? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Aristotle A. Chatziioannou,

Biomedical Research Foundation of the
Academy of Athens (BRFAA), Greece

REVIEWED BY

Bikesh Kumar Nirala,

Emory University, United States

Xiaowei Wu,

Dana—Farber Cancer Institute, United States
Yongshuo Liu,

Peking University, China

*CORRESPONDENCE
Xiangcai Wang
wangxiangcai@csco.ac.cn

"These authors have contributed
equally to this work and share
first authorship

RECEIVED 16 April 2025
ACCEPTED 12 August 2025
PUBLISHED 27 August 2025

CITATION
Li J, Zhong J, Ye J, Xiang Y, Yi Q, Zhu G,
Deng S and Wang X (2025)

USP38: an important regulatory factor
in tumor malignant progression.

Front. Immunol. 16:1612723.

doi: 10.3389/fimmu.2025.1612723

COPYRIGHT
© 2025 Li, Zhong, Ye, Xiang, Yi, Zhu, Deng and
Wang. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 27 August 2025
po110.3389/fimmu.2025.1612723

USP38: an important regulatory
factor in tumor malignant
progression

Junyan Li", Jinghua Zhong?*', Jianming Ye?**, Yi Xiang®*,
Qiang Yi', Gangfeng Zhu™, Shifan Deng™

and Xiangcai Wang>**!

The First Clinical Medical College, Gannan Medical University, Ganzhou, Jiangxi, China, 2The

Oncology Department of the First Affiliated Hospital of Gannan Medical University, Ganzhou,
Jiangxi, China, *Jiangxi Clinical Research Center for Cancer, Ganzhou, Jiangxi, China

Ubiquitin-Specific Protease 38 (USP38), a member of the deubiquitinating enzyme
(DUB) family, exhibits a complex and context-dependent role in cancer
progression. This review summarizes current research on USP38, highlighting its
dual functionality as both an oncogene and a tumor suppressor in various
malignancies. We detail the structural characteristics of USP38, its differential
expression patterns across cancer types, and its impact on key cellular processes
including proliferation, migration, invasion, and apoptosis. Mechanistically, USP38
regulates the stability and activity of crucial proteins involved in tumorigenesis,
such as HDAC1/3, LSD1, KLF5, METTL14, c-Myc, and HIF-1a, as well as influencing
signaling pathways like JAK2/STAT3. The intricate interplay and, in some instances
feedback loops, between USP38 and its targets underscore its multifaceted role.
Finally, we discuss the potential of USP38 as a therapeutic target, the challenges in
developing specific inhibitors, and future research directions to fully elucidate its
complex biology and clinical implications.
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1 Introduction

Cancer remains the primary threat to human life and health, with patients facing not
only the substantial physical and mental suffering caused by tumors, but also the
considerable economic burden and a severely compromised quality of life (1-6).
Throughout the treatment process for cancer patients, individual differences, tumor
heterogeneity, and the limitations of treatment regimens contribute to a decreased
sensitivity of tumors to drugs, resulting in suboptimal treatment outcomes and poor
prognosis (7). Therefore, identifying new targets for effective cancer treatment has become
an urgent priority. Exploring the regulation of tumor gene-encoded protein homeostasis
has become a research hotspot, as the regulation of abnormal protein expression involves
numerous molecules, providing potential for precision medicine in cancer therapy (8).
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Given that deubiquitinating activity can effectively regulate the
protein stability of key tumor genes, USP enzymes are considered
to be a class of promising cancer biomarkers.

The primary function of deubiquitinating enzymes (DUBs) is to
remove ubiquitin chains from target proteins to prevent their
degradation by the proteasome (9, 10). DUBs consist of five
families: ubiquitin-specific proteases (USPs), ubiquitin C-terminal
hydrolases (UCHs), Machado-Joseph disease protein domain
proteases (MJ]Ds), ovarian tumor proteases (OTUs), and JAMM
motif proteases (11). Among these, USPs have been shown to have
more than 50 family members, each possessing a conserved USP
domain. Through the catalytic site within this domain, USPs can
bind to the ubiquitin of specific proteins and exert their
deubiquitinating function, thereby maintaining protein stability.
This post-translational modification is essential for the
maintenance of protein homeostasis (12, 13). Furthermore,
abnormal expression of USPs has been linked to various diseases,
including inflammatory diseases (14), metabolic disorders (15), and
cardiovascular diseases (16). By directly or indirectly regulating the
protein expression levels of pathway-related target molecules, USPs
can influence the onset and progression of these diseases. Therefore,
an in-depth exploration of the regulatory mechanisms of USPs in
human diseases is of great clinical significance.

USP38, a protein-coding gene located on chromosome 4q31.21
with 38,958 nucleotides (https://www.ncbi.nlm.nih.gov/gene/
84640), encodes a protein known as Ubiquitin carboxyl-terminal

10.3389/fimmu.2025.1612723

hydrolase 38 (UCH38), consisting of 1,042 amino acid residues and
exhibiting deubiquitinating activity. USP38 was first mentioned by
Mathieu Ferron et al. in 2006 during their investigation of the
mouse Inpp4b gene. Subsequently (17), in 2011, Tomomitsu Hirota
and colleagues identified USP38 as part of a genetic susceptibility
region shared with the GAB1 gene, which is associated with
susceptibility to adult asthma in Japan (18). In recent years,
although studies have explored the regulatory roles of USP38 in
various diseases, including cardiovascular diseases (19, 20), asthma
(21), and inflammatory responses (22), most research has focused
on its role in malignant tumors. A growing body of evidence
suggests that USP38 not only exhibits abnormal expression in
various malignant cancers but is also closely involved in their
initiation and progression, including gastric cancer, bladder
cancer, and colorectal cancer, highlighting its crucial role in
regulating the malignant progression of tumors.

2 The genetic and protein information
of USP38

The USP38 gene is located on the q31.21 region of chromosome
4, spanning the genomic DNA positions from 143,184,917 to
143,223,874, with a total length of 38,958 nucleotides. This gene
consists of 11 exons and 10 introns (as shown in Figure 1). The two
adjacent genes of USP38, LOC100287014 and GABI, are located
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FIGURE 1
Genomic information of USP38 (by Figdraw 2.0).
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USP domain

FIGURE 2
The figure shows the 3D structural model of the USP38 protein, with
the pink region representing the USP domain.

138,842 nucleotides and 113,002 nucleotides away from USP38,
respectively (https://www.ncbi.nlm.nih.gov/gene/84640). The
protein translated from USP38 consists of 1,042 amino acids,
with the region between amino acids 445 and 949 falling within
the USP domain, which is likely the functional site responsible for
the deubiquitinating activity of USP38 (https://www.uniprot.org/
uniprotkb/Q8NB14/entry) (as shown in Figure 2). Additionally, it is
noteworthy that studies have shown that USP35 shares a similar
amino acid sequence with USP38, suggesting that they may have
comparable biological functions.

3 Clinical sample study of USP38

In lung adenocarcinoma, USP38 is abnormally overexpressed,
and its elevated expression level is closely associated with lymph
node metastasis and TNM staging. Kaplan-Meier analysis indicates
that high USP38 expression is linked to poor prognosis.
Additionally, Cox regression analysis suggests that the abnormal
expression of USP38 can serve as an independent risk factor for the
outcomes of LUAD patients. In gastric cancer, analysis of the cancer
genome atlas (TCGA) database reveals that USP38 is highly
expressed in gastric cancer tissues compared to adjacent non-
cancerous gastric tissues. Moreover, overexpression of USP38 is

TABLE 1 USP38 in the clinical pathological features of various tumors.

10.3389/fimmu.2025.1612723

positively correlated with tumor grade and stage. These findings
were further validated by RT-qPCR and immunohistochemistry
(IHC). In esophageal squamous cell carcinoma, GEPIA database
analysis shows that USP38 expression in esophageal squamous cell
carcinoma (ESCC) tissues is significantly higher than in normal
tissues, and its overexpression is significantly negatively correlated
with relapse-free survival. Interestingly, unlike the aforementioned
malignancies, the expression level of USP38 is significantly reduced
in colorectal cancer and clear cell renal carcinoma tissues. In
colorectal cancer, further analysis of the TCGA dataset reveals a
negative correlation between USP38 expression and tumor
malignancy (As shown in the Table 1).

These findings suggest that USP38 may have dual regulatory
roles in malignant tumors, acting both as an oncogene and as a
tumor suppressor. The potential mechanisms by which USP38
regulates tumor progression are complex, and likely depend on
the specific tumor microenvironment.

4 Cellular studies of USP38

USP38 can regulate various biological behaviors of tumors and
influence tumor initiation and progression (as shown in Figure 3). In
different cancer cell lines, the expression of USP38 exerts different
regulatory effects on tumor cell growth. For instance, in esophageal
squamous cell carcinoma, glioma, lung adenocarcinoma, and gastric
cancer cell lines, knockdown of USP38 effectively inhibits tumor cell
proliferation, while overexpression can reverse this process. However,
in clear cell renal carcinoma and bladder cancer cell lines, knockdown
of USP38 actually promotes tumor cell proliferation, indicating that
the expression level of USP38 varies across different tumor cell lines.
Notably, unlike the aforementioned tumor cell lines, the regulatory
effect of USP38 expression on cell growth and proliferation in
colorectal cancer cell lines shows contradictory results in different
experiments. In the study by Wei Zhan et al., upregulation of USP38
inhibited cell growth and proliferation, while in the study by Wenbin
Liu et al,, they found that overexpression of USP38 in wild-type LSD1
HCT116 cells promoted cell proliferation. There are many factors
contributing to this differential phenomenon, including differences in
the cell lines themselves, cell culture conditions and environments,
the threshold level of USP38 expression, and the complex regulation
of signaling pathways, all of which require further experiments for
clarification (As shown in Table 2).

Cancer type NILTLEET @y Expression Prognosis Clinicopathglo_gical Reference
cases characteristics
CRC 30 low good Malignancy grade (32)
KIRC 75 Low / / (37)
LUAD 98 high poor TNM stage, Lymph node metastasis (98)
GC 18 high poor Tumor stage, Tumor grade (93)
ESCC / high poor recurrence-free survival (104)
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USP38 is capable of regulating various biological functions of tumors. Promotes —; Inhibits —. (by Figdraw 2.0).

TABLE 2 The biological functions and mechanisms of USP38 in tumors.

Cancer Expression Functional Related gene Role Reference
CRC Tum
Downregulated Inhibited cell proliferation and chemoresistance HDAC3 or (32)
Suppressor Gene
o . . - . . Tumor
Downregulated Inhibited cell proliferation, migration, and invasion HMX3 (49)

Suppressor Gene

T

KIRC Downregulated Inhibited the sensitivity of tumor cells to ionizing radiation (IR). HDAC1 umor (37)
Suppressor Gene

BCa Downregulated Inhibited migration, invasion, n.le'tastasis, and epithelial- miR-3165/ Tumor (110)
mesenchymal transition (EMT). METTL14/YTHDF2 | Suppressor Gene

Glioma Downregulated Inhibited cell proliferation, invasion, migration, metastasis and STAT3 Tumor 76)
promoted apoptosis Suppressor Gene

NSCLC Upregulated Inhibited apoptosis HIFlo oncogene (61)

LUAD Upregulated Promoted cell proliferation KLF5 oncogene (98)

Ge Upregulated Promoted cell prf)liffar?tion, migrat.ion, cell cycle, and FASN oncogene 93)

inhibited apoptosis.
ESCC Upregulated Promoted cell proliferation ADAR oncogene (104)
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TABLE 3 Effects of USP38 on growth and metastasis of cancer xenografts.

Cancer type Animal models

CRC 6 weeks-old-female BALB/c nude mice
LUAD 6 weeks-old-female BALB/c nude mice
GC 6 weeks-old-male BALB/c nude mice
ESCC 5 weeks-old-female BALB/c nude mice

The method of predicting tumor prognosis by evaluating the
levels of biomarkers in serum has gained increasing attention.
Physicians can predict disease progression, treatment efficacy, and
survival expectations by assessing various indicators, thereby
continuously optimizing treatment strategies to improve patient
survival rates and quality of life (23, 24). In 2017, Dora Londra and
colleagues discovered the feasibility of predicting prostate cancer
prognosis by detecting the methylation level of the USP44 promoter
in serum. In their study, the researchers applied real-time
methylation-specific PCR technology and found no detection of
USP44 promoter methylation in the serum of healthy individuals
(n=10) and early-stage prostate cancer patients (n=32). However, in
patients with confirmed metastasis (n=39), 20 samples showed
positive detection of USP44 promoter methylation, with a
detection rate of 51.3% (25). This result suggests that USP44 can
be detected in serum and used to predict tumor prognosis.
Therefore, USP38, which belongs to the same family as USP44,
could theoretically also be detected in serum. Notably, based on
current research, we found that USP38 mainly exerts its regulatory
function during the post-translational modification phase, rather
than at the transcriptional stage. Therefore, unlike USP44, which is
detected through the methylation level of the promoter, the
substance for liquid biopsy should be the USP38 protein
molecule. In the future, we plan to further investigate the
regulatory mechanisms of USP38 and develop a highly sensitive
and specific serum USP38 detection technology, which will be
validated by assessing USP38 protein levels in the serum of
healthy individuals and patients with different tumor stages.

5 Animal studies of USP38

Related studies have found that in xenograft models of lung
adenocarcinoma and esophageal squamous cell carcinoma, the
tumor volume and size in the USP38 knockdown group were
significantly smaller than in the control group. In contrast, in
gastric cancer and lung adenocarcinoma models, overexpression
of USP38 promoted an increase in tumor volume and weight.
Additionally, it is noteworthy that, unlike the aforementioned
cancer types, in colorectal cancer animal models, overexpression
of USP38 resulted in smaller tumor volume and weight compared to
the control group (As shown in Table 3), suggesting that the
regulatory role of USP38 may vary across different malignant
tumors due to tissue-specific differences.

Frontiers in Immunology
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Function References
11USP38: |tumor growth 32)
11USP38: Ttumor growth
11USP38: Ttumor growth 98)
11USP38: |tumor growth
11USP38: Ttumor growth (93)
11USP38: [tumor growth (104)

6 The biological function and
mechanism of USP38

Recent studies have revealed that USP38 modulates critical
molecules in multiple signaling pathways, such as JAK2/STAT3,
miR-3165/METTL14/YTHDEF2, through deubiquitination, thereby
exerting an indirect influence on the malignant progression of
tumors (as shown in Figure 4).

6.1 downstream regulatory mechanisms

6.1.1 HDAC3

HDACS3, as a member of the Class I HDAC family, functions by
removing acetylation marks from histone proteins in the promoter
regions of downstream molecules, thereby suppressing the expression
of target genes (26). In malignancies, HDAC3 regulates multiple
signaling pathways, influencing tumor initiation and progression
(27, 28). In gastric cancer research, Wenjing Zhao and colleagues
discovered that HDACS3 is recruited by LINC00355 and binds to the
promoter region of TP53INP1. By removing acetylation marks from
histone H3, HDAC3 inhibits the transcription of TP53INP1 (29).
TP53INP1 has been identified as a tumor suppressor gene and, as a
target gene of P53, it effectively inhibits tumor cell proliferation and
promotes cell apoptosis (30, 31). As a multifunctional regulator,
HDACS3 activates multiple signaling pathways by deacetylating the
promoter regions of target molecules, indirectly influencing the
progression of malignant tumors. Given its importance, further
exploration of the regulatory mechanisms affecting HDAC3
expression is crucial. In the study of USP38 regulation of HDAC3
ubiquitination, Wei Zhan et al. found through Western blotting and
qPCR experiments that downregulation of USP38 expression
inhibited the transcriptional activity of tumor stemness-related
genes such as CD133 and SOX2 (32). However, current research
generally suggests that USP38 regulates the ubiquitination of target
proteins at the post-translational modification level, which implies
that USP38 may indirectly influence the expression of tumor
stemness-related genes by regulating downstream molecules.
Subsequent IP and ChIP experiments confirmed this hypothesis.
USP38, through its deubiquitinating activity, removes the K63
polyubiquitin chain at the K121 site of HDAC3, enhancing
HDAC3’s deacetylation of H3K27 in the promoter regions of
tumor stemness-related genes, thereby effectively regulating tumor
stem cell properties.
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FIGURE 4
USP38-related signaling pathways. Promotes —; Inhibits — (by Figdraw 2.0).

USP38 is one of the few deubiquitinating enzymes in the USP
family that has been shown to effectively regulate HDAC3 activity.
Although current research is primarily focused on colorectal cancer,
the downstream target HDAC3 has been shown to play a regulatory
role in various malignancies. Based on the protein interaction
between USP38 and HDACS3, we believe that the regulation and
activation of the USP38/HDACS3 signaling axis may be common
across multiple tumor types. Furthermore, USP38’s regulation of
HDACS3 does not affect its protein expression levels, suggesting that
the amino acid site regulating HDAC3 protein stability is not at
K121, and may be regulated at other sites by members of the USP
family. This requires further experimental screening.

6.1.2 HDAC1

HDACI and HDACS3, being members of the same family, share
functional similarities, including their deacetylase activity (33, 34).
However, the signaling pathways they regulate differ significantly,
particularly in malignancies (35, 36). Research has shown that
USP38 not only regulates the deacetylase activity of HDAC3 but
also affects the ubiquitination levels of HDACI and its deacetylase
activity. In studies on genotoxic stress response, Yongfeng Yang
et al. found that USP38 influences HDAC1’s deacetylase activity by
removing K63-linked polyubiquitin chains, thereby impacting

Frontiers in Immunology 06

DNA damage repair processes (37). It is noteworthy that USP38’s
regulation of HDACI and HDACS3 is similar: by deubiquitinating
both enzymes, USP38 enhances their deacetylase activity, yet this
effect does not alter their overall protein expression levels. Since
K63-linked polyubiquitin chains primarily influence the functional
activity of target proteins, while K48 chains mainly affect protein
degradation, the amino acid residues responsible for regulating
HDACI protein stability and deacetylase activity may not be the
same. It is likely that the amino acid residues that maintain HDACI1
stability are attached to K48-linked polyubiquitin chains. This
hypothesis has been validated by existing research. Yuhong Ma
et al. demonstrated that ABIN1 maintains HDACI protein stability
by removing K48-linked polyubiquitin chains from HDAC1 (38).

In conclusion, unlike USP38’s regulation of other target
proteins’ ubiquitination to affect their stability, USP38’s
regulation of HDACI1 ubiquitination directly enhances its
deacetylase activity, highlighting the diversity of USP38’s
regulatory functions. Furthermore, USP38’s regulation of HDAC1
enzyme activity indirectly participates in the DNA damage repair
process, providing new insights for clinical cancer treatment and
prevention. In cancer screening, detecting USP38 expression levels
can help assess a patient’s cancer risk. During tumor treatment,
analyzing USP38 expression levels in cancer tissues can be used to

frontiersin.org
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evaluate the patient’s prognosis and inform the development of
targeted treatment strategies.

6.1.3 LSD1

LSD1, as a demethylase, regulates gene transcription activity by
removing methylation marks from both histone and non-histone
proteins, thereby influencing the expression levels of proteins
encoded by specific genes (39, 40). In malignancies, LSD1 regulates
multiple downstream signaling networks and indirectly affects
various biological functions of malignant tumor cells by controlling
the expression of tumor-associated genes. Studies have found that
several members of the USP family regulate the expression of the
protein encoded by LSD1.In breast cancer, the deubiquitinating
function of USP7 enhances LSD1 protein stability, while CARM1
further enhances USP7’s positive regulation of LSD1 stability by
dimethylating the arginine residue at position R838 of LSD1. The
upregulated LSD1 then suppresses E-cadherin expression and
activates vimentin expression, promoting breast cancer cell
invasion and metastasis (41). Additionally, in glioma, Lei Yi et al.
found that USP7 also binds to LSD1 to exert deubiquitinating effects,
promoting tumor cell growth and proliferation, suggesting that USP7
regulates LSD1 expression across multiple tumor types (42). In
osteosarcoma, Wei Liu et al. discovered that polyubiquitin chains
attached to LSD1’s amino acid residues can be removed by USP22,
thereby stabilizing LSD1. The stabilized LSD1 then demethylates
histone H3 at the p21 promoter region, inhibiting the expression of
p21 (43). As a tumor suppressor gene, the downregulation of p21
results in the suppression of apoptosis. Similar to USP7 and USP22,
USP38 also maintains LSD1 protein stability by removing
polyubiquitin chains from its amino acid residues (44). However,
USP38 primarily relies on the cysteine residue (C454) in its USP
domain to catalyze this process. Since the catalytic active sites of these
three USPs are located at different positions, the amino acid residues
targeted by USP38 on LSD1 may also differ, suggesting that USP38’s
regulation of LSD1 is specific. Furthermore, given USP38’s positive
regulatory effect on LSD1, the development of USP38/LSD1-targeted
inhibitors could, in theory, effectively suppress the malignant
progression of specific tumors. However, this hypothesis requires
further experimental validation.

6.1.4 HMX3

HMX3 belongs to the homeobox gene family. Previous studies
have primarily focused on its role in the regulation of retinal and ear
development (45, 46). However, recent research has identified that
HMX3 also plays a role in regulating the malignant progression of
tumors. In acute myeloid leukemia (AML), Stefan Nagel et al. found
that HMX3 not only suppresses the expression of the eosinophil
differentiation-related gene EPX but also promotes the abnormal
activation of the ERK pathway, which in turn facilitates tumor cell
growth and proliferation (47). Additionally, in one subtype of AML,
MECOM-negative KMT2A:MLLT3 leukemia, Saioa Arza-
Apalategi et al. discovered that HMX3 promotes leukemia cell
proliferation by activating the expression of oncogenes such as
E2F and MYC (48). These findings indicate that HMX3 has a
positive promotive effect on certain tumors. However, in a
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subsequent study on colorectal cancer, Jun Wang et al. found that
the overexpression of HMX3 inhibits tumor cell proliferation,
suggesting that the regulatory role of HMX3 in tumors may be
tissue-specific. To further investigate the mechanism of HMX3’s
action, researchers conducted bioinformatics analysis to identify
genes associated with HMX3. The results revealed that USP38 is
correlated with HMX3. Subsequent immunoprecipitation and
deubiquitination experiments demonstrated that the inhibitory
effect of HMX3 on tumor cells is USP38-dependent: USP38’s
deubiquitinating activity enhances HMX3 protein stability, thus
strengthening its tumor-suppressive effect (49).

The positive regulatory effect of USP38 on HMX3 expression
indicates that in colorectal cancer, USP38 can influence tumor cell
growth by regulating multiple signaling pathways (such as the
USP38/HDACS3 signaling axis and the USP38/LSD1 signaling
axis). This highlights the complexity of USP38’s role in
tumor regulation.

6.1.5 c-Myc

c-Myc, as an important transcription factor, plays a key
regulatory role in tumor proliferation, metabolism, apoptosis, and
other processes (50). In osteosarcoma, Shizhe Li et al. found that c-
Myc is involved in the regulation of the p53/c-Myc/Cyclin D1
signaling pathway. By directly acting on the Cyclin D1 promoter
region, c-Myc promotes Cyclin D1 transcription, thereby
influencing tumor cell proliferation (51). In hepatocellular
carcinoma, Ruiqi Liu et al. discovered that c-Myc directly
activates the transcriptional activity of glycolytic genes such as
HK2, GLUTI1, and LDHA, effectively promoting the glycolysis
process in the tumor microenvironment (52). These findings
suggest that c-Myc’s regulation of downstream target molecules
can impact multiple tumor biological functions.

In the regulation of c-Myc gene expression, multiple molecules
can regulate c-Myc protein expression, particularly at the post-
translational modification level, where the protein stability of c-Myc
can be regulated by USP family members. In bladder cancer, Xia
Zhang et al. found that USP1 directly binds to c-Myc and removes
the ubiquitin tags on c-Myc through its deubiquitinating function
(53). In pancreatic cancer, Jichun Gu et al. discovered that USP7
also directly interacts with c-Myc to promote its protein stability
(54). In the aforementioned studies, USP1 and USP7 directly
regulate c-Myc, while other research has shown that USP38 can
indirectly regulate c-Myc expression. Zhijun Xu et al. found that
phosphorylated c-Myc can be recognized and bound by FBW7q,
leading to its ubiquitination and degradation. USP38, however, can
inhibit this process by binding to FBW7a, thereby indirectly
maintaining c-Myc protein stability (55).

Unlike USP38’s direct interactions with other molecules, its
regulation of c-Myc is indirect, reflecting its diversity in regulatory
functions. Furthermore, USP38 mutants with lost catalytic activity
are still able to bind to FBW70, demonstrating that USP38’s
regulation of other molecules is not solely dependent on its
deubiquitinating activity, highlighting its functional diversity.
However, the current research on the structure and function of
USP38 remains insufficient. Further exploration of the different
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functional domains in the USP38 amino acid sequence will not only
deepen our understanding of its multifunctionality but also provide
a theoretical foundation for the development of USP38 inhibitors.

6.1.6 HIF-1a

HIF-1o is a transcription factor that is activated under hypoxic
conditions. It binds with HIF-1f in the nucleus to form the HIF-1
complex, which promotes the transcription of target genes by
recognizing hypoxia response elements (HREs) in their promoter
regions. Under normal physiological conditions, HIF-1a. expression
levels are very low, but it still regulates the expression of
corresponding genes to help cells adapt to the hypoxic
microenvironment. In malignant tumors, HIF-10., in response to
low oxygen levels, plays a critical role in multiple biological
processes, including tumor cell migration and invasion, tumor
angiogenesis, and immune evasion (56). In research on tumor
immune evasion, Christopher M. Bailey et al. found that HIF-1o
directly regulates the transcription of PD-L1 by acting on the core
hypoxia response element (HRE) in the PD-L1 promoter.
Furthermore, aberrant expression of HIF-1o not only promotes
PD-L1 expression but also suppresses the function of tumor-
infiltrating lymphocytes (TILs), ultimately activating tumor
immune evasion (57).

The expression level of HIF-1o protein is primarily influenced
by oxygen levels. Under normal or high oxygen conditions, the
proline residues of HIF-1o: are hydroxylated by prolyl hydroxylases,
and the subsequently activated ubiquitin ligase system accelerates
the degradation of HIF-lo. In contrast, under low oxygen
conditions, the activity of prolyl hydroxylases is inhibited, leading
to an upregulation of HIF-10: expression. The expression of HIF-1o
is regulated by several members of the USP family, with different
regulatory mechanisms at play. In colorectal cancer, Kateryna
Kubaichuk et al. found that USP10 indirectly promotes the
synthesis of HIF-lo. protein by activating the mTOR/S6K
signaling pathway (58). In hepatocellular carcinoma, Qiaonan
Shan et al. discovered that phosphorylation of the 1943rd serine
residue of MYHO recruits USP22 to bind with HIF-1o.. USP22 then
removes the ubiquitin tags from HIF-10, maintaining its protein
stability (59). Furthermore, Mikael Altun et al. found that USP19
can help maintain HIF-1ow protein stability by directly interacting
with the PAS and bHLH domains at the N-terminal of HIF-1q,
without relying on its deubiquitinating activity (60). Notably,
USP38’s regulation of HIF-1a is similar to the function of USP22.
In non-small cell lung cancer, USP38, upon binding with HIF-1a,
removes the K11-linked polyubiquitin chains at Lys 769 of HIF-1a,
preventing its proteasomal degradation and thereby maintaining
the stability of the HIF-1a protein (61).

The maintenance of HIF-lou protein stability by USP38 has
significant clinical implications. Unlike the indirect regulation by
USP10 and the non-catalytic binding function of USP19, the classic
deubiquitinating activity of USP38 makes it a potential new therapeutic
target for non-small cell lung cancer (NSCLC). In the context of
increasing resistance to various conventional targeted therapies, the
development of USP38-targeted inhibitors for NSCLC could
potentially offer more precise and effective tumor treatments.
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6.1.7 JAK2/STAT3 signaling pathway

The JAK2/STAT3 signaling pathway is one of the most
common intracellular signaling pathways and is essential for the
maintenance of normal cellular homeostasis. However, when this
pathway is aberrantly activated, STAT3 regulates the transcription
and abnormal expression of downstream molecules associated with
tumor progression. In the development of malignant tumors, the
JAK2/STAT3 signaling pathway primarily participates in the
regulation of biological functions such as tumor cell growth,
proliferation, migration, invasion, and apoptosis. For example, in
nasopharyngeal carcinoma, Yuting Zhan et al. discovered that
G3BP1, an RNA-binding protein, directly binds to JAK2 mRNA
to promote JAK2 expression and transcription. This further
activates the JAK2/STAT3 signaling pathway, leading to the
malignant behaviors of nasopharyngeal carcinoma cells, such as
increased proliferation, migration, and invasion. Recent studies
have shown that most members of the USP family are involved in
regulating the aberrant activation of the JAK2/STAT3 signaling
pathway in malignant tumors (62). Based on current research, the
USPs that positively regulate this pathway include: USP4, USP5,
USP8, USP9X, USP14, USP17, USP18, USP21, USP22, USP24,
USP28, and USP30. The USPs that negatively regulate this
pathway include: USP15 and USP38, while USP7 has a dual
regulatory role (63-75). Similar to the negative regulation by
USP15, Ting Hu et al. found that overexpression of USP38 in
glioma inhibits the aberrant activation of the JAK2/STAT3
signaling pathway, likely through its deubiquitinating activity.
Furthermore, related studies have also found that USP38
effectively promotes vemurafenib-mediated inhibition of
downstream molecules such as MMP and LAMP, thereby
reducing the migration and invasion capabilities of tumor cells.
This tumor-suppressing function of USP38 makes it a potential
novel target for targeted therapy in glioma (76).

It is noteworthy that, in contrast to the positive regulatory role
of USP38 in malignancies such as gastric and colorectal cancers,
USP38’s suppression of JAK2/STATS3 signaling pathway activation
in glioma demonstrates its dual role in tumor regulation. This
characteristic makes USP38 a promising candidate for targeted
cancer therapy, as the USP38/JAK2/STAT3 signaling axis
regulation may be specific to certain malignancies, such as glioma.

6.1.8 PD-L1

PD-L1, as a cell membrane protein, can bind to its receptor PD-1
under physiological conditions, exerting immunosuppressive
functions by inhibiting T cell activation and proliferation (77). In
the tumor microenvironment, PD-L1 helps tumor cells evade
recognition and attack by immune cells, thereby effectively
promoting tumor malignancy.

Regarding whether USP38 directly or indirectly regulates PD-L1
expression, this issue was mentioned in the study by Zhiru Wang et al.
Based on data obtained from the GEPIA database, the researchers
conducted a correlation analysis and found that USP38 is positively
correlated with PD-L1 in gastric cancer (78). However, this study did
not experimentally validate the specific interaction mechanism
between USP38 and PD-LI. It is noteworthy that, similar to
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USP38, Yu Wang et al. found that USP22 also exhibits a positive
correlation with PD-L1 expression. Through Western blot and
immunoprecipitation experiments, the researchers discovered that
USP22 can directly bind to PD-L1 and remove the ubiquitin chains
from multiple lysine residues on PD-L1 through its deubiquitination
activity (79). Based on the functional similarities between USP22 and
USP38, we hypothesize that USP38 may also directly bind to PD-L1
to exert its deubiquitination function. Furthermore, according to
existing research, USP38 has been shown to regulate the stability
of HIF-1a protein in non-small cell lung cancer (NSCLC). HIF-1o.
has been proven to be a target of EZH2 and regulates PD-L1
expression in NSCLC (80), suggesting that USP38 may indirectly
regulate PD-L1 expression.

In conclusion, whether USP38 regulates PD-L1 expression
directly or indirectly, it plays a role in the tumor immune evasion
process. Moreover, the promotion of PD-L1 expression by USP38
contributes to immune evasion by tumor cells, which undoubtedly
increases the potential for resistance to PD-L1 inhibitors. Therefore,
in the future, we will further experimentally validate the specific
regulatory mechanisms of USP38 on immune regulatory factors,
such as PD-LI.

6.1.9 Survivin

Survivin, a member of the inhibitor of apoptosis protein (IAP)
family, regulates biological processes such as cell proliferation and
apoptosis. In malignant tumors, the high expression of Survivin and its
regulatory role in tumor growth make it a potential target for cancer
therapy (81). Several inhibitors targeting Survivin, including YM155,
FL-118, and EM-1421, have been discovered. These inhibitors
effectively block tumor progression by targeting and suppressing
Survivin expression. In studies exploring the maintenance of
Survivin protein stability, USP1 (82), USP2 (83), USP22 (84), USP35
(85), and USP36 (86)have all been shown to remove the polyubiquitin
chains attached to Survivin’s amino acid residues through their
deubiquitinating activity, preventing its degradation by the
proteasome. Similarly, Wei Wang et al. discovered that USP38 also
maintains Survivin protein stability by removing the polyubiquitin
chains attached to it. This positive regulatory role suggests that USP38
may serve as a potential tumor biomarker involved in regulating tumor
cell growth (85).However, current research on the USP38/Survivin
signaling axis is limited to breast cancer and hepatocellular carcinoma.
Whether this regulatory function occurs in other tumors remains to be
further validated through experiments.

6.1.10 FASN

FASN (fatty acid synthase) is a key regulatory molecule in
fat metabolism, catalyzing the conversion of acetyl-CoA and
malonyl-CoA into palmitic acid. With the increasing focus on tumor
microenvironment research in recent years, FASN has been found to
play a significant role in tumor growth, proliferation, and immune
evasion (87). FASN in the tumor microenvironment is regulated
directly or indirectly by several upstream molecules, and this
regulation determines the levels of fatty acids and other nutrients in

Frontiers in Immunology

10.3389/fimmu.2025.1612723

the tumor microenvironment, influencing tumor cell metabolism and
growth. For example, in colorectal cancer, long-chain non-coding RNA
POUG6F2-ASI promotes the expression of YBX1 by directly binding to
it, and YBX1, in turn, binds to the promoter region of FASN to activate
its transcription. The aberrant expression of FASN promotes the
synthesis of new fatty acids, effectively regulating the tumor
microenvironment of colorectal cancer cells (88). Additionally, FASN
enhances the immune evasion capability of tumor cells. In
hepatocellular carcinoma, Jiao Huang et al. found that palmitic acid
synthesized by FASN can bind to the cysteine residues of MHC-I under
the induction of DHHC3, leading to the palmitoylation of MHC-I.
While MHC-I plays a crucial role in antigen presentation,
palmitoylation of MHC-I results in the loss of this immune function,
impairing its ability to clear tumors (89). Furthermore, effectively
inhibiting FASN expression can significantly block tumor cell
growth. In oral squamous cell carcinoma, de Almeida et al.
discovered that after treatment with the FASN inhibitor Orlistat, the
expression of Cyclin Bl, a downstream regulator of the cell cycle,
significantly decreased, leading to tumor cell apoptosis (90). This
suggests that inhibiting FASN expression may enhance tumor cell
sensitivity to chemotherapy drugs.

The stability of FASN protein expression is regulated by various
post-translational modifications, such as acetylation, palmitoylation,
and ubiquitination. In studies on nasopharyngeal carcinoma radio-
sensitivity, Yuting Chen et al. found that the CAT catalytic domain of
USP14 can bind to the TE and MAT functional domains on FASN,
and through its deubiquitinating activity, prevents FASN from being
degraded by the proteasome (91). In studies on the malignant
progression of osteosarcoma, VCP recruits USP2 to act on FASN,
removing the K48 polyubiquitin chains on FASN to block its
degradation. The FASN/USP2/VCP axis effectively promotes
autophagy in tumor cells (92). In gastric cancer, researchers found
that USP38, similar to USP2 and USP14, also prevents FASN
degradation by removing polyubiquitin chains from the amino acid
sequence of FASN, with this process catalyzed by thiol groups (93).

Like other members of the USP family, USP38 can regulate FASN
protein expression, indicating that USP38 has the potential to indirectly
regulate lipid metabolism in the tumor microenvironment.
Additionally, since FASN has been shown to be an oncogenic
protein, the regulation of FASN by USP38 may not be limited to
gastric cancer. It is necessary to validate the activation of the USP38/
FASN signaling pathway in more tumor types. Such exploration of
tumor universality will provide strong theoretical support for the
development of USP38 inhibitors.

6.2 upstream regulatory mechanisms

Compared to the downstream regulatory factors and signaling
pathways regulated by USP38, research on upstream pathways is
relatively scarce. It has only been found that the SENP2 and PIASI,
ADAR, and METTL14 signaling axes participate in the regulation
of USP38 expression.
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6.2.1 KLF5

KLF5 (Kruppel-like factor 5), a transcription factor containing a
zinc finger domain, directly acts on specific sequences in the
promoters of target genes to regulate transcription (94). KLF5 has
been shown to play an oncogenic role in various malignant tumors
by indirectly affecting tumor growth, proliferation, malignant
metastasis, and the maintenance of tumor microenvironment
homeostasis through the regulation of signaling pathways (95). In
pancreatic cancer, KLF5 acts on the TCCCCTTCCC sequence in
the promoter of the downstream target BRCAI, promoting
transcription and increasing BRCA1 expression levels. High levels
of BRCA1 are then recruited to DNA damage sites by y-H2AX,
repairing broken DNA double strands and preventing tumor cell
apoptosis. KLF5 can also regulate the expression of downstream
tumor-related molecules. Similarly, KLF5 expression is regulated by
various upstream factors (96). The maintenance of KLF5 protein
homeostasis is regulated by both ubiquitination and
deubiquitination processes. Several molecules, such as WWPI1
and NEDD4L, promote the degradation of KLF5 through
ubiquitination, while others, including USP38, USP3, UCHLI,
and ATXN3L, inhibit KLF5 degradation via deubiquitination. In
breast cancer, Yingying Wu et al. found that the carboxyl-terminal
active region of USP3 (residues 111-521aa) binds to the amino-
terminal region of KLF5 (residues 1-200aa) to promote KLF5
expression via deubiquitination (97). Similarly, in lung
adenocarcinoma, USP38 also exerts deubiquitination activity on
KLF5. Tao Zhang et al. found that through Co-IP experiments and
ubiquitination assays, USP38 can bind to KLF5 and remove
ubiquitination marks from KLF5 via deubiquitination. To further
clarify the specific binding site of USP38 on KLF5, the researchers
constructed amino acid sequence deletion mutants of both proteins.
The results showed that the amino acid sequence 1-400 of USP38
could directly bind to the 1-200 aa fragment of KLF5 (98). Notably,
unlike USP3, the active region of USP38 is located at the amino
terminus (1-400aa), indicating that although both USP38 and USP3
bind to the same active region of KLF5, the differences in their
respective active regions may lead to differential sensitivity in
regulating KLF5 expression.In addition, researchers have found
that the regulation of KLF5 expression by USP38 is also
influenced by upstream SUMO modification. Results from IP and
Western blotting experiments showed that the de-SUMOylase
SENP2, after binding with USP38, inhibits USP38’s
deubiquitination activity on KLF5. On the other hand, when the
SUMOylase PIAS1 binds with USP38, it promotes USP38’s cleavage
of the ubiquitin chain on KLF5. These results indicate that the
activation of the USP38-KLF5 signaling axis is dynamically
regulated by upstream SUMOylation modifications. However, it is
worth noting that the study did not further explore how the
upstream pathways regulate the expression of SENP2 and PIASI.

Currently, there is still a lack of systematic quantitative analysis
comparing the effects of different USPs on KLF5 expression levels.
Given that investigating the differences in USP regulation of KLF5
expression is important for the development of USP inhibitors,
more experiments are needed in the future to further validate the
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differential regulation of KLF5 by various USPs. Furthermore, it is
noteworthy that in lung adenocarcinoma, KLF5 not only regulates
the KLF5-MLK4-PCK1 signaling axis but also influences drug
metabolism pathways associated with Cytochrome P450 enzymes,
highlighting the importance and complexity of KLF5 in regulating
lung adenocarcinoma development. Since the regulation of tumor-
associated signaling pathways by KLF5 is USP38-dependent, USP38
becomes a potential therapeutic target for lung adenocarcinoma,
providing a new direction for the precise treatment of
lung adenocarcinoma.

6.2.2 ADAR

ADAR (Adenosine Deaminases Acting on RNA) is an enzyme
with catalytic activity that primarily catalyzes the deamination of
adenosine on single-stranded RNA. Through the process of RNA
editing, ADAR converts adenosine (A) to inosine (I), thereby
influencing the subsequent gene expression of specific molecules
(99). In addition to regulating the physiological functions of normal
cells, ADAR has also been shown to play a role in regulating the
initiation and progression of several malignant tumors. In both
breast cancer and glioblastoma, ADAR regulates tumor progression
through the p53 signaling pathway, but it exhibits completely
opposite effects in these two cancers. In breast cancer, ADAR
suppresses p53 expression, weakening the tumor-suppressive
effect of the p53 signaling pathway and promoting breast cancer
cell growth and proliferation. However, in glioblastoma, ADAR,
upon being recruited by the IncRNA BDNEF-AS, forms a functional
complex by binding to p53 mRNA. This interaction enhances the
stability of p53 mRNA and effectively inhibits tumor cell growth
(100, 101). The dual role of ADAR in regulating tumor progression
in different cancers suggests that ADAR’s regulation of downstream
signaling pathways may be tissue-specific.

To investigate whether ADAR plays a similar regulatory role in
esophageal squamous cell carcinoma (ESCC), Junjing Qiao et al.
hypothesized that ADAR could serve as a novel biomarker for
ESCC based on its RNA editing function (102). Further mechanistic
studies confirmed their hypothesis, with Zhong Wu et al.
discovering that overexpression of SOX2 activates gene loci with
ERV sequences and increases the chromatin accessibility of these
regions, which subsequently enhances dsSRNA accumulation. Since
ADAR can reduce the toxicity caused by dsRNA accumulation, the
increased accumulation of dsSRNA undoubtedly increases tumor cell
dependence on ADAR (103). This dependency effectively
demonstrates ADAR’s regulatory role in the malignant
progression of ESCC. In recent years, with the ongoing research
into ADAR’s regulatory mechanisms, Qingyong Hu et al.
discovered that in ESCC, ADAR can indirectly affect the
occurrence and development of malignant tumors by regulating
the expression of USP38. However, differing from previous research
approaches that directly explored USP38 downstream target
molecules, the researchers, after referencing the deubiquitination
function of USP4, constructed USP38 wild-type and inactive
mutant variants. Immunoprecipitation experiments demonstrated
that USP38 requires the catalytic activity site C454 to perform its
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own deubiquitination function. The researchers then conducted IP
and co-IP experiments and constructed various mutants of USP38
and ADAR. The results indicated that ADAR specifically binds to
the USP domain of USP38 through its own deaminase domain
(591-926 aa) and promotes its expression. Therefore, ADAR is
considered an enhancer of USP38 expression.

It is important to note that while USP38 has been shown to
influence the malignant progression of various tumors through the
regulation of tumor-related factors, most research on USP38’s
mechanisms has focused on downstream signaling pathways, with
insufficient exploration of the upstream regulatory molecules
controlling USP38 expression. The discovery of the ADAR-
USP38 signaling axis deepens our understanding of USP38’s
tumor regulation mechanisms and provides new insights for the
further development of USP38-targeted inhibitors.

6.2.3 METTL14

METTL14 is a protein with methyltransferase catalytic activity
that regulates various biological processes through m6A
modification (105). In recent years, studies have shown that
abnormal m6A levels are closely associated with the malignant
progression of tumors, and METTL14 can influence the activation
of multiple downstream tumor-related signaling pathways by
regulating m6A modifications. In colorectal cancer, Xiaoxiang
Chen et al. discovered that METTL14 promotes the m6A
modification of SOX4 mRNA, leading to a decrease in SOX4
expression. This modification blocks the activation of the EMT
and PI3K/Akt pathways, thus inhibiting tumor growth (106). In
pancreatic cancer, Min Wang et al. found that METTL14-induced
m6A modification is added to the 3’-UTR region of PERP mRNA,
effectively inhibiting its transcription and expression. Known as a
p53-dependent effector with tumor-suppressing functions, the
inhibition of PERP promotes the growth and proliferation of
pancreatic cancer cells (107).

METTL14’s protein stability is regulated by various molecular
modifications. Zhancheng Zeng et al. found that STUBI, acting as
an E3 ubiquitin ligase, promotes the formation of polyubiquitin
chains at lysine residues K148, K156, and K162 of METTL14 upon
binding, leading to accelerated proteasomal degradation of
METTL14 (108). Additionally, Zizhao Yang et al. discovered that
NBR1, a selective autophagy receptor protein, induces the entry of
METTLI14 into autophagosomes for degradation by recognizing
and binding METTL14 (109). These findings suggest that STUBI
and NBRI1 play important roles in maintaining METTL14’s stability
and preventing its overexpression. Interestingly, in contrast to the
functions of the aforementioned molecules, USP38 positively
regulates METTL14 expression through a deubiquitination
mechanism. In bladder cancer, Ji Huang et al. found that
METTLI14 enhances USP38 mRNA stability by regulating m6A
modifications, and USP38, in turn, deubiquitinates METTL14,
promoting its expression by removing polyubiquitin chains from
METTL14’s amino acid residues (110). The positive feedback loop
mediated by USP38 effectively inhibits the malignant progression of
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bladder cancer, underscoring its important role in the regulatory
mechanism of METTL14.

In recent years, various inhibitors targeting METTL3 have been
discovered, but the development of METTLI14 inhibitors has
encountered significant challenges, likely due to the relatively low
catalytic activity of METTL14. The discovery of the USP38/
METTL14 positive feedback loop regulation mechanism
undoubtedly addresses the difficulty in identifying new targets,
providing a new direction for inhibitor development. Moreover,
targeting both USP38 and METTL14 in therapy could theoretically
enhance the inhibition of bladder cancer tumor cells, offering new
insights and recommendations for targeted treatment of
bladder cancer.

7 Current status and prospects of
USP38 inhibitors

In the current study, USP38 has been confirmed to play a
crucial regulatory role in the occurrence and progression of various
malignancies. This finding provides a key foundation for the
development of USP38 inhibitors, highlighting their significance
in clinical targeted therapies. Therefore, although no USP38
inhibitors have been published so far, by referencing the
mechanisms and principles of other popular small-molecule USP
inhibitors (such as USP7 inhibitors P5091 and PU7-1), we can still
offer ideas and theoretical foundations for future USP38
inhibitor development.

Due to their structural and functional adaptability, broad
application scope, and excellent drug-like properties, small-
molecule compounds have become one of the most commonly
used substances in inhibitor development. P5091 is a trisubstituted
thienyl compound, and in 2012, Dharminder Chauhan and
colleagues first demonstrated through high-throughput screening
that P5091 can act as a specific inhibitor of USP7, effectively
inhibiting USP7 expression. In this study, the researchers
confirmed the specific mechanism of P5091 in inhibiting USP7
through isopeptidase activity analysis: USP7 removes Ub7 and K48
polyubiquitin chains from target protein amino acid residues,
thereby preventing the target protein from being degraded by the
proteasomal system. P5091 specifically recognizes the catalytic
active site of USP7, hindering USP7’s precise cleavage of specific
ubiquitin chains (111). Similarly, USP38 also possesses
deubiquitinating activity, removing single ubiquitin or
polyubiquitin chains from target proteins. Existing studies show
that the catalytic active site of USP38 is C454, which can recognize
and bind various ubiquitin chains, including K11 chains on HIF1a,
K33 chains on TBKI1, K48 chains on JunB, and K63 chains on
HDACS3. This reflects the diverse regulatory functions of USP38.
Therefore, based on the development strategy of P5091, we can
similarly screen known compound libraries for molecules that
specifically bind to the catalytic active site of USP38 and
effectively inhibit its deubiquitination activity. Subsequently, we
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can perform activity and specificity tests to select the ideal
USP38 inhibitor.

PROTAC (Proteolysis-Targeting Chimera) is a bifunctional
small molecule developed based on the ubiquitin-proteasome
system and is a product of new precision targeting regulation
technology. It consists of a ligand for the target protein, an E3
ubiquitin ligase, and a linker, and, after binding to the specific target
protein, activates the intracellular proteasomal system to degrade
the target protein (112). In the study by Jingjie Yi and colleagues,
based on the catalytic activity of USP7 at C223, the researchers
designed and screened PROTAC compounds, including PU7-1.
This compound specifically binds to USP7 in triple-negative breast
cancer and promotes its degradation by activating the proteasome.
The downregulation of USP7 expression significantly inhibits the
proliferation and growth of breast cancer cells. Based on these
findings and the structure and function of USP38, we propose a
design strategy for USP38 inhibitors. By analyzing the 3D structure
of USP38 and using high-throughput screening techniques, we can
theoretically identify target protein ligands and E3 ligase ligands
(such as CRBN, VHL, etc.) and various types of linkers that can
bind to the catalytic amino acid residue C545 of USP38. Then, we
can perform in vitro experiments by introducing different PROTAC
compounds into USP38-overexpressing cell lines. After culturing
for a certain period, we can use western blotting to assess USP38
protein expression levels in different groups, selecting the
compounds with the best inhibitory effects. Finally, after ensuring
selectivity and tissue specificity, we can identify USP38 inhibitors
suitable for specific tumors and signaling pathways (113).

In summary, the development of USP38 inhibitors can be
achieved through various technical approaches. However, it is
important to note that under the influence of various factors,
such as the tumor microenvironment, cell type, and genetic
background, the regulatory role of USP38 in malignancies may
exhibit tissue specificity. Therefore, in different malignancies, we
need to select appropriate inhibitors based on the characteristics of
USP38 substrates and its specific regulatory mechanisms in the
tumor, aiming to improve therapeutic response rates and safety
while effectively minimizing off-target effects and drug resistance.

8 Discussion and prospect

USP38, a key member of the ubiquitin-specific protease (USP)
family, exerts critical control over cellular protein homeostasis
through its canonical deubiquitinase (DUB) activity. By recognizing
and cleaving polyubiquitin chains from target substrates, USP38
modulates protein stability and function, thereby influencing
downstream signaling cascades. Within the context of malignant
tumors, USP38 has emerged as a significant regulator, impacting
fundamental biological processes including proliferation, migration,
invasion, and therapeutic resistance via specific substrate targeting.
However, a unifying model for USP38’s role in cancer remains elusive.
Accumulating evidence points towards a complex, dichotomous
function, where USP38 can act as either an oncogene or a tumor
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suppressor, precluding simple classification. In colorectal cancer,
overexpression of USP38 can activate downstream tumor-
suppressive signaling pathways by promoting the expression of key
regulatory factors such as HMX3 and HDAC3. However, in malignant
tumors such as lung adenocarcinoma, overexpression of USP38 does
not promote the activation of the aforementioned tumor-suppressive
signaling pathways. Instead, it drives the development of malignancies
by promoting the expression of oncogenic factors such as KLF5. This
selective regulation of USP38 has been validated in various
malignancies. Therefore, we hypothesize that USP38 regulation in
tumors may exhibit tissue specificity, selectively activating particular
regulatory factors or signaling networks in different malignancies,
thereby influencing tumorigenesis and progression.

Furthermore, the influence of USP38 extends beyond tumor
cell-intrinsic effects into the complex milieu of the tumor
microenvironment (TME). Evidence indicates its involvement in
modulating hypoxia responses, metabolic reprogramming, immune
cell interactions, cytokine/chemokine profiles, angiogenesis, and
stromal dynamics. This interplay between USP38 activity and the
TME adds another layer of complexity, suggesting that its net effect
on tumorigenesis is orchestrated by a dynamic interplay between
cell-autonomous functions and microenvironmental cues.
Therefore, understanding the dual role of USP38 necessitates
dissecting these intricate, context-dependent interactions within
specific tumor ecosystems.

Despite burgeoning interest, significant knowledge gaps persist in
the USP38 field, limiting a comprehensive understanding and
hindering translational efforts. Firstly, while studies span multiple
cancer types, mechanistic investigations often lack sufficient depth.
Research predominantly focuses on USP38’s regulation of
downstream targets, frequently neglecting the upstream signaling
pathways and regulatory factors that govern USP38 expression and
activity itself. This incomplete view of the regulatory network can
confound interpretation and potentially yield conflicting findings.
Secondly, a paucity of robust in vivo validation, particularly in
malignancies like colorectal cancer, limits the physiological
relevance of some findings derived primarily from in vitro systems.
Thirdly, the role of USP38 in therapeutic resistance constitutes a
critical yet underexplored area. Although preliminary data, such as
the observed sensitization of HCT 116 cells to Oxal/5-FU upon
USP38 overexpression, hint at its potential significance, systematic
investigation across diverse cancer types and treatment modalities is
largely absent. This represents a major research lacuna with direct
clinical implications. Lastly, our structural and functional
understanding of USP38 remains rudimentary. While Co-
immunoprecipitation (Co-IP) experiments confirm interactions, the
precise mapping of catalytic sites and the structural basis for substrate
recognition are often missing. The intriguing observation that
USP38-mediated KLF5 deubiquitination might involve a region
outside the canonical USP domain (residues 1-400) further
underscores the need for detailed structural biology studies to
potentially reveal non-canonical catalytic mechanisms or
interaction interfaces. This ambiguity presents limitations for
rational drug design and mechanistic dissection.
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The modulation of tumor progression and therapeutic
sensitivity by USP38 positions it as an attractive, albeit
challenging, therapeutic target. The potential clinical value of
modulating USP38 activity, particularly in sensitizing tumors to
existing therapies, warrants exploration of specific inhibitors.
Currently, USP38 inhibitor development remains in its nascent
stages. Strategies mirroring those used for other DUBs, including
high-throughput screening (HTS), structure-based drug design
(SBDD), fragment-based screening (FBS), and covalent inhibitor
design targeting catalytic residues or protein-protein interactions
(PPIs), are theoretically applicable. However, key challenges
encompass achieving high selectivity over other closely related
USPs to minimize off-target toxicities, optimizing
pharmacokinetic and pharmacodynamic properties, identifying
reliable predictive biomarkers for patient stratification, and fully
elucidating USP38’s diverse biological functions to anticipate
potential on-target liabilities. While the prospects for USP38
inhibitors as monotherapy are uncertain, combination strategies
integrating USP38 modulation with chemotherapy, immune
checkpoint inhibitors (ICIs), targeted agents, or potentially gene
therapies hold promise for synergistic efficacy and deserve thorough
investigation. The precedent set by inhibitors targeting other USPs,
such as the clinical and preclinical progress with USP7 inhibitors
(e.g., P5091 targeting Cys223), provides a valuable conceptual
framework and technological insights applicable to USP38 drug
discovery efforts. Identifying and targeting specific active sites —
whether canonical or potentially non-canonical - remains a central
goal for developing potent and selective inhibitors.

In summary, this review synthesizes recent advancements
delineating the complex regulatory landscape governed by USP38
in cancer. We have summarized its aberrant expression patterns,
highlighted its multifaceted roles in modulating tumor biology and
the TME, and detailed the molecular mechanisms underpinning its
context-dependent functions. USP38 clearly plays a pivotal role in
malignant progression, and targeting its activity represents a
promising avenue for novel therapeutic interventions. However,
significant challenges persist regarding its intricate structure-
function relationships, its precise contribution to drug resistance,
and the development of clinically viable inhibitors. Future research
must prioritize (1): Deep mechanistic studies elucidating both
upstream regulatory inputs and downstream effector pathways in
diverse, physiologically relevant models (including in vivo systems)
(2); Systematic investigation of USP38’s role in resistance to various
anti-cancer therapies across multiple tumor types (3); Detailed
structural and functional characterization of USP38, including
mapping all potential catalytic sites and substrate interaction
interfaces; and (4) Rigorous preclinical validation of USP38
inhibitors, both as monotherapy and in combination regimens.
Addressing these critical questions will be instrumental in fully
understanding USP38’s biology and realizing its translational
potential in oncology.

Frontiers in Immunology

10.3389/fimmu.2025.1612723

Author contributions

JL: Writing - original draft, Writing - review & editing.
JZ: Writing - original draft. JY: Writing - original draft.
YX: Writing - original draft. QY: Writing - original draft.
GZ: Writing - original draft. SD: Writing - original draft.
XW: Writing - review & editing, Writing - original draft.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

Appreciation is extended to the Figdraw platform, which
facilitated the creation of the figures in this manuscript.
Appreciation is extended to the AlphaFold platform, which
facilitated the construction of the USP38 protein prediction
model in this manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1612723
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

References

1. Frick C, Rumgay H, Vignat J, Ginsburg O, Nolte E, Bray F, et al. Quantitative
estimates of preventable and treatable deaths from 36 cancers worldwide: a population-
based study. Lancet Glob Health. (2023) 11:¢1700-el2. doi: 10.1016/52214-109X(23)
00406-0

2. Shih YT, Owsley KM, Nicholas LH, Yabroff KR, Bradley CJ. Cancer’s Lasting
Financial Burden: Evidence From a Longitudinal Assessment. ] Natl Cancer Inst. (2022)
114:1020-8. doi: 10.1093/jnci/dja6064

3. Cheatley J, Aldea A, Lerouge A, Devaux M, Vuik S, Cecchini M. Tackling the
cancer burden: the economic impact of primary prevention policies. Mol Oncol. (2021)
15:779-89. doi: 10.1002/1878-0261.12812

4. Chen S, Cao Z, Prettner K, Kuhn M, YangJ, Jiao L, et al. Estimates and Projections
of the Global Economic Cost of 29 Cancers in 204 Countries and Territories From 2020
to 2050. JAMA Oncol. (2023) 9:465-72. doi: 10.1001/jamaoncol.2022.7826

5. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2024) 74:229-63. doi: 10.3322/
caac.21834

6. Parsons HM, Gupta A, Jewett P, Vogel RL. The intersecting time, administrative,
and financial burdens of a cancer diagnosis. ] Natl Cancer Inst. (2025) 117:595-600.
doi: 10.1093/jnci/djae252

7. Bhat GR, Sethi I, Sadida HQ, Rah B, Mir R, Algehainy N, et al. Cancer cell
plasticity: from cellular, molecular, and genetic mechanisms to tumor heterogeneity
and drug resistance. Cancer Metastasis Rev. (2024) 43:197-228. doi: 10.1007/s10555-
024-10172-z

8. Challa S, Khulpateea BR, Nandu T, Camacho CV, Ryu KW, Chen H, et al
Ribosome ADP-ribosylation inhibits translation and maintains proteostasis in cancers.
Cell. (2021) 184:4531-46.€26. doi: 10.1016/j.cell.2021.07.005

9. Snyder NA, Silva GM. Deubiquitinating enzymes (DUBs): Regulation,
homeostasis, and oxidative stress response. J Biol Chem. (2021) 297:101077.
doi: 10.1016/j.jbc.2021.101077

10. Li Y, Reverter D. Molecular Mechanisms of DUBs Regulation in Signaling and
Disease. Int ] Mol Sci. (2021) 22(3):986. doi: 10.3390/ijms22030986

11. Clague MJ, Urbé S, Komander D. Breaking the chains: deubiquitylating enzyme
specificity begets function. Nat Rev Mol Cell Biol. (2019) 20:338-52. doi: 10.1038/
541580-019-0099-1

12. LiKQ, Bai X, Ke AT, Ding SQ, Zhang CD, Dai DQ. Ubiquitin-specific proteases:
From biological functions to potential therapeutic applications in gastric cancer.
BioMed Pharmacother. (2024) 173:116323. doi: 10.1016/j.biopha.2024.116323

13. Chen S, Liu Y, Zhou H. Advances in the Development Ubiquitin-Specific
Peptidase (USP) Inhibitors. Int ] Mol Sci. (2021) 22(9):4546. doi: 10.3390/ijms22094546

14. Chen R, Zhang H, Li L, Li J, Xie J, Weng J, et al. Roles of ubiquitin-specific
proteases in inflammatory diseases. Front Immunol. (2024) 15:1258740. doi: 10.3389/
fimmu.2024.1258740

15. Kitamura H. Ubiquitin-Specific Proteases (USPs) and Metabolic Disorders. Int |
Mol Sci. (2023) 24(4):3219. doi: 10.3390/ijms24043219

16. Xu Q, Liu M, Gu J, Ling S, Liu X, Luo Z, et al. Ubiquitin-specific protease 7

regulates myocardial ischemia/reperfusion injury by stabilizing Keapl. Cell Death
Discov. (2022) 8:291. doi: 10.1038/s41420-022-01086-2

17. Ferron M, Vacher J. Characterization of the murine Inpp4b gene and
identification of a novel isoform. Gene. (2006) 376:152-61. doi: 10.1016/
j.gene.2006.02.022

18. Hirota T, Takahashi A, Kubo M, Tsunoda T, Tomita K, Doi S, et al. Genome-
wide association study identifies three new susceptibility loci for adult asthma in the
Japanese population. Nat Genet. (2011) 43:893-6. doi: 10.1038/ng.887

19. Xiao Z, Pan Y, Kong B, Meng H, Shuai W, Huang H. Ubiquitin-specific protease
38 promotes inflammatory atrial fibrillation induced by pressure overload. Europace.
(2023) 26(1):euad366. doi: 10.1093/europace/euad366

20. Xiao Z, Dai C, Yu T, Zhu J, Pan Y, Shuai W, et al. Ubiquitin specific protease 38
aggravates pathological cardiac remodeling by stabilizing phospho-TBK1. Int J Biol Sci.
(2024) 20:1815-32. doi: 10.7150/ijbs.85562

21. Chen S, Yun F, Yao Y, Cao M, Zhang Y, Wang J, et al. USP38 critically promotes
asthmatic pathogenesis by stabilizing JunB protein. ] Exp Med. (2018) 215:2850-67.
doi: 10.1084/jem.20172026

22. Zhao Z, Su Z, Liang P, Liu D, Yang S, Wu Y, et al. USP38 Couples Histone
Ubiquitination and Methylation via KDM5B to Resolve Inflammation. Adv Sci
(Weinh). (2021) 8:e2101964. doi: 10.1002/advs.202101964

23. Arnold DT, De Fonseka D, Hamilton FW, Rahman NM, Maskell NA.
Prognostication and monitoring of mesothelioma using biomarkers: a systematic
review. Br ] Cancer. (2017) 116:731-41. doi: 10.1038/bjc.2017.22

24. Karihtala P, Leivonen SK, Puistola U, Urpilainen E, Jaiskeldinen A, Leppa S, et al.
Serum protein profiling reveals an inflammation signature as a predictor of early breast
cancer survival. Breast Cancer Res. (2024) 26:61. doi: 10.1186/s13058-024-01812-x

Frontiers in Immunology

10.3389/fimmu.2025.1612723

25. Londra D, Mastoraki S, Bournakis E, Zavridou M, Thanos A, Rampias T, et al.
USP44 Promoter Methylation in Plasma Cell-Free DNA in Prostate Cancer. Cancers
(Basel). (2021) 13(18):4607. doi: 10.3390/cancers13184607

26. He R, Liu B, Geng B, Li N, Geng Q. The role of HDAC3 and its inhibitors in
regulation of oxidative stress and chronic diseases. Cell Death Discov. (2023) 9:131.
doi: 10.1038/s41420-023-01399-w

27. LiJ,HuM, LiuN, LiH, Yu Z, Yan Q, et al. HDAC3 deteriorates colorectal cancer
progression via microRNA-296-3p/TGIF1/TGFp axis. ] Exp Clin Cancer Res. (2020)
39:248. doi: 10.1186/s13046-020-01720-w

28. Eichner LJ, Curtis SD, Brun SN, McGuire CK, Gushterova I, Baumgart JT, et al.
HDACS3 is critical in tumor development and therapeutic resistance in Kras-mutant
non-small cell lung cancer. Sci Adv. (2023) 9:eadd3243. doi: 10.1126/sciadv.add3243

29. Zhao W, Zhang Y, Zhang W, Sun Y, Zheng B, Wang J, et al. Exosomal
LINC00355 promotes the malignant progression of gastric cancer through histone
deacetylase HDAC3-mediated TP53INP1 transcriptional inhibition. Life Sci. (2023)
315:121387. doi: 10.1016/j.1fs.2023.121387

30. Seillier M, Peuget S, Gayet O, Gauthier C, N'Guessan P, Monte M, et al.
TP53INP1, a tumor suppressor, interacts with LC3 and ATG8-family proteins
through the LC3-interacting region (LIR) and promotes autophagy-dependent cell
death. Cell Death Differ. (2012) 19:1525-35. doi: 10.1038/cdd.2012.30

31. Seux M, Peuget S, Montero MP, Siret C, Rigot V, Clerc P, et al. TP53INP1
decreases pancreatic cancer cell migration by regulating SPARC expression. Oncogene.
(2011) 30:3049-61. doi: 10.1038/0nc.2011.25

32. Zhan W, Liao X, Liu J, Tian T, Yu L, Li R. USP38 regulates the stemness and
chemoresistance of human colorectal cancer via regulation of HDAC3. Oncogenesis.
(2020) 9:48. doi: 10.1038/541389-020-0234-z

33. Bardai FH, Price V, Zaayman M, Wang L, D’Mello SR. Histone deacetylase-1
(HDAC1) is a molecular switch between neuronal survival and death. J Biol Chem.
(2012) 287:35444-53. doi: 10.1074/jbc.M112.394544

34. Thomas EA. Involvement of HDAC1 and HDAC3 in the Pathology of
Polyglutamine Disorders: Therapeutic Implications for Selective HDAC1/HDAC3
Inhibitors. Pharm (Basel). (2014) 7:634-61. doi: 10.3390/ph7060634

35. Miiller BM, Jana L, Kasajima A, Lehmann A, Prinzler J, Budczies J, et al.
Differential expression of histone deacetylases HDACI, 2 and 3 in human breast
cancer-overexpression of HDAC2 and HDACS3 is associated with clinicopathological
indicators of disease progression. BMC Cancer. (2013) 13:215. doi: 10.1186/1471-2407-
13-215

36. Hayashi A, Horiuchi A, Kikuchi N, Hayashi T, Fuseya C, Suzuki A, et al. Type-
specific roles of histone deacetylase (HDAC) overexpression in ovarian carcinoma:
HDACI enhances cell proliferation and HDAC3 stimulates cell migration with
downregulation of E-cadherin. Int ] Cancer. (2010) 127:1332-46. doi: 10.1002/ijc.25151

37. Yang Y, Yang C, Li T, Yu S, Gan T, Hu J, et al. The Deubiquitinase USP38
Promotes NHE]J Repair through Regulation of HDAC1 Activity and Regulates Cancer
Cell Response to Genotoxic Insults. Cancer Res. (2020) 80:719-31. doi: 10.1158/0008-
5472.CAN-19-2149

38. Ma Y, Yuan S, Tian X, Lin S, Wei S, Hu T, et al. ABINI inhibits HDAC1
ubiquitination and protects it from both proteasome- and lysozyme-dependent
degradation. J Cell Biochem. (2018) 119:3030-43. doi: 10.1002/jcb.26428

39. Liu HM, Zhou Y, Chen HX, Wu JW, Ji SK, Shen L, et al. LSD1 in drug discovery:
From biological function to clinical application. Med Res Rev. (2024) 44:833-66.
doi: 10.1002/med.22000

40. Cai W, Xiao C, Fan T, Deng Z, Wang D, Liu Y, et al. Targeting LSD1 in cancer:
Molecular elucidation and recent advances. Cancer Lett. (2024) 598:217093.
doi: 10.1016/j.canlet.2024.217093

41. LiuJ, FengJ, Li L, Lin L, Ji ], Lin C, et al. Arginine methylation-dependent LSD1
stability promotes invasion and metastasis of breast cancer. EMBO Rep. (2020) 21:
€48597. doi: 10.15252/embr.201948597

42. Yi L, Cui Y, Xu Q, Jiang Y. Stabilization of LSD1 by deubiquitinating enzyme
USP7 promotes glioblastoma cell tumorigenesis and metastasis through suppression of
the p53 signaling pathway. Oncol Rep. (2016) 36:2935-45. doi: 10.3892/0r.2016.5099

43. Liu W, Wang D, Liu L, Wang L, Yan M. miR-140 inhibits osteosarcoma
progression by impairing USP22-mediated LSD1 stabilization and promoting p21
expression. Mol Ther Nucleic Acids. (2021) 24:436-48. doi: 10.1016/j.0mtn.2021.01.029

44. Liu W, Zhang Q, Fang Y, Wang Y. The deubiquitinase USP38 affects cellular functions
through interacting with LSD1. Biol Res. (2018) 51:53. doi: 10.1186/s40659-018-0201-8

45. Wang W, Lufkin T. Hmx homeobox gene function in inner ear and nervous
system cell-type specification and development. Exp Cell Res. (2005) 306:373-9.
doi: 10.1016/j.yexcr.2005.03.016

46. Wang W, Van De Water T, Lufkin T. Inner ear and maternal reproductive
defects in mice lacking the Hmx3 homeobox gene. Development. (1998) 125:621-34.
10.1242/dev.125.4.621

47. Nagel S, Pommerenke C, Meyer C, MacLeod RAF, Drexler HG. Aberrant
expression of NKL homeobox genes HMX2 and HMX3 interferes with cell

frontiersin.org


https://doi.org/10.1016/S2214-109X(23)00406-0
https://doi.org/10.1016/S2214-109X(23)00406-0
https://doi.org/10.1093/jnci/djac064
https://doi.org/10.1002/1878-0261.12812
https://doi.org/10.1001/jamaoncol.2022.7826
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1093/jnci/djae252
https://doi.org/10.1007/s10555-024-10172-z
https://doi.org/10.1007/s10555-024-10172-z
https://doi.org/10.1016/j.cell.2021.07.005
https://doi.org/10.1016/j.jbc.2021.101077
https://doi.org/10.3390/ijms22030986
https://doi.org/10.1038/s41580-019-0099-1
https://doi.org/10.1038/s41580-019-0099-1
https://doi.org/10.1016/j.biopha.2024.116323
https://doi.org/10.3390/ijms22094546
https://doi.org/10.3389/fimmu.2024.1258740
https://doi.org/10.3389/fimmu.2024.1258740
https://doi.org/10.3390/ijms24043219
https://doi.org/10.1038/s41420-022-01086-2
https://doi.org/10.1016/j.gene.2006.02.022
https://doi.org/10.1016/j.gene.2006.02.022
https://doi.org/10.1038/ng.887
https://doi.org/10.1093/europace/euad366
https://doi.org/10.7150/ijbs.85562
https://doi.org/10.1084/jem.20172026
https://doi.org/10.1002/advs.202101964
https://doi.org/10.1038/bjc.2017.22
https://doi.org/10.1186/s13058-024-01812-x
https://doi.org/10.3390/cancers13184607
https://doi.org/10.1038/s41420-023-01399-w
https://doi.org/10.1186/s13046-020-01720-w
https://doi.org/10.1126/sciadv.add3243
https://doi.org/10.1016/j.lfs.2023.121387
https://doi.org/10.1038/cdd.2012.30
https://doi.org/10.1038/onc.2011.25
https://doi.org/10.1038/s41389-020-0234-z
https://doi.org/10.1074/jbc.M112.394544
https://doi.org/10.3390/ph7060634
https://doi.org/10.1186/1471-2407-13-215
https://doi.org/10.1186/1471-2407-13-215
https://doi.org/10.1002/ijc.25151
https://doi.org/10.1158/0008-5472.CAN-19-2149
https://doi.org/10.1158/0008-5472.CAN-19-2149
https://doi.org/10.1002/jcb.26428
https://doi.org/10.1002/med.22000
https://doi.org/10.1016/j.canlet.2024.217093
https://doi.org/10.15252/embr.201948597
https://doi.org/10.3892/or.2016.5099
https://doi.org/10.1016/j.omtn.2021.01.029
https://doi.org/10.1186/s40659-018-0201-8
https://doi.org/10.1016/j.yexcr.2005.03.016
https://doi.org/10.3389/fimmu.2025.1612723
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

differentiation in acute myeloid leukemia. PLoS One. (2020) 15:¢0240120. doi: 10.1371/
journal.pone.0240120

48. Arza-Apalategi S, Heuts BMH, Bergevoet SM, Meering R, Gilissen D, Jansen P,
et al. HMX3 is a critical vulnerability in MECOM-negative KMT2A:MLLT3 acute
myelomonocytic leukemia. Leukemia. (2025) 39:371-80. doi: 10.1038/s41375-024-
02485-3

49. WangJ, GuY, Yan X, Zhang J, Wang ], Ding Y. USP38 inhibits colorectal cancer
cell proliferation and migration via downregulating HMX3 ubiquitylation. Cell Cycle.
(2023) 22:1169-81. doi: 10.1080/15384101.2022.2042776

50. Gabay M, Li Y, Felsher DW. MYC activation is a hallmark of cancer initiation
and maintenance. Cold Spring Harb Perspect Med. (2014) 4(6):a014241. doi: 10.1101/
cshperspect.a014241

51. Li S, Xue J, Zhang H, Shang G. ARHGAP44-mediated regulation of the p53/C-
myc/Cyclin D1 pathway in modulating the malignant biological behavior of
osteosarcoma cells. J Orthop Surg Res. (2023) 18:910. doi: 10.1186/s13018-023-
04406-z

52. Liu R, Li Y, Tian L, Shi H, Wang J, Liang Y, et al. Gankyrin drives metabolic
reprogramming to promote tumorigenesis, metastasis and drug resistance through
activating B-catenin/c-Myc signaling in human hepatocellular carcinoma. Cancer Lett.
(2019) 443:34-46. doi: 10.1016/j.canlet.2018.11.030

53. Zhang X, Peng P, Bao LW, Zhang AQ, Yu B, Li T, et al. Ubiquitin-Specific
Protease 1 Promotes Bladder Cancer Progression by Stabilizing c-MYC. Cells. (2024) 13
(21):1798. doi: 10.3390/cells13211798

54. Gu J, Xiao X, Zou C, Mao Y, Jin C, Fu D, et al. Ubiquitin-specific protease 7
maintains c-Myc stability to support pancreatic cancer glycolysis and tumor growth. J
Transl Med. (2024) 22:1135. doi: 10.1186/s12967-024-05962-6

55. Xu Z, Hu H, Fang D, Wang J, Zhao K. The deubiquitinase USP38 promotes cell
proliferation through stabilizing c-Myc. Int ] Biochem Cell Biol. (2021) 137:106023.
doi: 10.1016/j.biocel.2021.106023

56. Masoud GN, Li W. HIF-1a. pathway: role, regulation and intervention for cancer
therapy. Acta Pharm Sin B. (2015) 5:378-89. doi: 10.1016/j.apsb.2015.05.007

57. Bailey CM, Liu Y, Liu M, Du X, Devenport M, Zheng P, et al. Targeting HIF-1ol
abrogates PD-L1-mediated immune evasion in tumor microenvironment but promotes
tolerance in normal tissues. J Clin Invest. (2022) 132(9):e150846. doi: 10.1172/
JCI150846

58. Kubaichuk K, Kietzmann T. USP10 Contributes to Colon Carcinogenesis via
mTOR/S6K Mediated HIF-1at but Not HIF-2o Protein Synthesis. Cells. (2023) 12
(12):1585. doi: 10.3390/cells12121585

59. Shan Q, Yin L, Zhan Q, YuJ, Pan S, Zhuo J, et al. The p-MYH9/USP22/HIF-10
axis promotes lenvatinib resistance and cancer stemness in hepatocellular carcinoma.
Signal Transduct Target Ther. (2024) 9:249. doi: 10.1038/541392-024-01963-5

60. Altun M, Zhao B, Velasco K, Liu H, Hassink G, Paschke J, et al. Ubiquitin-
specific protease 19 (USP19) regulates hypoxia-inducible factor 1o (HIF-1ot) during
hypoxia. J Biol Chem. (2012) 287:1962-9. doi: 10.1074/jbc.M111.305615

61. WangR, Cai X, Li X, Li ], Liu X, WangJ, et al. USP38 promotes deubiquitination
of K11-linked polyubiquitination of HIF1a: at Lys769 to enhance hypoxia signaling. J
Biol Chem. (2024) 300:105532. doi: 10.1016/j.jbc.2023.105532

62. Zhan Y, Wang W, Wang H, Xu Y, Zhang Y, Ning Y, et al. G3BP1 Interact with
JAK2 mRNA to Promote the Malignant Progression of Nasopharyngeal Carcinoma via
Activating JAK2/STAT3 Signaling Pathway. Int J Biol Sci. (2024) 20:94-112.
doi: 10.7150/ijbs.85341

63. Sarri N, Wang K, Tsioumpekou M, Castillejo-Lopez C, Lennartsson J, Heldin
CH, et al. Deubiquitinating enzymes USP4 and USP17 finetune the trafficking of
PDGFRP and affect PDGF-BB-induced STAT3 signalling. Cell Mol Life Sci. (2022)
79:85. doi: 10.1007/s00018-022-04128-1

64. Lian J, Liu C, Guan X, Wang B, Yao Y, Su D, et al. Ubiquitin specific peptidase 5
enhances STATS3 signaling and promotes migration and invasion in Pancreatic Cancer.
J Cancer. (2020) 11:6802-11. doi: 10.7150/jca.48536

65. ZhuY, XuJ, Hu W, Wang F, Zhou Y, Gong W, et al. Inhibiting USP8 overcomes
hepatocellular carcinoma resistance via suppressing receptor tyrosine kinases. Aging
(Albany NY). (2021) 13:14999-5012. doi: 10.18632/aging.203061

66. Song X, Yang W, Wu C, Han Y, Lu Y. USP9X promotes the proliferation,
invasion and metastasis of liver cancer cells through regulating the JAK2/STAT3
signaling. Oncol Lett. (2020) 20:2897-905. doi: 10.3892/01.2020.11824

67. Ding Y, Chen X, Wang B, Yu B, Ge J. Deubiquitinase inhibitor b-AP15 activates
endoplasmic reticulum (ER) stress and inhibits Wnt/Notch1 signaling pathway leading
to the reduction of cell survival in hepatocellular carcinoma cells. Eur ] Pharmacol.
(2018) 825:10-8. doi: 10.1016/j.ejphar.2018.02.020

68. Pan A, Li Y, Guan ], Zhang P, Zhang C, Han Y, et al. USP18-deficiency in
cervical carcinoma is crucial for the malignant behavior of tumor cells in an ERK
signal-dependent manner. Oncol Lett. (2021) 21:421. doi: 10.3892/01.2021.12682

69. He H, Yi L, Zhang B, Yan B, Xiao M, Ren J, et al. USP24-GSDMB complex
promotes bladder cancer proliferation via activation of the STAT3 pathway. Int J Biol
Sci. (2021) 17:2417-29. doi: 10.7150/ijbs.54442

70. Li P, Huang Z, Wang J, Chen W, Huang J]. Ubiquitin-specific peptidase 28
enhances STAT3 signaling and promotes cell growth in non-small-cell lung cancer.
Onco Targets Ther. (2019) 12:1603-11. doi: 10.2147/OTT.S194917

Frontiers in Immunology

15

10.3389/fimmu.2025.1612723

71. Lei J, Zhu ], Hui B, Jia C, Yan X, Jiang T, et al. Circ-HSP90A expedites cell
growth, stemness, and immune evasion in non-small cell lung cancer by regulating
STATS3 signaling and PD-1/PD-L1 checkpoint. Cancer Immunol Immunother. (2023)
72:101-24. doi: 10.1007/s00262-022-03235-z

72. Kulma M, Hofman B, Szostakowska-Rodzo$ M, Dymkowska D, Serwa RA,
Piwowar K, et al. The ubiquitin-specific protease 21 is critical for cancer cell
mitochondrial function and regulates proliferation and migration. J Biol Chem.
(2024) 300:107793. doi: 10.1016/j.jbc.2024.107793

73. Ao N, Liu Y, Bian X, Feng H, Liu Y. Ubiquitin-specific peptidase 22 inhibits
colon cancer cell invasion by suppressing the signal transducer and activator of
transcription 3/matrix metalloproteinase 9 pathway. Mol Med Rep. (2015) 12:2107-
13. doi: 10.3892/mmr.2015.3661

74. Wang X, Deng X, Hu J, Zheng W, Ye D, Zhou X, et al. K48-linked
deubiquitination of VGLL4 by USP15 enhances the efficacy of tumor
immunotherapy in triple-negative breast cancer. Cancer Lett. (2024) 588:216764.
doi: 10.1016/j.canlet.2024.216764

75. Liu H, Tang L, Gong S, Xiao T, Yang H, Gu W, et al. USP7 inhibits the
progression of nasopharyngeal carcinoma via promoting SPLUNCI1-mediated M1
macrophage polarization through TRIM24. Cell Death Dis. (2023) 14:852.
doi: 10.1038/s41419-023-06368-w

76. Hu T, Wang KN, LingHu HR. USP38 might be a new therapeutic target for
glioma via regulation of cancer cell metastasis. Folia Neuropathol. (2021) 59:359-71.
doi: 10.5114/fn.2021.112571

77. Sun C, Mezzadra R, Schumacher TN. Regulation and Function of the PD-L1
Checkpoint. Immunity. (2018) 48:434-52. doi: 10.1016/j.immuni.2018.03.014

78. Wang Z, Kang W, Li O, Qi F, Wang J, You Y, et al. Abrogation of USP7 is an
alternative strategy to downregulate PD-L1 and sensitize gastric cancer cells to T cells
killing. Acta Pharm Sin B. (2021) 11:694-707. doi: 10.1016/j.apsb.2020.11.005

79. Wang Y, Sun Q, Mu N, Sun X, Wang Y, Fan §, et al. The deubiquitinase USP22
regulates PD-L1 degradation in human cancer cells. Cell Commun Signal. (2020)
18:112. doi: 10.1186/512964-020-00612-y

80. Zhao Y, Wang XX, Wu W, Long H, Huang J, Wang Z, et al. EZH2 regulates PD-
L1 expression via HIF-1a in non-small cell lung cancer cells. Biochem Biophys Res
Commun. (2019) 517:201-9. doi: 10.1016/j.bbrc.2019.07.039

81. Wang Q, Greene ML Survivin as a Therapeutic Target for the Treatment of
Human Cancer. Cancers (Basel). (2024) 16(9):1705. doi: 10.3390/cancers16091705

82. Mallard HJ, Wan S, Nidhi P, Hanscom-Trofy YD, Mohapatra B, Woods NT,
et al. USP1 Expression Driven by EWS::FLI1 Transcription Factor Stabilizes Survivin
and Mitigates Replication Stress in Ewing Sarcoma. Mol Cancer Res. (2023) 21:1186—
204. doi: 10.1158/1541-7786.MCR-23-0323

83. Lee TG, Woo SM, Seo SU, Kim S, Park JW, Chang YC, et al. Inhibition of USP2
Enhances TRAIL-Mediated Cancer Cell Death through Downregulation of Survivin.
Int ] Mol Sci. (2023) 24(16):12816. doi: 10.3390/ijms241612816

84. Lin Y, Zhong H, Sun B, Peng Y, Lu F, Chen M, et al. USP22 promotes
proliferation in renal cell carcinoma by stabilizing survivin. Oncol Lett. (2020)
20:246. doi: 10.3892/01.2020.12108

85. Wang W, Lin H, Zheng E, Hou Z, Liu Y, Huang W, et al. Regulation of survivin
protein stability by USP35 is evolutionarily conserved. Biochem Biophys Res Commun.
(2021) 574:48-55. doi: 10.1016/j.bbrc.2021.08.050

86. Gao B, Qiao Y, Zhu S, Yang N, Zou SS, Liu YJ, et al. USP36 inhibits apoptosis by
deubiquitinating cIAP1 and survivin in colorectal cancer cells. J Biol Chem. (2024)
300:107463. doi: 10.1016/j.jbc.2024.107463

87. Bai R, Cui J. Regulation of fatty acid synthase on tumor and progress in the
development of related therapies. Chin Med ] (Engl). (2024) 137:1894-902.
doi: 10.1097/CM9.0000000000002880

88. Jiang T, Qi J, Xue Z, Liu B, Liu J, Hu Q, et al. The m(6)A modification mediated-
IncRNA POU6F2-AS1 reprograms fatty acid metabolism and facilitates the growth of
colorectal cancer via upregulation of FASN. Mol Cancer. (2024) 23:55. doi: 10.1186/
$12943-024-01962-8

89. Huang J, Tsang WY, Fang XN, Zhang Y, Luo J, Gong LQ, et al. FASN Inhibition
Decreases MHC-I Degradation and Synergizes with PD-L1 Checkpoint Blockade in
Hepatocellular Carcinoma. Cancer Res. (2024) 84:855-71. doi: 10.1158/0008-
5472.CAN-23-0966

90. Almeida LY, Moreira FDS, Santos G, Cuadra Zelaya FJM, Ortiz CA, Agostini M,
et al. FASN inhibition sensitizes metastatic OSCC cells to cisplatin and paclitaxel by
downregulating cyclin B1. Oral Dis. (2023) 29:649-60. doi: 10.1111/0di.14017

91. Chen Y, Feng Y, Lin Y, Zhou X, Wang L, Zhou Y, et al. GSTM3 enhances
radiosensitivity of nasopharyngeal carcinoma by promoting radiation-induced
ferroptosis through USP14/FASN axis and GPX4. Br ] Cancer. (2024) 130:755-68.
doi: 10.1038/s41416-024-02574-1

92. Wang S, Nie J, Jiang H, Li A, Zhong N, Tong W, et al. VCP enhances autophagy-
related osteosarcoma progression by recruiting USP2 to inhibit ubiquitination and
degradation of FASN. Cell Death Dis. (2024) 15:788. doi: 10.1038/s41419-024-07168-6

93. Zheng Z, Shang Y, Xu R, Yan X, Wang X, Cai J, et al. Ubiquitin specific peptidase
38 promotes the progression of gastric cancer through upregulation of fatty acid
synthase. Am ] Cancer Res. (2022) 12:2686-96.

frontiersin.org


https://doi.org/10.1371/journal.pone.0240120
https://doi.org/10.1371/journal.pone.0240120
https://doi.org/10.1038/s41375-024-02485-3
https://doi.org/10.1038/s41375-024-02485-3
https://doi.org/10.1080/15384101.2022.2042776
https://doi.org/10.1101/cshperspect.a014241
https://doi.org/10.1101/cshperspect.a014241
https://doi.org/10.1186/s13018-023-04406-z
https://doi.org/10.1186/s13018-023-04406-z
https://doi.org/10.1016/j.canlet.2018.11.030
https://doi.org/10.3390/cells13211798
https://doi.org/10.1186/s12967-024-05962-6
https://doi.org/10.1016/j.biocel.2021.106023
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1172/JCI150846
https://doi.org/10.1172/JCI150846
https://doi.org/10.3390/cells12121585
https://doi.org/10.1038/s41392-024-01963-5
https://doi.org/10.1074/jbc.M111.305615
https://doi.org/10.1016/j.jbc.2023.105532
https://doi.org/10.7150/ijbs.85341
https://doi.org/10.1007/s00018-022-04128-1
https://doi.org/10.7150/jca.48536
https://doi.org/10.18632/aging.203061
https://doi.org/10.3892/ol.2020.11824
https://doi.org/10.1016/j.ejphar.2018.02.020
https://doi.org/10.3892/ol.2021.12682
https://doi.org/10.7150/ijbs.54442
https://doi.org/10.2147/OTT.S194917
https://doi.org/10.1007/s00262-022-03235-z
https://doi.org/10.1016/j.jbc.2024.107793
https://doi.org/10.3892/mmr.2015.3661
https://doi.org/10.1016/j.canlet.2024.216764
https://doi.org/10.1038/s41419-023-06368-w
https://doi.org/10.5114/fn.2021.112571
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1016/j.apsb.2020.11.005
https://doi.org/10.1186/s12964-020-00612-y
https://doi.org/10.1016/j.bbrc.2019.07.039
https://doi.org/10.3390/cancers16091705
https://doi.org/10.1158/1541-7786.MCR-23-0323
https://doi.org/10.3390/ijms241612816
https://doi.org/10.3892/ol.2020.12108
https://doi.org/10.1016/j.bbrc.2021.08.050
https://doi.org/10.1016/j.jbc.2024.107463
https://doi.org/10.1097/CM9.0000000000002880
https://doi.org/10.1186/s12943-024-01962-8
https://doi.org/10.1186/s12943-024-01962-8
https://doi.org/10.1158/0008-5472.CAN-23-0966
https://doi.org/10.1158/0008-5472.CAN-23-0966
https://doi.org/10.1111/odi.14017
https://doi.org/10.1038/s41416-024-02574-1
https://doi.org/10.1038/s41419-024-07168-6
https://doi.org/10.3389/fimmu.2025.1612723
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

94. Dong JT, Chen C. Essential role of KLF5 transcription factor in cell proliferation
and differentiation and its implications for human diseases. Cell Mol Life Sci. (2009)
66:2691-706. doi: 10.1007/s00018-009-0045-z

95. Luo Y, Chen C. The roles and regulation of the KLF5 transcription factor in
cancers. Cancer Sci. (2021) 112:2097-117. doi: 10.1111/cas.14910

96. Zhang Z, Liu Y, Xu Y, Xu Z, Jia ], Jin Y, et al. Abrogation of KLF5 sensitizes
BRCA1-proficient pancreatic cancer to PARP inhibition. Acta Biochim Biophys Sin
(Shanghai). (2024) 56:576-85. doi: 10.3724/abbs.2023288

97. WuY, QinJ, Li F, Yang C, Li Z, Zhou Z, et al. USP3 promotes breast cancer cell
proliferation by deubiquitinating KLF5. J Biol Chem. (2019) 294:17837-47.
doi: 10.1074/jbc.RA119.009102

98. Zhang T, Su F, Wang B, Liu L, Lu Y, Su H, et al. Ubiquitin specific peptidase 38
epigenetically regulates KLF transcription factor 5 to augment malignant progression of
lung adenocarcinoma. Oncogene. (2024) 43:1190-202. doi: 10.1038/s41388-024-02985-
7

99. Nishikura K. Functions and regulation of RNA editing by ADAR deaminases.
Annu Rev Biochem. (2010) 79:321-49. doi: 10.1146/annurev-biochem-060208-105251

100. Ding HY, Yang WY, Zhang LH, Li L, Xie F, Li HY, et al. 8-Chloro-Adenosine
Inhibits Proliferation of MDA-MB-231 and SK-BR-3 Breast Cancer Cells by Regulating
ADARI/p53 Signaling Pathway. Cell Transplant. (2020) 29:963689720958656.
doi: 10.1177/0963689720958656

101. LvX, Gu C, Guo S. Activation of BDNF-AS/ADAR/p53 Positive Feedback Loop
Inhibits Glioblastoma Cell Proliferation. Neurochem Res. (2020) 45:508-18.
doi: 10.1007/s11064-019-02943-w

102. Qiao JJ, Chan TH, Qin YR, Chen L. ADARI: a promising new biomarker for
esophageal squamous cell carcinoma? Expert Rev Anticancer Ther. (2014) 14:865-8.
doi: 10.1586/14737140.2014.928595

103. Wu Z, Zhou J, Zhang X, Zhang Z, Xie Y, Liu JB, et al. Reprogramming of the
esophageal squamous carcinoma epigenome by SOX2 promotes ADARI dependence.
Nat Genet. (2021) 53:881-94. doi: 10.1038/s41588-021-00859-2

104. Hu Q, Chen Y, Zhou Q, Deng S, Hou W, Yi Y, et al. ADAR promotes USP38
auto-deubiquitylation and stabilization in an RNA editing-independent manner in

Frontiers in Immunology

16

10.3389/fimmu.2025.1612723

esophageal squamous cell carcinoma. J Biol Chem. (2024) 300:107789. doi: 10.1016/
j.jbc.2024.107789

105. Guan Q, Lin H, Miao L, Guo H, Chen Y, Zhuo Z, et al. Functions, mechanisms,
and therapeutic implications of METTL14 in human cancer. ] Hematol Oncol. (2022)
15:13. doi: 10.1186/s13045-022-01231-5

106. Chen X, Xu M, Xu X, Zeng K, Liu X, Pan B, et al. METTL14-mediated N6-
methyladenosine modification of SOX4 mRNA inhibits tumor metastasis in colorectal
cancer. Mol Cancer. (2020) 19:106. doi: 10.1186/s12943-020-01220-7

107. Wang M, Liu J, Zhao Y, He R, Xu X, Guo X, et al. Upregulation of METTL14
mediates the elevation of PERP mRNA N(6) adenosine methylation promoting the
growth and metastasis of pancreatic cancer. Mol Cancer. (2020) 19:130. doi: 10.1186/
$12943-020-01249-8

108. Zeng ZC, Pan Q, Sun YM, Huang HJ, Chen XT, Chen TQ, et al. METTL3
protects METTL14 from STUBIl-mediated degradation to maintain m(6) A
homeostasis. EMBO Rep. (2023) 24:¢55762. doi: 10.15252/embr.202255762

109. Yang Z, Yang S, Cui YH, Wei J, Shah P, Park G, et al. METTLI14 facilitates
global genome repair and suppresses skin tumorigenesis. Proc Natl Acad Sci U S A.
(2021) 118(35):2025948118. doi: 10.1073/pnas.2025948118

110. Huang J, Zhou W, Hao C, He Q, Tu X. The feedback loop of METTL14 and
USP38 regulates cell migration, invasion and EMT as well as metastasis in bladder
cancer. PLoS Genet. (2022) 18:¢1010366. doi: 10.1371/journal.pgen.1010366

111. Chauhan D, Tian Z, Nicholson B, Kumar KG, Zhou B, Carrasco R, et al. A small
molecule inhibitor of ubiquitin-specific protease-7 induces apoptosis in multiple
myeloma cells and overcomes bortezomib resistance. Cancer Cell. (2012) 22:345-58.
doi: 10.1016/j.ccr.2012.08.007

112. Nalawansha DA, Crews CM. PROTACs: An Emerging Therapeutic Modality in
Precision Medicine. Cell Chem Biol. (2020) 27:998-1014. doi: 10.1016/
j.chembiol.2020.07.020

113. YiJ, Li H, Chu B, Kon N, Hu X, Hu J, et al. Inhibition of USP7 induces p53-
independent tumor growth suppression in triple-negative breast cancers by
destabilizing FOXM1. Cell Death Differ. (2023) 30:1799-810. doi: 10.1038/s41418-
023-01180-7

frontiersin.org


https://doi.org/10.1007/s00018-009-0045-z
https://doi.org/10.1111/cas.14910
https://doi.org/10.3724/abbs.2023288
https://doi.org/10.1074/jbc.RA119.009102
https://doi.org/10.1038/s41388-024-02985-7
https://doi.org/10.1038/s41388-024-02985-7
https://doi.org/10.1146/annurev-biochem-060208-105251
https://doi.org/10.1177/0963689720958656
https://doi.org/10.1007/s11064-019-02943-w
https://doi.org/10.1586/14737140.2014.928595
https://doi.org/10.1038/s41588-021-00859-2
https://doi.org/10.1016/j.jbc.2024.107789
https://doi.org/10.1016/j.jbc.2024.107789
https://doi.org/10.1186/s13045-022-01231-5
https://doi.org/10.1186/s12943-020-01220-7
https://doi.org/10.1186/s12943-020-01249-8
https://doi.org/10.1186/s12943-020-01249-8
https://doi.org/10.15252/embr.202255762
https://doi.org/10.1073/pnas.2025948118
https://doi.org/10.1371/journal.pgen.1010366
https://doi.org/10.1016/j.ccr.2012.08.007
https://doi.org/10.1016/j.chembiol.2020.07.020
https://doi.org/10.1016/j.chembiol.2020.07.020
https://doi.org/10.1038/s41418-023-01180-7
https://doi.org/10.1038/s41418-023-01180-7
https://doi.org/10.3389/fimmu.2025.1612723
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	USP38: an important regulatory factor in tumor malignant progression
	1 Introduction
	2 The genetic and protein information of USP38
	3 Clinical sample study of USP38
	4 Cellular studies of USP38
	5 Animal studies of USP38
	6 The biological function and mechanism of USP38
	6.1 downstream regulatory mechanisms
	6.1.1 HDAC3
	6.1.2 HDAC1
	6.1.3 LSD1
	6.1.4 HMX3
	6.1.5 c-Myc
	6.1.6 HIF-1α
	6.1.7 JAK2/STAT3 signaling pathway
	6.1.8 PD-L1
	6.1.9 Survivin
	6.1.10 FASN

	6.2 upstream regulatory mechanisms
	6.2.1 KLF5
	6.2.2 ADAR
	6.2.3 METTL14


	7 Current status and prospects of USP38 inhibitors
	8 Discussion and prospect
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


