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Abstract. The ubiquitin‑proteasome system maintains 
cellular protein turnover and quality control through the 
coordinated action of ubiquitin ligases and deubiquitinating 
enzymes (DUBs). While the functions of E3 ubiquitin ligases 
have been extensively investigated in renal disease, the ~100 
human DUBs distributed across seven structurally distinct 
families have recently emerged as important regulators of 
renal physiology and pathology. The present review organizes 
current knowledge of DUB‑mediated regulation in kidney 
disease around functional themes rather than individual 
disease categories. The present review discusses how DUBs 

regulate inflammatory signaling, TGF‑β‑mediated fibrotic 
responses, epithelial‑to‑mesenchymal transition (EMT), mito‑
chondrial homeostasis, multiple forms of programmed cell 
death, podocyte homeostasis, and oncogenic pathways in renal 
cell carcinoma. Several DUBs, including A20 (TNFAIP3), 
CYLD, USP25 and OTUD5, restrain inflammation and 
fibrosis, whereas USP11, OTUD1, and USP22 promote disease 
progression through substrate stabilization. The translational 
landscape of DUB inhibitors, PROTAC degraders, and the 
DUBTAC platform for targeted protein stabilization, along 
with the selectivity and delivery challenges that remain, 
were discussed. Key unanswered questions, including 
cell‑type‑specific DUB functions, ubiquitin chain linkage 
context, and the therapeutic window for DUB modulation in 
the kidney, are outlined as priorities for future investigation.

Contents

  1.	Introduction
  2.	Overview of the deubiquitinase families
  3.	�DUBs as regulators of inflammatory signaling in kidney 

disease
  4.	DUBs at the TGF‑β/EMT/fibrosis interface
  5.	�DUBs governing mitochondrial quality control and 

regulated cell death
  6.	DUBs in podocyte homeostasis and injury
  7.	DUBs in RCC
  8.	DUBs in other kidney conditions
  9.	Translational landscape
10.	Future directions
11.	Conclusion

1. Introduction

Kidney disorders impose a substantial global health burden, 
affecting over 10% of the global population (1). Regardless 
of etiology, chronic kidney disease (CKD) converges on renal 
fibrosis and progressive nephron loss (2‑4). Acute kidney injury 
(AKI) induced by ischemia‑reperfusion injury, septic insults, 
or nephrotoxins is now recognized as an important driver 
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of CKD progression rather than a self‑limiting event (5‑8). 
Diabetic kidney disease (DKD) is the predominant cause 
of end‑stage renal disease (ESRD) worldwide (9,10). Renal 
cell carcinoma (RCC), polycystic kidney disease and 
immune‑mediated glomerular diseases add further layers of 
complexity to the renal disease spectrum (11). A shared set 
of signaling pathways, TGF‑β/SMAD, NF‑κB, Wnt/β‑catenin 
and hypoxia‑inducible factor (HIF), coordinates injury, 
inflammation and fibrosis across these conditions (12‑18).

Ubiquitination is a reversible post‑translational modifica‑
tion that, similar to phosphorylation, controls protein stability, 
localization and signal transduction through the conjugation 
of ubiquitin onto substrate lysine residues (19). This revers‑
ible modification is maintained by the opposing activities of 
ubiquitin ligases (E3s) and deubiquitinating enzymes (DUBs), 
thereby establishing a dynamic regulatory system. Studies of 
renal E3 ligases have yielded landmark discoveries, including 
the von Hippel‑Lindau (VHL) tumor suppressor as a regulator 
of HIF stability (20). By comparison, the DUBs that coun‑
teract these ligases, thereby controlling whether a protein is 
degraded or preserved, have only recently drawn systematic 
attention.

A total of ~100 DUBs have been identified in the 
human genome and are classified into seven families: 
Ubiquitin‑specific proteases (USPs, ~56 members), ubiquitin 
C‑terminal hydrolases (UCHs, 4 members), ovarian tumor 
proteases (OTUs, ~16 members), Machado‑Joseph disease 
proteases (MJDs, 4 members), the MINDY family (5 members), 
JAB1/MPN/MOV34 metalloproteases (JAMMs, ~14 members) 
and zinc finger ubiquitin peptidase 1 (ZUP1) (21,22). These 
enzymes differ in their catalytic mechanisms, ubiquitin 
chain linkage preferences, substrate recognition and domain 
architecture, all of which have important implications for the 
development of selective therapeutic strategies (23‑25).

Accumulating evidence has begun to define the roles of 
DUBs in renal tubular epithelial cells, podocytes, mesangial 
cells and renal carcinomas. A consistent observation has 
emerged: Individual DUBs do not act as generic regulators 
of protein stability, but as relatively narrow, substrate‑defined 
nodes that control specific pathological processes (26). The 
present review organizes these findings around shared func‑
tional themes inflammatory signaling, TGF‑β‑driven fibrosis 
and EMT, mitochondrial quality control and cell death, podo‑
cyte biology, and oncogenic signaling rather than presenting 
them disease by disease. The translational landscape was 
discussed and questions that must be addressed before DUB 
biology can be applied clinically in nephrology were identified.

2. Overview of the deubiquitinase families

Ubiquitination generates chains of varying topology: 
K48‑linked polyubiquitin chains typically target proteins for 
proteasomal degradation, whereas K63‑linked polyubiquitin 
chains primarily regulate protein interactions and signal 
transduction, and linear M1‑linked chains predominantly 
regulate NF‑κB signaling (27). DUBs edit this ubiquitin code 
by removing ubiquitin from conjugated substrates, an activity 
that can rescue proteins from degradation, alter their localiza‑
tion, modulate their activity, or terminate ubiquitin‑dependent 
signaling (28‑30).

The USP family, the largest, contains a papain‑like 
cysteine‑protease fold with a catalytic triad (Cys‑His‑Asp/Asn). 
A notable structural feature is allosteric activation upon 
ubiquitin binding: The catalytic residues, often misaligned 
in the resting state, achieve competence only when ubiquitin 
occupies the active site (31,32). Several USPs have emerged as 
kidney disease regulators. For instance, within the USP family, 
USP11 promotes pyroptosis by stabilizing KLF4 (33), whereas 
USP25 suppresses fibrosis by deubiquitinating SMAD4 and 
TRAF6 (34,35). This stark functional divergence highlights 
that a DUB's functional effect is dictated by its specific 
substrate and cellular context, not merely by its structural 
family.

Although smaller in number and often more restricted in 
substrate access than the USP family, the UCH, OTU and 
MJD families exert profound and distinct effects on renal 
pathology ranging from oncogenesis to fibrogenesis. The 
UCH family (UCHL1, UCHL3, UCHL5 and BAP1) contains 
a narrow active‑site cleft that restricts substrate access (36). 
BAP1, a tumor suppressor mutated in a subset of RCC, 
functions as the catalytic subunit of a Polycomb repressive 
deubiquitinase (PR‑DUB) complex responsible for removing 
ubiquitin from histone H2A (37). UCHL5, which associates 
with the 26S proteasome, has also been reported to cooperate 
with USP14 in renal fibrosis by promoting the bAP‑15‑sensi‑
tive p300 stabilization pathway (38). The OTU family shows 
strong ubiquitin chain linkage preferences: OTUD1, OTUD2 
and OTUD5 preferentially cleave K63‑linked chains, while 
OTUB1 is specific for K48 linkages (39,40). OTU DUBs have 
rapidly gained prominence in kidney research, with OTUD1 
driving hypertensive fibrosis through CDK9 deubiquitina‑
tion (41) and OTUD5 protecting podocytes through TAK1 
deubiquitination (42). The MJD family (ATXN3, ATXN3L, 
JOSD1 and JOSD2) was not linked to kidney disease until 
a 2025 report showing that JOSD2 deubiquitinates SIRT7 
to suppress NF‑κB‑driven inflammation in AKI  (43). The 
MINDY, JAMM and ZUP1 families have not been studied 
in kidney tissue, representing knowledge gaps (44‑46). Thus, 
despite their restricted substrate access or fewer members, 
these smaller DUB families exert profound and distinct effects 
on renal pathology.

3. DUBs as regulators of inflammatory signaling in kidney 
disease

Sterile inflammation, driven largely by NF‑κB signaling, is 
a common feature of AKI, CKD and DKD. Several DUBs 
influence the amplitude and duration of NF‑κB activation 
by editing the ubiquitination status of upstream signaling 
adaptors, receptor complexes, and the NF‑κB subunits them‑
selves. These DUBs can be grouped into those that restrain 
inflammation and those that amplify it (47‑50).

DUBs that restrain renal inflammation. A20 (TNFAIP3) is a 
unique ubiquitin‑editing enzyme that possesses both deubiqui‑
tinase and E3 ligase activities, thereby acting as a key negative 
regulator of NF‑κB (51). Its relevance to kidney disease is 
supported by convergent genetic and functional evidence. 
Hypomorphic human TNFAIP3 coding variants that impair 
A20 function are associated with altered AKI outcomes (52). 
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Mice with podocyte‑specific deletion of A20 develop sponta‑
neous glomerular injury, accompanied by loss of podocytes, 
foot process effacement and inflammatory infiltration (53). 
A recent study showed that A20 competitively binds NEK7 
at Lys140, disrupting the NEK7‑NLRP3 interaction required 
for inflammasome assembly, and that an A20‑derived peptide 
was sufficient to alleviate AKI (54). These findings position 
A20 as a broad‑spectrum suppressor of both NF‑κB and 
inflammasome signaling in the kidney.

CYLD, a K63‑specific deubiquitinase with tumor 
suppressor function, attenuates NF‑κB signaling by removing 
K63‑linked ubiquitin chains from TRAF2, TRAF6 and 
NEMO (55). Studies in human proximal tubular epithelial cells 
have shown that CYLD knockdown increases CCL5 produc‑
tion induced by poly I:C, together with enhanced IKK/NF‑κB 
phosphorylation downstream of TLR3, identifying CYLD as a 
constitutive brake on antiviral innate immune signaling in the 
tubular compartment (56).

The protective function of USP25 extends beyond 
the TGF‑β pathway (Section 4) to include suppression of 
inflammatory signaling in DKD. In streptozotocin‑induced 
diabetic mice, USP25 localizes to both mesangial cells and 
infiltrating renal macrophages, where it suppresses TRAF6 
signaling by cleaving K63‑linked ubiquitin chains, attenuating 
AGE‑induced NF‑κB and MAPK activation  (35). USP25 
knockout did not affect glycemic control but significantly wors‑
ened renal dysfunction and fibrosis, consistent with a specific 
anti‑inflammatory role. USP25 therefore exemplifies a DUB 
that damps inflammation at two independent signaling nodes 
(TRAF6 in the NF‑κB pathway and SMAD4 in the TGF‑β 
pathway) through a shared K63‑deubiquitination mechanism.

Additional DUBs with anti‑inflammatory roles have been 
identified in sepsis‑associated AKI. BAP1, a UCH family 
DUB, was shown to suppress NF‑κB activation, thereby 
alleviating AKI in a murine model of sepsis, with this protec‑
tion linked in part to stabilization of the BRCA1 protein (57). 
PRDM16 was reported to upregulate USP10, which suppresses 
pyroptosis in rhabdomyolysis‑induced AKI (58), though the 
detailed mechanism awaits further characterization.

DUBs that amplify renal inflammation. In contrast to the 
aforementioned protective functions, several DUBs promote 
renal inflammation by stabilizing pro‑inflammatory signaling 
components. OTUD1, an OTU family DUB, is upregulated in 
kidneys of Angiotensin II‑infused mice. OTUD1 catalyzes K63 
deubiquitination of CDK9 at Cys320, promoting CDK9 phos‑
phorylation and activation to drive transcriptional elongation 
of inflammatory and pro‑fibrotic genes. Otud1 knockout mice 
are protected from hypertensive renal disease (41); the CDK9 
inhibitor NVP‑2 ameliorated the phenotype, confirming that 
OTUD1 acts through a CDK9‑dependent mechanism.

USP9x contributes to sepsis‑associated AKI by physically 
interacting with TLR4 and removing ubiquitin to prevent 
its degradation, thereby amplifying TLR4/NF‑κB signaling 
in tubular epithelial cells. USP9x knockdown attenuated 
renal injury in rats subjected to cecal ligation and puncture, 
thereby mitigating AKI (59). USP10, despite its protective 
role in some AKI contexts, has also been reported to promote 
Angiotensin II‑induced renal fibrosis by deubiquitinating and 
stabilizing TLR4, enhancing TLR4‑mediated inflammatory 

signaling (60). These context‑dependent observations suggest 
that the net effect of USP10 on renal inflammation depends 
on which substrate predominates under specific disease 
conditions.

Most conclusions regarding inflammatory DUBs derive 
from single knockout mouse models studied by individual 
laboratories. Independent replication in additional models 
and analysis of human kidney tissue would help establish the 
generalizability of these findings. The relative contribution of 
each DUB to the overall NF‑κB response in vivo, and whether 
DUBs cooperate or compete at shared signaling nodes, has not 
been systematically addressed (Fig. 1).

4. DUBs at the TGF‑β/EMT/fibrosis interface

Renal fibrosis is a hallmark of CKD progression and arises 
largely from persistent activation of TGF‑β/SMAD signaling 
and the differentiation of fibroblasts into matrix‑producing 
myofibroblasts. Tubular epithelial cells contribute to this 
process through partial EMT, senescence‑associated secre‑
tory phenotype (SASP), and regulated cell death modalities 
including pyroptosis (19,61). DUBs influence renal fibrosis at 
multiple levels: By controlling the stability of TGF‑β receptors 
and downstream SMAD proteins, by regulating EMT transcrip‑
tion factors, and by governing cell death pathways that trigger 
secondary inflammation and fibroblast activation (62‑65).

USP11: A multi‑substrate pro‑fibrotic hub. USP11 is one 
of the most extensively validated pro‑fibrotic DUBs in the 
kidney, with independent studies implicating it in renal fibrosis 
through at least three distinct substrates. It is consistently 
upregulated in fibrotic kidneys across CKD patient samples, 
UUO and Angiotensin II models (33,66,67).

The first characterized mechanism involves TGF‑β 
type II receptor (TGFBR2): USP11 deubiquitinates and 
stabilizes TGFBR2, sensitizing tubular cells to TGF‑β stimu‑
lation (67). A second mechanism was identified through which 
USP11 stabilizes the epidermal growth factor receptor (EGFR), 
augmenting TGF‑β1 signaling and promoting an incomplete 
EMT accompanied by the simultaneous expression of epithe‑
lial and mesenchymal markers together with G2/M‑phase 
arrest and increased secretion of profibrotic mediators (66). 
The third and most mechanistically detailed axis involves 
USP11‑mediated stabilization of the transcription factor KLF4. 
KLF4 binds the promoter regions of Caspase‑1 and Caspase‑3, 
thereby enhancing their transcription and activating both 
the Caspase‑1/GSDMD‑ and Caspase‑3/GSDME‑dependent 
pyroptotic programs in tubular epithelial cells  (33). 
Consistently, tubular epithelial cell‑specific deletion of Klf4 or 
Usp11 markedly attenuated pyroptotic injury and renal fibrosis 
in the UUO model. Pharmacological inhibition of USP11 
with mitoxantrone (3 mg/kg twice weekly) reduced KLF4 
levels, pyroptosis markers and ECM deposition, providing 
proof‑of‑concept for USP11 as a drug target in renal fibrosis.

The convergence of three structurally unrelated substrates, 
a receptor (TGFBR2), a growth factor receptor (EGFR), and 
a transcription factor (KLF4), under the regulation of a single 
DUB suggests that USP11 functions as a central pro‑fibrotic 
regulator. These findings come primarily from the UUO and 
Angiotensin II models and from a single research consortium; 
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independent replication in human tissue would help confirm 
USP11 as a clinical target.

DUBs that oppose fibrosis. USP25 inhibits fibrosis by removing 
K63‑linked polyubiquitin from SMAD4, suppressing SMAD2 
nuclear translocation and TGF‑β‑dependent transcription of 
pro‑fibrotic genes (34). In Angiotensin II‑induced hyperten‑
sive renal disease, Usp25 knockout mice developed markedly 
worse fibrosis, whereas AAV9‑mediated USP25 overexpres‑
sion was protective. USP25 thus acts at a different node of 
the TGF‑β pathway from USP11: While USP11 stabilizes 
the upstream receptor, USP25 suppresses the downstream 
transcriptional effector. A separate study identified OTUD7B 
as a protective OTU family DUB that attenuates fibrosis by 
deubiquitinating and stabilizing peroxiredoxin 1 (PRDX1), 
an antioxidant enzyme that limits oxidative stress‑induced 
tubular injury (68).

DUBs that promote EMT and fibroblast activation. Several 
DUBs drive fibrosis by stabilizing EMT transcription factors or 
fibroblast‑activating signals. USP22 deubiquitinates and stabi‑
lizes Snail1, a master regulator of EMT, in the renal tubular 
epithelium of diabetic db/db mice; silencing Usp22 improved 
renal function and histology (69). USP36 maintains DOCK4 
protein stability, thereby enhancing Wnt/β‑catenin signaling 
and EMT in diabetic tubular cells (70). USP4 was found to 
deubiquitinate and stabilize the TGF‑β type I receptor (TbRI); 
the flavonoid isovitexin inhibited USP4 and attenuated renal 
interstitial fibrosis (71). These studies identify USP22, USP36 

and USP4 as potential targets for anti‑fibrotic therapy, although 
the extent to which their pro‑fibrotic functions are redundant 
or additive in vivo has not been determined. However, current 
evidence is derived predominantly from diabetic and experi‑
mental fibrosis models, and further validation in independent 
models and human kidney tissues will be necessary to establish 
the translational relevance of these findings.

USP14 and UCHL5: Proteasome‑associated DUBs in fibrosis. 
USP14 and UCHL5, two DUBs associated with the 26S 
proteasome, were found to be consistently increased in kidney 
specimens from patients with CKD as well as in the UUO 
mouse model (38). The dual USP14/UCHL5 inhibitor bAP‑15 
reduced the stability of p300, a histone acetyltransferase and 
transcriptional co‑activator that promotes pro‑fibrotic gene 
expression. bAP‑15 treatment suppressed the expression of 
EMT‑associated proteins induced by TGF‑β in tubular epithe‑
lial cells. It remains unclear whether the anti‑fibrotic activity 
of bAP‑15 primarily results from USP14 or UCHL5 inhibi‑
tion, and whether the p300 stabilization mechanism operates 
independently of their proteasome‑associated activities. The 
convergence of these DUBs at distinct levels of the TGF‑β 
signaling cascade is illustrated in Fig. 2.

5. DUBs governing mitochondrial quality control and 
regulated cell death

Disruption of mitochondrial homeostasis, together with 
multiple forms of regulated cell death, including apoptosis, 

Figure 1. The DUB balance in renal tubular inflammation and cell death. Central renal tubular epithelial cell with six representative DUB‑substrate pairs 
arranged as three left‑right rows. Left (blue, protective): A20 removes K63‑linked ubiquitin from RIP1/TRAF6 to suppress NF‑κB and competitively binds 
NEK7 to block NLRP3 inflammasome assembly; USP25 removes K63 chains from TRAF6 to attenuate NF‑κB and MAPK; JOSD2 deubiquitinates SIRT7 at 
Cys24, promoting its autophagic degradation to block p65/NF‑κB. Right (red, pathogenic): OTUD1 deubiquitinates CDK9 at Cys320 to activate P‑TEFb‑driven 
inflammatory transcription; USP14 stabilizes Tfap2a to suppress mitophagy and promotes ferroptosis; USP11 stabilizes KLF4 to drive Caspase‑1/GSDMD and 
Caspase‑3/GSDME pyroptosis. Pharmacological interventions (NVP‑2, IU1, mitoxantrone) are indicated where applicable. DUB, deubiquitinating enzyme; 
OTU, ovarian tumor protease.
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ferroptosis, pyroptosis and necroptosis, contributes to tubular 
injury in AKI and promotes maladaptive repair during CKD 
progression. Previous studies have implicated several DUBs in 
the regulation of these processes, primarily through modulating 
mitochondrial outer membrane proteins, antioxidant defenses 
and key mediators of programmed cell death (48,72‑75).

DUBs in mitochondrial quality control. USP14, a prote‑
asome‑associated DUB, suppresses mitophagy through 
stabilization of the transcription factor Tfap2a (AP‑2α) 
via deubiquitination in renal tubular epithelial cells, 
which represses Tbk1 transcription  (76). Tbk1 encodes 
TANK‑binding kinase 1, an essential regulator of mitophagy 
initiation. In murine I/R models, USP14 silencing reduced 
serum creatinine and blood urea nitrogen, attenuated 
oxidative stress and preserved tubular architecture. USP14 
inhibition or knockdown also suppressed reactive oxygen 
species‑mediated ferroptotic cell death in HK‑2 cells (77). 
These dual effects on mitophagy and ferroptosis position 
USP14 as a potential target in ischemic AKI, although 
current evidence is limited to experimental models and 
awaits validation in human disease.

USP13 acts in opposition: It is downregulated in AKI 
patient kidneys and cisplatin‑challenged mice. USP13 deubiq‑
uitinates and stabilizes MCL‑1, a pro‑survival member of the 
Bcl‑2 family that maintains mitochondrial outer membrane 
stability (78). Genetic deletion or pharmacological inhibition 

of USP13 aggravated kidney injury, whereas overexpression 
was protective. The USP13‑MCL‑1 axis represents an endog‑
enous protective pathway whose loss during AKI may increase 
tubular susceptibility to mitochondrial dysfunction (79).

DUBs in ferroptosis. Accumulating evidence indicates that 
ferroptosis, a lipid peroxidation‑dependent and iron‑dependent 
mode of regulated cell death, contributes to AKI and DKD. 
Several DUBs have recently been implicated in the regula‑
tion of ferroptotic responses in the kidney, though in several 
cases the evidence comes from single studies using single 
models. OTUD5 was reported to be recruited to autophago‑
somes during ferroptosis induction and degraded, relieving 
its deubiquitination of GPX4 and thereby permitting ferrop‑
tosis  (80). In cisplatin‑induced AKI, a SIRT6/BAP1/xCT 
signaling axis was shown to participate in the regulation of 
ferroptosis (81). USP18 was shown to promote ferroptosis in 
LPS‑treated human kidney organoids by deubiquitinating 
and stabilizing STING1 (82). In DKD, USP38 was found to 
enhance ferroptotic injury in tubular epithelial cells, whereas 
pharmacological or genetic inhibition of USP38 alleviated 
tubular damage in diabetic mouse models (83,84).

These ferroptosis‑related findings illustrate a broader point: 
Numerous DUB‑ferroptosis associations have been reported 
in a single model or cell type. Cross‑validation across inde‑
pendent models and correlation with human tissue would help 
distinguish robust findings from model‑specific observations.

Figure 2. DUBs at the TGF‑β/EMT/fibrosis interface in kidney disease. Left‑to‑right signaling cascade within a renal tubular epithelial cell. Receptor level: 
USP11 deubiquitinates and stabilizes TGFBR2 and EGFR, sensitizing cells to TGF‑β signaling and driving partial EMT; USP4 stabilizes TβRI/ALK5 (isovi‑
texin inhibitor indicated). Cytoplasmic: USP25 removes K63‑linked polyubiquitin from SMAD4, suppressing SMAD2 nuclear translocation (protective, blue). 
Nuclear: USP11‑stabilized KLF4 drives pyroptosis via Caspase‑1/3 and sustains YAP activation for the AKI‑to‑CKD transition; USP22 stabilizes Snail1 
for EMT; USP36 stabilizes DOCK4 for Wnt/β‑catenin activation. USP11 multi‑substrate hub (highlighted): three parallel mechanisms converge on fibrosis. 
ECM: USP14/UCHL5 stabilize p300 (bAP‑15); OTUD7B stabilizes PRDX1 (protective). DUB, deubiquitinating enzyme; EMT, epithelial‑to‑mesenchymal 
transition.
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DUBs in pyroptosis. The USP11‑KLF4‑pyroptosis axis 
(Section 4) provides the most detailed characteriza‑
tion of a DUB‑pyroptosis connection in the kidney. The 
JOSD2‑SIRT7‑p65 pathway links an MJD family DUB to 
NF‑κB‑driven inflammation and cell death in AKI (43). For 
necroptosis, indirect connections exist several of the DUBs 
discussed in the present review regulate RIPK1 ubiquitination 
status, which determines whether TNFR1 signaling proceeds 
toward NF‑κB activation or necroptosis but direct functional 
studies of DUBs in renal necroptosis are largely absent (85,86).

6. DUBs in podocyte homeostasis and injury

Podocytes are terminally differentiated epithelial cells whose 
loss is a hallmark of progressive glomerular disease  (87). 
Several DUBs have been functionally characterized in 
podocytes across diabetic, hypertensive and autoimmune 
glomerular disease models (Fig. 2) (88‑90).

OTUD5 is downregulated in podocytes following exposure 
to high glucose and palmitic acid, and its expression is like‑
wise reduced in the kidneys of both type 1 and type 2 diabetic 
mouse models. Podocyte‑specific Otud5 knockout exacerbated 
foot process effacement, proteinuria and glomerulosclerosis. 
Conversely, AAV9‑mediated OTUD5 overexpression in 
podocytes reduced albuminuria and preserved glomerular 
structure. OTUD5 removes K63‑linked polyubiquitin from 
TAK1 at K158 via Cys224, preventing TAK1 phosphoryla‑
tion and downstream MAPK/NF‑κB activation  (42). The 
OTUD5‑TAK1 axis is currently the best‑characterized 
podocyte‑protective DUB pathway, though its role has been 
examined primarily by a single group in diabetic models, and 
independent validation across other models is still lacking.

Beyond its tubular functions (Section 3), A20 is essential 
for podocyte homeostasis. Podocyte‑specific A20 knockout 
leads to spontaneous glomerular injury with elevated serum 
urea and creatinine, podocyte loss, and inflammatory cell 
infiltration (53). A20 also protects against glomerulonephritis 
severity, with effects on both inflammatory signaling and 
cytoskeletal integrity.

OTUB1, an OTU family DUB with K48‑linkage speci‑
ficity, is significantly downregulated in podocytes of lupus 
nephritis patients (confirmed in biopsies) and in MRL/lpr 
lupus‑prone mice. Moreover, OTUB1 expression shows an 
inverse association with disease severity. CRISPR‑mediated 
OTUB1 knockout decreased nephrin and podocin expression 
while increasing ferroptosis markers. Ferrostatin‑1 rescued 
OTUB1‑deficient podocytes and ameliorated renal histopa‑
thology and proteinuria in murine lupus nephritis (91). USP22 
has also been reported to promote podocyte injury in diabetic 
nephropathy by triggering ACSL4 deubiquitination  (92), 
extending the pathogenic role of USP22 from tubular EMT 
(Section 4) to podocyte injury.

7. DUBs in RCC

RCC, especially the clear cell subtype (ccRCC), is closely 
linked to ubiquitin‑proteasome system regulation. The defining 
genetic lesion in ccRCC is biallelic inactivation of VHL, 
which encodes the substrate‑recognition component of an E3 
ubiquitin ligase complex responsible for oxygen‑dependent 

HIFα degradation  (20). In VHL‑deficient tumors, HIFα 
particularly HIF2α escapes ubiquitination and accumulates, 
driving angiogenesis, glycolysis and proliferation. The 
DUBs that regulate HIFα stability, as well as those acting on 
VHL‑independent oncogenic pathways, have drawn interest as 
potential therapeutic targets. The renal DUB landscape there‑
fore encompasses a natural continuum from non‑malignant 
kidney disease (where DUBs control injury, inflammation, 
and fibrosis) to malignancy (where DUBs regulate oncogenic 
protein stability and tumor suppression) (Fig. 3).

DUBs that stabilize HIF2α. USP7 was identified through 
proteomic profiling as significantly upregulated in ccRCC 
tumors. The transcription factors FUBP1 and FUBP3 activate 
USP7 expression; USP7 in turn deubiquitinates and stabilizes 
HIF2α (93). USP7 knockdown or pharmacological inhibition 
(P5091, P22077) suppressed proliferation of VHL‑mutant 
ccRCC lines and xenograft growth. Combining the USP7 
inhibitor P5091 with afatinib which suppresses FUBP‑mediated 
USP7 transcription produced synergistic HIF2α suppression 
and extended survival in PDX models. Together, these findings 
support a pro‑tumorigenic role for USP7 in VHL‑deficient 
ccRCC, largely through maintenance of the HIF2α transcrip‑
tional program. USP37 was independently identified as an 
additional HIF2α‑directed DUB, with its depletion reducing 
ccRCC proliferation and metastasis in orthotopic models (94). 
The existence of at least two DUBs capable of stabilizing 
HIF2α suggests potential redundancy that could influence the 
efficacy of single‑DUB targeting strategies. However, USP7 
exhibits substrate‑ and context‑dependent functions in ccRCC. 
In addition to promoting tumor progression through HIF2α 
stabilization, USP7 has been reported to exert tumor‑suppres‑
sive effects through TRIP12 deubiquitination and induction 
of pyroptosis  (95). Therefore, the biological outcome of 
USP7 modulation may depend on the relative contribution of 
individual substrates and cellular contexts. This dual func‑
tionality represents an important consideration for therapeutic 
development, as complete inhibition of USP7 activity may 
simultaneously suppress oncogenic signaling while interfering 
with potentially protective pathways.

VHL‑independent oncogenic DUBs. USP13 was identified 
through a DUB cDNA library screen as the enzyme that 
deubiquitinates and stabilizes ZHX2, a transcription factor 
that functions as a HIF‑independent substrate of pVHL (96). 
USP13 depletion reduced ZHX2 levels and inhibited ccRCC 
growth in vitro and in vivo, defining a VHL/HIF‑parallel 
oncogenic pathway. USP28, initially characterized in ADPKD 
(Section 8), also promotes ccRCC growth (97). USP52 was 
reported to promote ccRCC progression through deubiqui‑
tination of CORO6, an actin‑binding protein implicated in 
migration (98).

UCHL1, a UCH family member, was identified as a 
mediator of axitinib resistance in ccRCC through deubiquiti‑
nation and stabilization of MMP9 (99), linking DUB activity 
to anti‑angiogenic therapy resistance.

Tumor‑suppressive DUBs in RCC include BAP1, which is 
mutated in a subset of ccRCC and functions through histone 
H2A deubiquitination and HIF‑dependent interferon‑β 
induction (100).
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8. DUBs in other kidney conditions

USP28 has been linked to the pathogenesis of autosomal 
dominant polycystic kidney disease (ADPKD). Increased 
USP28 expression has been observed in samples from patients 
with ADPKD, where it removes K48‑linked chains from 
STAT3 and c‑Myc, stabilizing both proteins. The dual stabi‑
lization drives cyst‑lining epithelial cell proliferation and cyst 
growth (101). Pharmacological inhibition of USP28 reduced 
cyst development in Pkd1‑mutant mouse models, providing the 
first evidence for a DUB as a target in ADPKD; confirmatory 
studies from additional groups are awaited.

In kidney transplantation, USP33 has emerged as a differ‑
entially expressed DUB associated with an autophagy‑related 
gene signature capable of distinguishing antibody‑mediated 
rejection from other forms of graft dysfunction (102). The 
functional role of USP33 in allograft rejection has not been 
experimentally determined. A comprehensive catalog of 
DUBs with established roles in kidney disease, organized by 
disease category, cell type and functional effect, is provided 
in Table I.

9. Translational landscape

The therapeutic targeting of DUBs has progressed from 
concept to clinical evaluation over the past decade (71,103,104). 
Progress has been aided by ubiquitin‑based activity probes, 

advances in DUB structural biology, and fragment‑based 
screening methods suited to DUB active sites (103‑105). The 
DUB‑substrate axes with the strongest preclinical rationale 
for therapeutic or diagnostic translation are summarized 
in Table II, along with their current evidence levels and key 
limitations.

For renal applications, several preclinical‑stage targets have 
emerged. USP11 inhibitors (mitoxantrone) showed anti‑fibrotic 
efficacy in the UUO model (33), though mitoxantrone also 
inhibits other DUBs and its selectivity profile requires further 
characterization. USP14 has been targeted with IU1 in renal 
I/R models  (76,77). The USP14/UCHL5 inhibitor bAP‑15 
suppressed EMT in vitro (38). USP1 and USP30 inhibitors, 
already in clinical development for other indications, could be 
evaluated for renal conditions where mitophagy modulation is 
relevant.

Two emerging modalities expand the DUB targeting 
toolkit. PROTACs (proteolysis‑targeting chimeras) enable 
selective degradation rather than catalytic inhibition of 
DUBs, eliminating both enzymatic and scaffolding func‑
tions. DUBTACs (deubiquitinase‑targeting chimeras), 
developed by the Nomura and Jin laboratories, recruit 
specific DUBs to proteins of interest, inducing deubiquitina‑
tion and stabilization (106). In the kidney, DUBTACs could 
theoretically stabilize protective proteins such as nephrin 
or podocin, though this application has not been explored 
experimentally.

Figure 3. DUB‑mediated protein stabilization in podocytopathies and RCC. Two‑panel comparative schematic. Left (podocyte): OTUD5 deubiquitinates 
TAK1 at K158 to suppress MAPK/NF‑κB (protective, downregulated in diabetes); A20 suppresses NF‑κB and NLRP3 inflammasome; OTUB1 protects 
against ferroptosis (downregulated in lupus nephritis; ferrostatin‑1 rescue). Right (ccRCC): HIF2α stabilization axis‑FUBP1/3 transcriptionally activate USP7, 
which deubiquitinates HIF2α (USP37 provides parallel stabilization; P5091 plus afatinib synergy indicated); VHL‑independent axis‑USP13 stabilizes ZHX2; 
therapy resistance‑UCHL1 stabilizes MMP9 (axitinib resistance). Tumor‑suppressive DUBs: BAP1 (histone H2A deubiquitination; IFN‑β induction) and 
CYLD (NF‑κB suppression). DUB, deubiquitinating enzyme; RCC, renal cell carcinoma; ccRCC, clear cell RCC; VHL, von Hippel‑Lindau.

https://www.spandidos-publications.com/10.3892/mmr.2026.13994
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Critical therapeutic challenges. Several challenges remain 
before DUB‑based therapies can be translated into clinical 
applications in nephrology. A major consideration is the 
context‑dependent biological function of individual DUBs, 
in which a single enzyme may regulate multiple substrates 
with distinct or even opposing effects depending on cellular 
context, disease stage, and tissue environment. For example, 
USP7 promotes ccRCC progression through HIF2α stabili‑
zation but may also exert tumor‑suppressive effects through 
TRIP12‑mediated pyroptosis (95). Therefore, the therapeutic 
challenge is not simply whether USP7 should be inhibited, but 
rather how to selectively modulate disease‑associated USP7 
activities while preserving potentially protective functions. 
This highlights the importance of defining substrate‑specific 
interactions, cellular context, and disease‑specific vulner‑
abilities when developing USP7‑targeted therapies. Similar 
considerations apply to other DUBs with context‑dependent 
functions, emphasizing the need for precision modulation 
rather than indiscriminate inhibition.

Selectivity within DUB families remains another major 
obstacle. Although DUBs represent attractive therapeutic 
targets because of their well‑defined catalytic domains and 
druggable enzymatic activities, achieving sufficient selectivity 
remains challenging, particularly within the USP family 
containing ~56 members with highly conserved catalytic 
regions (104). Off‑target inhibition of related DUBs may lead 
to unexpected biological effects and compromise therapeutic 
safety. Future development of selective DUB modulators will 
require integration of structural biology, substrate‑recognition 
profiling, activity‑based probes, and chemical optimization 
to identify compounds that distinguish disease‑relevant DUB 
functions from physiological ubiquitin regulation (104,107).

Furthermore, emerging targeted protein regulation plat‑
forms, including PROTACs (proteolysis‑targeting chimeras) 
and DUBTACs (deubiquitinase‑targeting chimeras), provide 
new opportunities beyond conventional enzymatic inhibition. 
PROTACs induce selective degradation of target proteins by 
recruiting E3 ubiquitin ligases, whereas DUBTACs promote 
stabilization of specific proteins by recruiting endogenous 
DUB activity (108). However, the clinical translation of these 
approaches faces substantial pharmacokinetic and pharmaceu‑
tical challenges. Compared with conventional small‑molecule 
inhibitors, PROTACs and DUBTACs generally exhibit larger 
molecular sizes and complex physicochemical properties, 
which may result in limited membrane permeability, reduced 
oral bioavailability, rapid clearance and insufficient tissue 
penetration  (108,109). These ‘beyond‑rule‑of‑five’ charac‑
teristics complicate absorption, distribution, metabolism 
and pharmacodynamic optimization, thereby representing 
important barriers for clinical development.

For kidney diseases, an additional challenge is whether 
these macromolecular agents can achieve sufficient exposure 
within specific renal compartments, including tubular epithelial 
cells, podocytes and interstitial fibroblasts. Currently, limited 
information is available regarding renal biodistribution, intra‑
cellular delivery efficiency, metabolism and long‑term safety 
profiles of PROTACs and DUBTACs. Therefore, strategies 
that improve tissue penetration and cell‑type specificity will 
be essential for successful renal application of these emerging 
platforms.
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Kidney‑targeted delivery approaches, such as megalin-
mediated nanoparticle systems, may provide a potential 
solution by increasing renal accumulation while reducing 
systemic exposure and off‑target toxicity. This consider‑
ation is particularly relevant for dual‑function DUBs such 
as USP25, which has been implicated in both inflammatory 
regulation and renal injury progression. Global USP25 
inhibition may theoretically suppress pathological inflam‑
matory signaling while simultaneously interfering with 
protective immune regulatory pathways. Therefore, kidney‑ 
or cell‑specific delivery strategies may enable selective 
modulation of pathogenic DUB activity within diseased 
renal compartments while minimizing unwanted effects in 
extra‑renal tissues.

10. Future directions

Several actionable priorities emerge from the current state 
of the field. First, to overcome selectivity challenges, it is 
recommended using high‑throughput screening methods that 
target allosteric sites rather than conserved catalytic pockets. 
Second, future studies should prioritize single‑cell RNA 
sequencing and spatial transcriptomics on human kidney 
biopsies to validate findings from animal models and resolve 
cell‑type‑specific DUB functions. Third, most studies have 
focused on K48‑ and K63‑linked ubiquitination; the six other 
linkage types and heterotypic chain architectures remain 
unexplored in renal DUB biology.

The AKI‑to‑CKD transition is a natural focus for future 
DUB research. The USP11‑KLF4 axis  (33,110) illustrates 
how sustained DUB activity after an initial injury can drive 
maladaptive repair. Whether other DUBs participate in 
determining the balance between regeneration and fibrosis 
after AKI is not known. The DUBTAC platform conceptually 
enables therapeutic protein stabilization in kidney disease, but 
its application to renal targets has not been explored.

Clinical translation will require progress in medicinal 
chemistry for renal DUB inhibitors, preclinical validation in 
large‑animal kidney disease models, and biomarker develop‑
ment to match DUB‑targeted therapies to appropriate patient 
subgroups. Consortia such as the Kidney Precision Medicine 
Project may generate comprehensive tissue‑level datasets that 
enable the association of DUB expression patterns to molecu‑
larly defined disease subtypes (111). Finally, it is essential to 
include target‑engagement biomarkers in early‑phase clinical 
trials for DUB degraders (PROTACs/DUBTACs) to accurately 
measure their in vivo efficacy.

11. Conclusion

Deubiquitinating enzymes have emerged as an important 
regulatory component that shapes diverse biological processes 
in kidney physiology and disease. Rather than functioning 
as generic regulators of protein stability, individual DUBs 
operate as relatively narrow, substrate‑defined nodes that 
control specific pathological processes. The functional divi‑
sion between protective DUBs (A20, CYLD, USP25, OTUD5, 
USP13, JOSD2 and OTUB1) and pathogenic DUBs (USP11, 
OTUD1, USP14, USP22, USP36 and USP7) provides a 
framework for therapeutic development.

The translational landscape is tempered by selectivity 
challenges, the dual tissue roles of numerous DUBs, and the 
need for kidney‑targeted delivery. Progress in DUB struc‑
tural biology, chemical biology (PROTACs and DUBTACs), 
and spatial proteomics provides the technological founda‑
tion for addressing these challenges. As the field moves 
from isolated mechanistic studies toward integrated under‑
standing, DUBs may transition from an underexplored 
regulatory dimension to a clinically actionable target class 
in nephrology.
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