USP18 inhibits interferon 
responses, allowing tumor cells to avoid immune-mediated death 
[86].
    Through extracellular matrix breakdown, cytoskeletal 
remodelling, and EMT, USPs contribute to metastasis. By 
controlling transcriptional pathways linked to vimentin induction 
and E-cadherin suppression, USP22 promotes EMT [87]. By 
stabilising proteins involved in actin filament remodelling, USP10 
promotes invasion and dissemination and increases cytoskeletal 
f lexibility [88]. Furthermore, it has been demonstrated that 

USP39, which was previously linked to the advancement of the 
CCA cell cycle, controls splice variants of genes linked to cell 
motility, establishing a connection between RNA processing and 
the capacity for metastasis [89]. These investigations all share the 
finding that USP activity converges on biological mechanisms that 
enable HBC cells to infiltrate, colonise, and detach from distant 
organs.
    One of the most therapeutically significant effects of USP 
activity is drug resistance. Resistance to sorafenib, the most 
popular systemic treatment for advanced HCC has been closely 
linked to USP7 and USP14. Mechanistically, they lessen drug-
induced apoptosis by stabilising pro-survival pathways [90]. 
Resistance to metabolic inhibitors in HCC has been associated 
with USP29-mediated stabilisation of c-Myc [34]. These findings 
demonstrate how USPs mediate adaptive resistance, and they 
imply that pharmacologically targeting USPs may enhance 
current treatments and get around present clinical management 
constraints.
    A variety of molecular processes regulated by ubiquitin-
specific proteases coordinate the development of hepatobiliary 
malignancies. USPs serve as the molecular builders of malignancy, 
inf luencing everything from metabolic rewiring, apoptosis 
evasion, microenvironment manipulation, and treatment 
resistance to oncogenic signalling stabilisation and DNA repair 
reinforcement. They have an impact on tumour ecosystems 
and cellular compartments, which emphasises the necessity of 
treating them as both potential treatment targets and biomarkers 
of progression. Transforming USP biology into real clinical 
advantages for patients with hepatobiliary malignancies will 
require a more thorough analysis of these mechanistic functions as 
research progresses [91].

Therapeutic targeting of usps in hepatobiliary cancers

The discovery that ubiquitin-specific proteases play a key role 

Table 3. Summary of USP-mediated mechanisms driving HBCs progression.

Mechanism USPs Downstream Effects Cancer Type Implications References

Metabolic 
reprogramming

USP21, 
USP29, 
USP13

Glycolysis, oxidative 
phosphorylation HCC, CCA Target metabolic 

vulnerabilities [34]

Microenvironment 
modulation USP21 Fibroblast activation, ECM 

remodeling CCA Disrupt stromal support [71]

Oncogenic signaling
USP9X, 
USP22, 
USP14

Wnt/β-catenin, AKT/mTOR, 
EMT HCC, CCA Combination with pathway 

inhibitors [73]

DNA repair USP1, 
USP3 FANCD2, H2AX stabilization HCC, CCA Sensitize to chemotherapy/

radiotherapy [74]

Apoptosis evasion USP10, 
USP2 p53 stabilization/inactivation HCC, GBC Restore apoptosis with USP 

inhibitors [75]

Immune evasion
USP7, 
USP22, 
USP18

PD-L1, interferon signaling HCC Combine with immunotherapy [76]

Metastasis
USP22, 
USP10, 
USP39

EMT, cytoskeletal remodeling, 
splicing HCC, CCA Reduce invasion/metastasis [77]
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in the development of hepatobiliary malignancies has spurred 
attempts to use them as targets for therapy (Figure 5) (Table 4). 
USPs were once thought to be "undruggable" due to their catalytic 
cysteine-based chemistry and structural flexibility, in contrast 
to kinases or transcription factors. But thanks to developments 
in structural biology, high-throughput screening, and small-
molecule design, it is now possible to find selective inhibitors 
that precisely alter USP activity. The fact that USPs frequently 
stabilise carcinogenic proteins without direct druggable pockets, 
establishing them as indirect but highly actionable nodes in CCA, 
GBC, and HCC, lends credence to the therapeutic rationale [92].
    The most sophisticated USP-targeting substances in preclinical 
research are USP7, USP14, and USP1 inhibitors. In HCC, 
where USP7 maintains immune evasion by stabilising PD-L1 
and suppressing antitumor immunity, USP7 inhibitors show 
great promise. The USP7–MDM2–p53 axis can be disrupted 
by novel small compounds like FT671 and its analogues, which 
reactivates apoptotic signalling [93]. Pharmacologic USP7 
inhibition has demonstrated therapeutic significance in HCC 
xenograft models by causing tumour regression and increased 
susceptibility to immune checkpoint inhibitors [30]. In preclinical 
models of HCC, USP14 inhibitors like IU1 and b-AP15 have also 
demonstrated effectiveness by decreasing proteasome-associated 
deubiquitination, which causes oncogenic substrates to degrade 
and sorafenib sensitisation [31]. Notably, adaptive resistance 
mechanisms that restrict the persistence of tyrosine kinase 
inhibitor responses seem to be circumvented by USP14 inhibition.
    The attention towards USP1 inhibitors in CCA is due to USP1, 

the protease that maintains PARP1 and FANCD2, which are the 
two pathways through which DNA can be repaired, thus making 
cells susceptible to the actions of the inhibitors. When a very small 
molecule, such as ML323, disrupts the USP1-UAF1 interaction, 
CCA cells become more susceptible to platinum therapy and PARP 
inhibitors [96]. The conception of DNA damage repair spread is 
now being validated with the co-utilization of USP1 inhibitors 
and genotoxic treatments in preclinical studies, as the latter has 
been notorious for their unregulated repair mechanisms in CCA. 
USP22, a deubiquitinating enzyme associated with chromatin, 
is a TOC candidate too; it is connected to EMT, stemness, and 
drug resistance. Even though RNA interference and CRISPR-
based experimentation have shown that USP22 knockdown leads 
to reduced aggressiveness and resensitization of HCC cells to 
sorafenib and lenvatinib, the selective USP22 blockers are still in 
their infancy [98].
    In addition to direct inhibitors, PROTACs which are intended to 
break down USPs are gaining popularity. In contrast to catalytic 
inhibitors, PROTACs that target USP7 have been successfully 
designed to promote ubiquitination and proteasomal clearance 
of USP7 itself, resulting in greater anticancer efficacy [99]. With 
the benefit of removing scaffolding activities that persist after 
enzymatic inhibition, such strategies may potentially be applied 
to additional oncogenic USPs. Likewise, covalent inhibitors that 
target USPs like USP10 and USP9X's catalytic cysteine residues 
are being studied; preliminary compounds have demonstrated 
selective efficacy in HCC models [95].
    Modulating the indirect effects of USP activity is another aspect 

Figure 5. Therapeutic targeting of USPs in HBCs. Upper Left: selective small-molecule inhibitors (FT671, IU1, ML323) and PROTACs 
target specific USPs in tumor cells within the liver. Center: inhibition or degradation of USPs disrupts oncogenic ubiquitin signaling, leading 
to increased tumor-cell death and enhanced vulnerability to co-treatments. Right: Combinatorial strategies immune checkpoint blockade 
(immunotherapy), standard cytotoxic agents (chemotherapy), and targeted kinase inhibitors are proposed to cooperate with USP inhibition, 
resulting in tumor regression and therapy sensitization. Icons indicate representative clinical outcomes.
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of therapeutic approaches. For example, USP9X inhibition can 
work in concert with inhibitors of the Wnt/β-catenin pathway 
since USP9X stabilises β-catenin in HCC. USP9X inhibitors have 
demonstrated more potent anticancer effects in preclinical animals 
when combined with either tankyrase inhibitors or porcupine 
inhibitors than when used alone [71]. Similarly, USP-driven 
glycolysis in CCA creates metabolic vulnerabilities that can be 
exploited by combining USP21 targeting with glycolytic inhibitors, 
which reduces tumour growth in xenografts [15]. These examples 
show how sensible combinatorial regimen design is made possible 
by a grasp of USP-mediated pathways.
    Since USPs also control vital biological functions in healthy 
tissues, the possible toxicity of USP inhibition is a crucial factor 
to take into account when translating therapeutics. Developing 
inhibitors with improved selectivity for USP conformations 
particular to cancer or taking advantage of tumor-specific 
cofactors that interact with USPs are two ways to deal with this. 
For instance, inhibitors that target this relationship seem to exhibit 
preferential activity in cancer cells with severe replication stress, as 
USP1 requires UAF1 for complete activity [100]. Another strategy 
is the creation of context-dependent PROTACs, which reduce off-
target toxicity by selectively degrading USPs in tumour cells that 
express particular E3 [101].
    Another area where USP-targeting could have a game-changing 
effect is immunotherapy. Poor responses to immune checkpoint 
blockage in HCC can be explained mechanistically by the 
stabilisation of PD-L1 mediated by USP7 and USP22. According 
to preclinical research, cytotoxic T-cell infiltration and tumour 
clearance are improved when USP inhibitors are used with anti-
PD-1 or anti-PD-L1 antibodies [102]. Furthermore, USP18's 
function in inhibiting interferon signalling suggests that innate 
immunity against hepatobiliary tumours may be strengthened 
by its suppression. Therefore, therapeutic targeting of USPs may 
address one of the most important issues in these cancers and 
supplement current immunotherapies.
    There are currently no licensed drugs specifically treating 
hepatobiliary malignancies, and clinical translation of USP 
inhibitors is still in its early stages. Nonetheless, a number of first-
in-human studies involving USP inhibitors in solid tumours and 
haematologic malignancies are currently in progress, offering 
important pharmacokinetic and safety information. Future research 
in HCC, CCA, and GBC will be guided by the lessons learnt from 
these early trials, especially in the areas of dose-limiting toxicities 

and biomarker identification [103]. Because USP expression levels 
or activity profiles may identify subsets of patients most likely 
to benefit, biomarker-driven patient stratification will be crucial. 
For instance, USP7 or USP22 expression may be prognostic 
biomarkers for how well HCC responds to USP inhibitors. 
Similarly, USP1-targeted treatments in conjunction with PARP 
inhibitors or platinum drugs may be guided by genomic profiling 
of DNA damage repair defects in CCA [104].
    There is considerable potential for incorporating USP-targeted 
tactics into multimodal treatment approaches. While innovative 
drug delivery methods, such as nanoparticle carriers may lessen 
systemic toxicity, USP inhibitors may be able to overcome innate 
and acquired resistance when combined with kinase inhibitors, 
immunotherapy, or metabolic treatments. The range of selective 
USP inhibitors that are available for preclinical and clinical testing 
will also continue to grow as a result of developments in structural 
biology and computational drug design. Ultimately, a careful 
balance between safety and efficacy, bolstered by mechanistic 
discoveries and biomarker-driven clinical trials, will be necessary 
to translate USP biology into therapeutic benefit for patients with 
hepatobiliary malignancies [105].

Challenges, knowledge gaps and future directions

There is strong support for the idea that ubiquitin-specific proteases 
are indispensable to HBC, but there are still several very tough 
hurdles to clear before this knowledge can be put into therapy 
(Figure 6). Redundancy and complexity of the USP network are 
the two principal issues. The blocking of one USP often results in 
tumor cells benefiting from overlapping mechanisms since a lot of 
USPs share substrate specificity. For instance, the overexpression 
of USP22 or USP14 may provide partial support in USP7 
obstruction, thus maintaining the stability of important oncogenic 
proteins and lowering the treatment efficacy [106]. This functional 
redundancy contributes to the difficulties in drug development and 
necessitates approaches that either selectively disrupt relationships 
in tumours without compromising homeostatic processes in 
healthy tissues or target many USPs simultaneously.
    The context-dependent duality of the USP function is another 
significant obstacle. A number of USPs, such as USP10 and 
USP22, can either promote or prevent tumour growth, depending 
on the type of tissue, cellular stressor, or mutational landscape. 
While USP10 facilitates DNA damage repair and p53-dependent 

Table 4. Current USP-targeting therapeutic approaches in HBCs.

USP Inhibitor Mechanism Model Approaches References

USP9X Covalent inhibitors Destabilize β-catenin HCC Wnt/β-catenin inhibitors [71]

USP7 FT671, PROTACs Inhibit MDM2 stabilization, degrade 
USP7

HCC 
xenografts

Anti-PD-1/PD-L1 
immunotherapy [94]

USP14 IU1, b-AP15 Inhibit proteasome-associated DUB 
activity HCC Sorafenib or lenvatinib [95]

USP1 ML323 Disrupt USP1-UAF1 complex, inhibit 
DNA repair CCA Cisplatin, PARP inhibitors [96]

USP22 RNAi, CRISPR Knockdown of chromatin-associated 
activity HCC Sorafenib, metabolic 

inhibitors [97]
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apoptosis in normal hepatocytes, it may stabilise mutant p53 
in hepatocellular carcinoma, encouraging invasion and drug 
resistance [63]. In order to prevent unforeseen repercussions from 
USP-targeted therapies, this duality generates a fragile therapeutic 
window that necessitates careful patient selection and mechanistic 
understanding. Predicting clinical outcomes is made more 
difficult by the fact that preclinical models frequently fall short of 
accurately simulating the variety of real hepatobiliary tumours.
    The less-studied hepatobiliary malignancies, especially GBC, 
have a significant knowledge gap. Although new research links 
USPs like USP10 and USP33 to the development of GBC, there 
is still a lack of thorough profiling of USP expression, substrate 
networks, and mechanistic contributions [106]. The systematic 
mapping of the USP-substrate landscape is also lacking, despite the 
fact that CCA research has identified USPs such as USP1, USP21, 
and USP39 as drivers of DNA repair, metabolism, and splicing. To 
close these gaps and identify the entire repertoire of USPs active in 
each hepatobiliary malignancy, integrative techniques integrating 
transcriptomics, proteomics, and functional genomics will be 
necessary.
    Rapid clinical translation is further hampered by pharmacologic 
issues. Although USP7, USP14, USP1, and USP22-targeting 
selective inhibitors and PROTACs have demonstrated encouraging 

preclinical efficacy, questions still surround their safety profile, 
pharmacokinetics, and tumor-specific delivery. In non-tumor 
tissues, USPs control vital biological functions, increasing the risk 
of off-target harm. Through the development of tumour-specific 
delivery methods such as context-dependent PROTACs, antibody–
drug conjugates, or nanoparticles, systemic adverse effects could 
be reduced significantly. Furthermore, it might be necessary to 
apply biomarker-guided patient selection and adaptive dosage 
techniques because of the dynamic changes in USP activity 
throughout tumour progression or medication exposure.
    The yet not so serious issues do not reduce the number of 
highly interesting ways for research that come next. To start with, 
a great mapping of USP-substrate interactions in HBCs along 
with the application of the latest ubiquitinomics and proteomics 
technologies may open up new avenues for therapeutics. Moreover, 
the use of USP inhibition alongside existing treatments is going to 
be a major focus of combination strategies. To combat inherent or 
acquired resistance and improve clinical outcomes, for example, 
USP1 or USP7 inhibitors could be combined with metabolic 
inhibitors, DNA-damaging agents, or immunotherapy [107]. 
Also, the development of predictive biomarkers based on cofactor 
dependencies, activity signatures, or USP expression may pave 
the way for precision medicine. This would ensure that only 

Figure 6. The clinical and translational landscape of USPs in HBCs is depicted in this figure. This figure highlights the growing clinical 
importance of USPs in HCC, CCA, and GBC. The top panel showcases a heatmap that shows different levels of USP expression in various types 
of liver and bile duct tumors. The illustration indicates that the presence of higher USP levels correlates with poor survival outcomes, while 
lower expression may be a sign of a favorable prognosis. The middle panel presents a timeline for the development of drugs which is dedicated 
to the current progress made by USP-targeted therapeutics, including lead compounds like P5091 (USP7 inhibitor), VLX1570 (USP14/USP30 
inhibitor), and FT709 (USP16/USP28 inhibitor). Their journey through different phases of research is shown going from the discovery of the 
target to preclinical studies and then early-phase trials. The bottom panel discusses the major clinical challenges which are defined as selectivity 
of inhibitors, toxicity to non-targets, and the development of drug resistance, thus pointing out the necessity for combination strategies and the 
application of precision medicine approaches in the future USP-based therapy scenario.
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those patients with the highest likelihood of benefiting from USP-
targeted therapies would be treated with them.
    Another fascinating way is through the exploitation of the 
TME. The targeting of USPs could possibly augment the efficacy 
of immunotherapy or interrupt tumor-supportive areas as they 
modify inflammatory signaling, stromal interactions, and immune 
checkpoint mechanisms. A case in point, in hepatocellular 
carcinoma, USP7 and USP22 act to reduce the function of 
cytotoxic T-cells and at the same time stabilize PD-L1, providing 
a mechanistic rationale for the use of USP inhibitors together 
with checkpoint blockade [108]. Targeting USP21-mediated 
fibroblast activation in CCA may also improve chemotherapeutic 
penetration and lessen desmoplasia [109]. Gaining insight into 
these microenvironmental functions may increase USP inhibitors' 
usefulness beyond their ability to directly target tumour cells.
    Lastly, achieving the therapeutic potential of USPs will require 
technological advancements in medication delivery and design. 
Covalent inhibitors, PROTAC-based degradation techniques, and 
structure-guided drug discovery are all developing quickly and 
present chances to target tumor-relevant USPs specifically while 
reducing toxicity. Finding highly selective compounds may be 
sped up by combining machine learning and artificial intelligence 
to optimise the structure–activity connection. Simultaneously, 
the creation of reliable organoids, humanised mouse systems, 
and patient-derived models will allow preclinical assessment 
of safety, efficacy, and combinatorial regimens in settings more 
representative of HBCs in humans.

Conclusions

Even though there are still many unanswered questions, the 
mechanistic and therapeutic discoveries made in the last ten 
years make ubiquitin-specific proteases attractive candidates 
for hepatobiliary malignancies. A roadmap for converting 
USP biology into significant therapeutic impact is provided 
by addressing redundancy, context-dependence, toxicity, and 
tumor heterogeneity through combination methods, predictive 
biomarkers, and mechanistically informed medication design. 
Future studies that combine preclinical modelling, multi-omics 
techniques, and novel treatments should fully explore USPs' 
potential as molecular drivers and targetable molecules in 
cholangiocarcinoma, GBC, and hepatocellular carcinoma.
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