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Abstract 

Protein quality control (PQC) plays a vital role in maintaining normal heart function, as cardiomyocytes are relatively 
sensitive to misfolded or damaged proteins, which tend to accumulate under pathological conditions. Ubiquitin-
specific protease (USP) is the largest deubiquitinating enzyme family and a key component of the ubiquitin protea-
some system (UPS), which is a non-lysosomal protein degradation machinery to mediate PQC in cells. USPs regulate 
the stability or activity of the target proteins that involve intracellular signaling, transcriptional control of inflamma-
tion, antioxidation, and cell growth. Recent studies demonstrate that the USPs can regulate fibrosis, lipid metabolism, 
glucose homeostasis, hypertrophic response, post-ischemic recovery and cell death such as apoptosis and fer-
roptosis in cardiomyocytes. Since myocardial cell loss is an important component of cardiomyopathy, therefore, 
these findings suggest that the UPSs play emerging roles in cardiomyopathy. This review briefly summarizes recent 
literature on the regulatory roles of USPs in the occurrence and development of cardiomyopathy, giving us new 
insights into the molecular mechanisms of USPs in different cardiomyopathy and potential preventive strategies 
for cardiomyopathy.
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Introduction
Cardiomyopathy encompasses a heterogeneous group 
of heart muscle diseases with poor prognosis and high 
mortality. According to the American Heart Association 
(AHA) classification, cardiomyopathies categorized into 
two major types. Primary cardiomyopathies are charac-
terized by their predominantly limited involvement in 
heart muscle, which are grouped into types of genetic, 
mixed (genetic and nongenetic), and acquired; Second-
ary cardiomyopathies are those that show pathological 
myocardial involvement based on a variety of general-
ized systemic (multiorgan) disorders, including ischemic, 

metabolic, infectious, toxic, auto-immunogenic, and 
neuromuscular [1]. Although the manifestations and 
causes of cardiomyopathies are varied, they often lead 
to myocardial cell death and develop progressive heart 
failure. Multiple pathophysiological mechanisms con-
tribute to cardiomyopathy, among them, protein qual-
ity control (PQC) plays a critical role in heart function 
because mature cardiomyocytes have limited prolifera-
tion and regeneration capacities. Proteasome dysfunc-
tion has been viewed as a pathogenic factor in cardiac 
dysfunction [2]. The ubiquitin-proteasome system (UPS) 
is an ATP-dependent, non-lysosomal pathway that 
degrades misfolded or damaged proteins. In normal 
conditions, misfolded proteins undergo ubiquitylation 
and timely degradation via UPS. However, UPS may 
misidentify newly synthesized proteins with aggregation-
prone structures before they reach a stable folded state 
[3]. Over 80% of intracellular proteins are degraded by 
UPS [4]. Earlier studies revealed the important effect of 
ubiquitylation in UPS-mediated PQC, and the defect of 
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ubiquitylation contributes to many diseases, including 
cardiomyopathy [2, 5, 6].

Ubiquitination is one of major post-translational mod-
ifications of proteins, and it is essential for protein matu-
ration and function [7]. The ubiquitination process is a 
cascade of enzymatic reactions catalyzed by three main 
enzymes: the ubiquitin-activating enzyme (E1), the ubiq-
uitin-conjugating enzyme (E2) and the ubiquitin ligase 
(E3) [8]. Ubiquitination reactions comprise both mono-
ubiquitination and polyubiquitination. The monoubiq-
uitination is the process of a single ubiquitin molecule 
attaching to a lysine residue of substrate protein, while 
polyubiquitinnation refers to the binding of multi ubiq-
uitin molecules to lysine residue of substrate proteins. 
Eight potential linkage sites, including seven lysine sites 
(K6, K11, K27, K29, K33, K48, and K63) and one N-ter-
minal methionine residue (M1) for the ubiquitin mol-
ecules binding [9]. The ubiquitin chains formed by M1 
are called linear ubiquitin chains, which form the linear 
ubiquitin chain assembly complex (LUBAC) with the 
ubiquitin-conjugating enzyme E2L3 (UBE2L3). LUBAC 
consists of three subunits, including two RING-between-
RING (RBR)-type ubiquitin ligases, heme-oxidized IRP2 
ubiquitin ligase 1L (HOIL-1L), HOIL-1-interacting pro-
tein (HOIP), and one adaptor protein SHANK-associ-
ated RH domain-interacting protein (SHARPIN) [10]. 
Linear ubiquitin chains on protein substrates can be 
removed by the DUBs such as OUT deubiquitinase with 
linear linkage specificity (OTULIN) and cylindromatosis 
gene (CYLD) [11]. Additional forms of ubiquitin chains 
and substrates serve important signals for regulation of 
cellular processes, such as monoubiquitination medi-
ates DNA repair and chromatin structure. K48-linked 
polyubiquitination facilitates 26S proteasome degrada-
tion of targeted proteins. K63-linked polyubiquitination 
promotes autophagic degradation of protein substrates 
through the autophagy-lysosome pathway. Linear ubiq-
uitin plays vital roles in regulation of NF-κB, EGFR sign-
aling pathways to regulate innate and adaptive immunity 
and cell death [10].

However, protein ubiquitylation can be reversibly 
changed by deubiquitinating enzymes (DUBs). DUBs 
cleave the covalent bonds, removing ubiquitin mol-
ecules from substrates and thereby protecting target 
proteins from proteasome-dependent degradation [12, 
13]. Therefore, the balance between ubiquitination and 
deubiquitination is crucial for UPS to maintain protein 
homeostasis and cellular physiological processes. DUBs 
can be divided into two main classes: cysteine proteases 
and metalloproteases. Most of DUBs are cysteine pro-
teases, which can be further categorized into ubiqui-
tin-specific proteases (USPs), ovarian tumor proteases 
(OTUs), ubiquitin C-terminal hydrolases (UCHs), 

Machado-Joseph domain protease (MJDs), motif inter-
acting with ubiquitin-containing novel DUB family 
(MINDYs), monocyte chemotactic proteins (MCPIPs), 
zinc finger with UFM1-specific peptidase domain protein 
(ZUFSP/ZUP1). Metalloproteases contain DUB named 
JAB1/MPN/MOV34 (JAMM) [13, 14].

Ubiquitin-specific peptidases (USPs), the largest fam-
ily of DUBs with approximately 58 members in humans, 
were first identified and cloned in the yeast Saccharomy-
ces cerevisiae [15]. USPs play a crucial role in maintain-
ing cardiac PQC. A recent study indicates that USP5 is 
essential for cardiac proteostasis by stabilizing protea-
some 26S subunit, non-ATPase 14 (PSMD14). Loss of 
USP5 enhances UPS activity and autophagic flux in car-
diomyocytes, while cardiac-specific overexpression of 
hUSP5 mitigates pathological remodeling in mice [16]. 
Studies also have linked many USPs to specific biologi-
cal pathways functioning in cell cycle progression, DNA 
damage repair, endocytosis, immune response, and 
metabolic regulation [17–19]. Increasing evidence sug-
gests that USP dysfunction contributes significantly to 
the development of cardiac diseases, such as myocardial 
ischemia-reperfusion injury and cardiomyopathy [20–
22]. Several articles reviewed the roles of DUBs and USPs 
in cancers, inflammatory disorders by regulating the key 
signaling pathways such as NF-κB, PI3K/AKT/mTOR, 
MAPK, and discussed their therapeutic potential in dis-
eases [18, 23–26]. However, the association of USPs in 
cardiomyopathies has not been reviewed.

In this review, we summarize recent literature on USPs 
and their roles in multiple signaling pathways, including 
TGF-β, Keap1/Nrf2, p53, NF-κB, and Notch, all of which 
are critical to the progression of various cardiomyopa-
thies. By elucidating these mechanisms, we aim to high-
light the therapeutic potential of targeting USPs in the 
treatment of cardiomyopathy.

USPs and signaling pathways
Cardiomyopathies are caused by various pathogenesis, 
but oxidative stress (OS) is considered a key factor in dif-
ferent cardiomyopathies. The production of reactive oxy-
gen species (ROS) in cardiomyocytes has been revealed 
to affect various signaling pathways, which involved in 
the mitochondrial damage, lipid peroxidation, inflam-
mation, the post-translational modification of proteins, 
cardiac hypertrophy and fibrosis, leading to cell death 
and cardiac dysfunction. ROS also regulates calcium 
homeostasis and impairs ATP production. For instance, 
ROS participates in NF-κB, TGF-β, Nrf2, p53 and Notch 
signaling pathway to mediate inflammation, cardiac 
remodeling, antioxidant and angiogenesis in the devel-
opment of heart diseases and cardiomyopathy [27–32]. 
These pathways also have been shown to be affected by 
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USPs. This review highlights the critical role of USPs in 
the aforementioned cellular signaling pathways and car-
diomyopathies, thereby enhancing our understanding of 
their biological functions in these diseases.

USPs and NF‑κB signaling pathway
Nuclear factor-kB (NF-κB) is a family of transcription 
factors including p50/p105, p52/p100, p65/ RelA, c-Rel 
and RelB [33], and mediate responses to a remarkable 
diversity of external stimuli, thus plays a crucial role in 
multiple physiological and pathological processes [34], 
such as cell maturation, cell survival, and inflammation 
in many cell types, including cardiac myocytes [35]. The 
roles of NF-κB in cardiovascular diseases, such as athero-
sclerosis, myocardial ischemia/reperfusion injury, car-
diac hypertrophy, cardiac remodeling (fibrosis) and heart 
failure, have been confirmed in several studies [35–37].

USPs are important for the regulation of NF-κB path-
way. Cylindromatosis (CYLD) is a member of the USP 
family characterized by the specific conjugation of its 
target proteins with K63-linked and the linear ubiquitin 
chains [38, 39]. CYLD plays a vital role in the regulation 
of the NF-κB pathway via targeting its upstream signaling 
molecules, such as TAK1, TRAF and IKKγ (also known 
as NEMO) [38, 40]. The activation of NF-κB is modulated 
by tumor necrotic factor-alpha (TNFα)-induced forma-
tion of signaling complex I (RIPK1, cIAP1/2, TRADD 
and TRAF2/5) at the cell membrane. TRAF2 functions 
as a K63-linked ubiquitin ligase and acts as a molecu-
lar trigger for initiation downstream signaling pathways 
such as c-Jun N-terminal kinase (JNK) and IKK [41]. 
Under normal conditions, the ubiquitination of TRAF2 
is suppressed by CYLD. However, under external stimuli, 
TRAF2 undergoes ubiquitination and activates down-
stream NF-κB or JNK signaling pathways due to its phos-
phorylation [41]. CYLD suppresses the activation of IKK 
complex by cleaving K63-linked polyubiquitin chains 
from TAK1 [42] and linear ubiquitin chains from NEMO 
[43]. Once the IKK complex is active, it leads to the 
phosphorylation and K48-linked ubiquitylation for the 
degradation of IkB, resulting NF-κB translocation to the 
nucleus and inducing transcription of target genes.

While CYLD is strongly implicated in NF-κB inhibi-
tion, other USPs also regulate NF-κB signaling. USP4 
directly targets to TRAF2/TRAF6 or TAK1 by deubiqui-
tinating K63-linked ubiquitin chains, thereby negatively 
regulating TNFα—induced NF-κB activation [44, 45]. 
USP7 regulates NF-κB transcriptional activity and NF-κB 
subunit p65 [46]. In response to the receptor activation, 
USP7 is recruited to NF-κB promoters, where it inter-
acts with NF-κB in a DNA-binding–dependent manner; 
its deficiency leads to reduced expression of Toll-like 
receptor (TLR)- and TNFR-induced genes [46]. USP10 

inhibits NF-κB activation via disassembling K63-linked 
NEMO linear ubiquitylation by monocyte chemotac-
tic protein-1-induced protein-1(MCPIP1) [47]. USP11 
positively regulates TRAF3 via its deubiquitination activ-
ity in ischemia-reperfusion mice model [43]. USP15 
enhances NF-κB p65 activation in a TNFα-induced, IκB-
α-dependent or independent manner, while NF-κB p65, 
in turn, upregulates USP15 promoter activity and protein 
expression [48]. USP18 and USP19 suppress the activa-
tion of NF-κB by deubiquitinating TAK1–TAB1 complex 
via K63- and K27-linked polyubiquitin chains from TAK1 
[49, 50]. USP25 acts as a regulator of TLR signaling and 
regulates TLR4-dependent innate immune responses via 
targeting and deubiquitinating TRAF3. Upon TLR4 acti-
vation, USP25 is recruited to remove K48-linked ubiq-
uitin chains from TRAF3, thereby activating NF-κB and 
mitogen-activated protein kinase (MAPK) signaling and 
promoting the production of proinflammatory cytokines 
[51] (Fig. 1).

USPs and TGF‑β signaling pathway
The transforming growth factor beta (TGF-β) plays 
important roles in cell differentiation, proliferation, 
immune regulation, tissue fibrosis, cancer and heart dis-
eases such as cardiomyopathies [52–54]. TGF-β signal-
ing pathway consists of TGF-β isoforms, activins, growth 
and differentiation factors (GDFs), and bone morpho-
genetic proteins (BMPs) [55]. This signaling is activated 
by canonical smad pathway and non-canonical pathway 
(or p38/JNK pathway) [56–58]. Ubiquitination and deu-
biquitination regulates TGF-β signaling pathway to affect 
the occurrence and development of cardiomyopathy. 
For instance, BAG3 deficiency leads to ubiquitination 
and proteasomal degradation of transforming growth 
factor-β receptor 2 (TGFBR2), elevating TGF-β signaling 
activity and cardiac fibrosis formation, which cause the 
development of dilated cardiomyopathy (DCM) [59].

Although ubiquitination regulates TGF-β signaling via 
different E3 ubiquitin ligases [60], the role of USP-medi-
ated deubiquitination in the regulation of TGF-β sign-
aling has been paid more attention in the past decades. 
USP4 was the first deubiquitination enzyme identified 
in mammalian cells. USP4 can directly deubiquitylates 
TβRI, stabilizing it in the plasma membrane [61]. Fur-
thermore, USP4 promotes the phosphorylation of 
SMAD2, thereby activating the TGF-β signaling pathway 
by upregulating Relaxin [62]. USP10 has been found to 
directly interact with SMAD4 to promote SMAD4 deu-
biquitination in DCM mice [63]. USP11 deubiquitylates 
activin receptor-like kinase 5 (ALK5), a type I TGF-β 
receptor that compete with SMAD-specific E3 ubiq-
uitin protein ligase 2 (SMAD-SMURF2) for TβRI and 
override the negative effects of SMAD7, resulting in the 
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enhancement of TGF-β signaling [64]. USP15 is another 
positive regulator of TGF-β signaling by binding and 
deubiquitinating SMURF2 [65, 66]. USP9X, also known 
as FAM, was reported to deubiquitinate SMURF1, which 
induces the degradation of SMAD proteins and TβRI. 
Intriguingly, the USP9X-SMURF1 interaction cannot 
lead to the USP9X degradation [67]. It has been reported 
that USP9X also acts as a positive modulator of TGF-β 

signaling by USP9X-SMAD4 interaction. USP9X selec-
tive binds to SMAD4 in competing with the E3 ubiqui-
tin-protein ligase TIF1γ to stabilize nuclear SMAD4, 
resulting in TGF-β activation, which is facilitated by 
plasma free fatty acids (FFA) [68]. CYLD and USP26 are 
found to interact with SMAD7 for its K63-linked poly-
ubiquitination to control TGF-β [69, 70], USP26 defi-
ciency enhances the activation of TGF-β [70].

Fig. 1  USPs and NF-κB signaling pathway. NF-κB signaling is activated via canonical or noncanonical pathway. A The canonical pathway is activated 
by stimulation of TLRs and TNFRs. TLRs recruits MyD88 to form a complex with IRAK1 and IRAK4. Then IRAK1 interacts with E3 ligase TRAF6. TRAF6 
functions with E2 enzymes to promote K63-linked polyubiquitination of target proteins, including TRAF6 itself. Ubiquitinated TRAF6 subsequently 
recruits TAK1 and TABs, which then activates the IKK complex. IKK complex phosphorylates the inhibitory NF-κB subunit IκB, leading to IκB 
ubiquitination through the SCFβTrCP ligase-dependent proteasome degradation. As a result, NF-κB members NF-κB1 (also named p50), RelA (also 
named p65), and c-Rel are released and translocated from the cytoplasm to the nucleus for DNA binding and regulation of downstream gene 
expression. While TNFRs recruit the E3 ligases c-IAP1 and c-IAP2 to promote Lys63 polyubiquitylation of RIP1 and themselves to form a platform 
with TRAF2/5. This platform interacts with TAK1-TABs complex for further NF-κB activation. Thus, the TAK1-TABs complex is critical for TLRs and TNFRs 
mediated NF-κB canonical signaling activation. B The noncanonical pathways is mainly dependent on the activation of NF-κB2 (p100)/ RelB 
complex, which specifically responds to TNFRs receptors such as BAFF and CD40 and recruitment of TRAF2 and TRAF3. The receptor complex 
interacts with TBK1 and phosphorylates NIK. Ikkα is activated by NIK to phosphorylates p100. Then, p100 is processed to its active form, p52 
and translates to the nucleus with RelB for target genes expression. Different USPs mediate deubiquitylations in the process of NF-κB canonical 
and noncanonical pathways. NF-κB, Nuclear factor-κB; TLRs, Toll-like receptors; TNFRs, tumor Necrosis Factor Receptors; IRAK1/4, Interleukin-1 
receptor-associated kinase1/4; TRAF2/3/5/6; TNFR-associated factor 2/3/5/6; TAK1, TGFβ-activated kinase 1; TAB, TAK1-binding protein; TRADD, 
TNFR1-associated DEATH domain protein; c-IAP1/2, cellular inhibitor of apoptosis 1/2; RIPK1, receptor-interacting protein kinase 1; IKK, NF-κB (IκB) 
kinase; NIK, NF-κB-inducing kinase; TBK1, TANK-binding kinase 1; BAFF, B-cell activating factor belonging to TNF family; SCFβTRCP, Skp–cullin–F-box–
βTRCP; CYLD, cylindromatosis; OTUB1, OTU Deubiquitinase, Ubiquitin Aldehyde Binding 1; USP4/7, Ubiquitin-specific protease 4/7; Ub, ubiquitin; P, 
phosphorylation
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USPs are also involved in the regulation of TGF-β non-
canonical signaling activation. It has been reported that 
USP4 acts as a negative regulator to inhibit IL-1β-, LPS- 
and TGF-β-induced NF-κB activation by deubiquitinat-
ing TAK1 [45]. USP10 induces activation of TAK1-JNK/
p38 signaling pathways to promote hepatocyte inflam-
mation and apoptosis in hepatic I/R injury mouse model 
[71]. USP10 is also recruited by HSP47 for the deubiqui-
tinating of SMAD4 and activating of TGF-β signaling in 
myocardial ischemia/reperfusion injury (MIRI) model 
[72]. While USP18 and USP19 exert antihypertrophic 
effects by suppressing TAK1-(JNK1/2)/p38 signaling axis 
based on their deubiquitinating activity of TAK1 [73, 74]. 
USP22 promotes the pathological process of myocardial 

hypertrophy by deubiquitinating HIF-1a which further 
activate the TAK1-(JNK1/2)/p38 signaling pathway [75]. 
CYLD enhanced ERK- and p38/c-jun pathways in cardio-
myocytes [76] (Fig. 2).

USPs and Nrf2 signaling pathway
Nuclear factor erythroid 2-related factor 2 (NFE2L2/
Nrf2) is a transcription factor that plays a central role 
in cellular antioxidant responses by regulating down-
stream genes containing antioxidant response elements 
(AREs) in their promoters [77]. Beyond its antioxidative 
functions, Nrf2 has emerged as a key regulator of intra-
cellular protein quality control (PQC) and cardiac patho-
physiology [78], with accumulating evidence supporting 

Fig. 2  USPs and TGF-β signaling pathway. The TGF-β signaling pathway is activated via the binding of TGF-β ligands to TGF-β type II receptors 
(TβRII). After the binding of TβRII, TβRI is recruited to form a functional heterologous complex and is activated as TβRI kinase by TβRII, which 
transphosphorylases the glutamine synthetase domain of TβRI. Activated TβRI phosphorylates and activates Smad2 and Smad3 (Smad2/3). 
Activated Smad2/3 interacts with Smad4 to produce an activation complex, which then translocate into nucleus to control the transcription 
of target genes. Smad7, an I-Smad, blocks the phosphorylation and activation of Smad2/3 by competing with the binding to TβRI. Smad7 
also binds to Smurf2 to form an E3 ubiquitin ligase, causing the degradation of receptors. Smurf1 and ALK5 function as competitive with Smurf2 
and enhance the turnover of receptors. In addition, TRAF6 and TAK1 facilitate the activation of p38 /MAPK and JNK, resulting in the control 
of cell growth and proliferation. Different USPs mediate deubiquitinations in the process of TGF-β canonical and noncanonical pathways. TGF-β, 
transforming growth factor beta; TβRI/II, TGF-β type I/II receptors; SMAD2/3/4, small mothers against decapentaplegic 2/3/4; TRAF6, tumor necrosis 
factor receptor-associated factor 6; TAK1, TGF-β-activated kinase 1; JNK, c-Jun N-terminal kinase; Smurf1/2, Smad ubiquitin regulatory factor 1/2; 
ALK5, activin receptor-like kinase 5; I-Smad, inhibitory Smad; CYLD, cylindromatosis; USP4/9X, Ubiquitin-specific protease 4/9X; Ub, ubiquitin; P, 
phosphorylation
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its protective effects in cardiovascular disease progres-
sion [79]. Lack of Nrf2 leads to increase oxidative stress 
in cardiomyocytes and causes cardiac hypertrophy and 
diabetic cardiomyopathy [22, 80]. Nrf2 activity is highly 
regulated by Kelch-like ECH-associating protein 1 
(Keap1), which act as an adaptor in an E3 ubiquitin ligase 
complex with the scaffold protein Cullin 3 (Cul3) and 
Ring box protein 1 (Rbx1) [81]. Under basal conditions, 
Keap1 and NRF2 form Keap1/Nrf2 complex for pro-
teasome degradation via ubiquitination to ensure Nrf2 
maintain at a low level. However, under oxidative stress, 
Keap1 occurs structural change upon modification by 
electrophilic molecules so that Nrf2 separates from the 
Keap1/Nrf2 complex, leading the accumulation of Nrf2 
in nucleus [82]. Additionally, two alternative E3 ubiqui-
tin ligase complexes—β-TrCP-SKP1-CUL1-RBX1 and 
HRD1—have been identified as regulators of Nrf2 stabil-
ity through distinct ubiquitination mechanisms [83].

Emerging research highlights the critical regulatory 
roles of deubiquitinating enzymes (USPs) in modulating 
Nrf2 signaling. Several USP family members target Keap1 
to inhibit its K48-linked ubiquitination, including USP7, 
USP15, USP16, and USP25, a mechanism that accelerates 
Nrf2 degradation and exacerbates myocardial/hepatic 
ischemia-reperfusion injury [77, 84–86]. Intriguingly, 
fibroblast growth factor 18 (FGF18) counteracts this 
process by suppressing USP16 activity, thereby enhanc-
ing Nrf2 levels and protecting against hepatic ischemia-
reperfusion injury [85]. In addition to Keap1, USPs 
can directly target Nrf2 for its deubiquitination. USP8, 
USP11, and USP29 deubiquitinate and stabilize Nrf2 by 
removing K48-linked polyubiquitin chains from Nrf2, 
inhibiting ferroptosis and reducing spinal cord injury 
[87–89]. Beyond direct interactions, USP28 exerts indi-
rect control by stabilizing TRIM21 (a negative regulator 
of Nrf2) through deubiquitination, ultimately increas-
ing oxidative stress and driving cardiac hypertrophy 
[22]. Non-canonical Nrf2 activation pathways involve 
competitive disruption of the Keap1-Nrf2 complex. The 
SQSTM1/p62 protein (hereafter p62) binds Keap1 via 
its Keap1-interacting region (KIR), sequestering Keap1 
and preventing Nrf2 ubiquitination [90]. Recent studies 
reveal USP13 enhances p62 oligomerization by deubiq-
uitinating its PB1 domain at Lys7, thereby strengthening 
Keap1 binding and promoting Nrf2 nuclear translocation 
[91]. Similarly, USP8 facilitates p62 activity by removing 
K11-linked ubiquitination at Lys420 in its ubiquitin-asso-
ciated (UBA) domain [92] (Fig. 3).

USPs and p53 signaling pathway
P53 is a sequence-specific DNA binding protein which 
binds to more than 500 target genes to regulate a vari-
ety of cellular functions, including DNA repair, cell 

differentiation, cell-cycle progression, cellular senes-
cence, energy metabolism, and apoptosis [93]. Renowned 
as the "guardian of the genome," p53 is a pivotal tumor 
suppressor, with its dysfunction implicated in nearly all 
cancers. Notably, over 50% of human cancers harbor p53 
mutations [94, 95]. Beyond oncology, p53 also exerts crit-
ical roles in cardiovascular pathologies [96, 97].

Under basal conditions, p53 is maintained at low lev-
els due to proteasomal degradation mediated by MDM2, 
an E3 ubiquitin ligase. MDM2 binds p53’s transcrip-
tional activation domain, promoting its ubiquitination 
and degradation. Intriguingly, MDM2 itself is transcrip-
tionally regulated by p53, forming a tightly controlled 
autoregulatory feedback loop [98]. In response to stress, 
p53 increasing is mainly dependent on its stabiliza-
tion through the posttranslational modification such as 
deubiquitination, or its transcriptional gene activation. 
HAUSP (also known as USP7) is the first, but the only 
identified USP to deubiquitinate both p53 and MDM2. 
USP7 strongly stabilizes p53 by deubiquitinating p53 
both in vitro and in vivo [99], it also binds and deubiq-
uitinates MDM2 in a p53-independent manner and 
decreasing p53 levels in normal cells [20, 99, 100]. USP10, 
another key regulator, stabilizes cytoplasmic p53 by 
reversing MDM2-driven nuclear export [101]. Addition-
ally, USP10 and USP4 deubiquitinate p14ARF—a product 
of the INK4/ARF locus—which antagonizes MDM2 to 
enhance p53 stability [102, 103]. USP13 further modu-
lates this network by regulating USP10 degradation, as 
demonstrated in the heart, lung and liver of newborn 
mice [104]. Other deubiquitinases, including CYLD, 
USP9X, USP11, USP39, and USP54, stabilize p53 by 
cleaving K48- or K63-linked ubiquitin chains, promoting 
p53 nuclear translocation and activation [105–109]. Con-
versely, USP36 indirectly suppresses p53 by stabilizing 
RBM28, a transcriptional repressor of the p53 promoter 
[110]. Hypoxia inducible factor-1α (HIF-1α) regulates 
p53 expression. Both USP7 and USP22 stabilize HIF-1α 
via deubiquitination, amplifying p53 levels in fibroblasts 
and hepatocellular carcinoma models [111, 112] (Fig. 4).

USPs and other signaling pathways
The Notch signaling pathway plays a crucial role in reg-
ulating cell proliferation, differentiation, development, 
and homeostasis. Specifically, it regulates cardiac devel-
opment and is involved in modulating myocardial injury 
processes, including neovascularization, myocardial 
fibrosis, cardiomyocyte apoptosis, oxidative stress, and 
stem cell differentiation [113]. The Notch pathway func-
tions via canonical or non-canonical signaling pathway. 
In the canonical pathway, activation occurs via Notch 
ligands and receptors, which ultimately form the DNA-
binding transcription factor CBF1/suppressor of hairless/
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Lag1 (CSL, also called RBPJ) to initiate downstream target 
gene expression [114]. Subsequently, the disintegrin and 
metalloproteinase (ADAM) proteins and the γ-secretase 
complex sequentially cleave the Notch receptor, releasing 
the Notch intracellular domain (NICD). The NICD then 
translocates into the nucleus to interact with CSL, form-
ing a transcriptional activation complex through recruit-
ment of mammalian mastermind-like 1–3 (MAML1–3) 
proteins [115]. In contrast, the non-canonical pathway 
mediates crosstalk between Notch and other signaling 
pathways, such as the PI3K/AKT and NF-κB pathways, 
thereby activating their respective target genes [116].

Emerging evidence indicates that ubiquitin-specific 
proteases (USPs) critically regulate Notch signaling. 
For instance, USP10 deubiquitinates NICD1 to pro-
mote Notch signaling and regulate myocardial fibrosis 
in diabetic mice [117]. In endothelial cells (ECs), USP10 
directly interacts with Notch1-NICD1, enhancing 

receptor activation; conversely, endothelial-specific 
Usp10 knockout mice exhibit excessive vessel sprout-
ing [118]. Similarly, Zhai et al. demonstrated that USP10 
stabilizes NICD by removing K11- and K48-linked poly-
ubiquitination chains [119]. USP8 is found to deubiqui-
tinate and stabilize NICD for Notch activation in sepsis 
mouse model. Upregulation of USP8 expression reduces 
lipopolysaccharide (LPS) -induced ECs injury. Down-
regulation of USP8 retardates cellular growth, wound 
closure, and colony forming [120, 121]. Additionally, 
USP5 enhances Notch/receptor tyrosine kinase (RTK) 
signaling via NICD stabilization [122], while USP7 and 
USP12 directly stabilize Notch proteins through deubiq-
uitination [123, 124]. Notably, USP9X regulates Notch 
signaling indirectly by stabilizing mindbomb homolog 1 
(MIB1), an E3 ligase required for NOTCH ligand endo-
cytosis, thereby enhancing Notch1 activity in porcine 
aortic valve interstitial cells (pAVICs) [125].

Fig. 3  USPs and Nrf2 signaling pathway. The key components of the Nrf2 pathway are Nrf2, Keap1 and CUL3 scaffold protein (with Rbx1). CUL3 
and Keap1 form dimers for the E3 ubiquitin ligase complex, which binds to one Nrf2 with two binding motifs (DLG and ETGE) and degrades 
Nrf2 protein. Phosphorylation of p62 remarkedly increases the binding affinity of P62 with Keap1, leading the separation of Nrf2 from Keap1 
and accumulation of cytoplasmic Nrf2. Nrf2 is then translocated into nucleus and targets ARE genes. Nrf2, Nuclear factor erythro2-related 
factor 2 (NFE2L2); Keap1, Kelch-like ECH-associating protein 1; CUL3, Cullin 3; Rbx1, Ring box protein 1; ARE, antioxidant response element; USP, 
Ubiquitin-specific protease; Ub, ubiquitin; P, phosphorylation
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Roles of USPs in cardiomyopathies
USPs in Hypertrophic Cardiomyopathy 
Hypertrophic cardiomyopathy (HCM), the most com-
mon primary cardiomyopathy, affects individuals across 
all sexes and ethnic groups. With an estimated global 
prevalence of 1:200–1:500, this condition affects approxi-
mately 750,000 individuals in the United States and 
15–20 million worldwide [126]. Pathologically, HCM is 
characterized by compensatory cardiomyocyte hyper-
trophy, which initially preserves ventricular wall stress 
and maintains ejection fraction. However, sustained 
pathological cardiac hypertrophy eventually leads to an 
increase of heart failure and mortality [127]. The patho-
genesis of cardiac hypertrophy is not fully understood 
but a complex process of myocyte molecular modifica-
tion has been involved in HCM [128]. Multiple signaling 
pathways, such as MAPK, NF-𝜅B, TGF-β, TNF-α, the 
insulin-like growth factor-I (IGF-I) activated PI3K/AKT/

mTOR, and Ca2 + -dependent signaling pathways, have 
been implicated in HCM pathogenesis [129–131]. Con-
sidered that cardiomyocytes are terminally differentiated, 
the PQC is critical in HCM, giving the importance of 
DUBs to precisely control protein function, localization, 
and degradation [132]. Accumulating evidence demon-
strates that USPs, the largest member of DUBs with high 
substrate specificity, are crucial to cardiac pathophysiol-
ogy in HCM.

TAK1, a key member of the mitogen-activated protein 
kinase kinase kinase (MAPKKK) family, mediates TGF-
β-induced activation of NF-κB, JNK, and p38 signaling 
[133–135] and has been identified as a central driver of 
cardiac hypertrophy [136, 137]. Stress-activated MAPKs 
p38 and JNK1/2 are critically involved in cardiac remod-
eling progression [138–140], whereas their pharmaco-
logical inhibition attenuates hypertrophic development 
and heart failure [141]. TAK1 activation is regulated by 

Fig. 4  USPs and p53 signaling pathway. p53 forms tetramers and translocate into nucleus, where p53 binds and activates target genes 
transcription to regulate many different biological processes in response to cellular stress. p53 protein keeps at a very level under normal condition, 
it is tightly regulated by MDM2, which promotes ubiquitination and proteasome-dependent degradation of p53. p53 itself binds to MDM2 to form 
a feedback loop. ARF binds to MDM2, leading to the rapid degradation of MDM2 and accumulation of p53. p53 proteins and p53 transcriptional 
activators HIF-1α can be ubiquitinated and proteasomal degraded in normal condition, whereas it is oppositely regulated by DUBs in stress 
condition. ARF, alternate open reading frame; MDM2, Mouse double minute 2; HIF-1α, hypoxia inducible factor-1α; RBM28, RNA-binding protein; 
CYLD, cylindromatosis; USP, Ubiquitin-specific protease; Ub, ubiquitin; P, phosphorylation
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USP18 and USP19, which exert anti-hypertrophic effects 
by suppressing TAK1-(JNK1/2)/P38 signaling axis based 
on their deubiquitinating activity of TAK1 [73, 74]. 
USP18 also suppresses the activation of NF-κB by deu-
biquitinating TAK1–TAB1 complex [49] via Lys63-linked 
polyubiquitination of TAK1, triggers the activation of 
IKK/NF-κB [142]. USP4, a prominently expressed USP 
in normal heart but significantly reduced in human fail-
ing heart and murine HCM model, targets TAK1 to reg-
ulate its downstream pathways. Yang et  al. reveals that 
USP4 can deubiquitinate TAK1 timely to downregulate 
TNFα-mediated activation of NF-κB when TNFα rapidly 
induced Lys63-linked TAK1 polyubiquitnation [45]. Pu 
et  al. also proves that USP4 can suppress autophospho-
rylation of TAK1 for deubiquitination and then phospho-
rylation of JNK and p38-mitogen-activated kinase [143, 
144]. CYLD enhances MAPK/ERK mediated p38/c-jun 
activation, suppressing Nrf2 expression and antioxidative 
capacity, therefor promoting cardiac remodeling in TCA 
mouse model [76]. USP22 is expressed in the heart and 
associated with HCM. A new study reveals that USP22 
promotes the pathological process of myocardial hyper-
trophy by deubiquitinating HIF-1a and further activate 
the TAK1-(JNK1/2)/P38 signaling pathway [75].

Calcium ion (Ca2 +) plays a vital role in the contrac-
tion and relaxation of cardiomyocytes. the sarcoplas-
mic reticulum (SR) coordinates Ca2⁺ cycling through 
L-type Ca2⁺ channels (LTCCs) and ryanodine receptor 
2 (RyR2)-mediated Ca2⁺ release, with SERCA2a actively 
replenishing SR Ca2⁺ stores [145, 146]. Many stud-
ies have reported that the changes in SERCA2a activity 
contribute to the pathogenesis of overload-induced car-
diac hypertrophy [147, 148], and SERCA2a is regulated 
by several posttranslational modifications (PTMs) such 
as deubiquitination [149]. Recently, the role of USP25 in 
myocardial hypertrophy via deubiquitinating SERCA2a is 
reported by Ye et al. [21]. They find that USP25 is mark-
edly increased in angiotensin II (Ang II) and transverse 
aortic constriction (TAC) induced HCM mouse models, 
while USP25 deficiency can aggravate the cardiac injury 
in those models. USP25 targets the SERCA2a protein at 
cysteine 178 to keep it from degradation via K48 ubiq-
uitin chain deconjugation [21]. USP2 overexpression 
decreases the concentration of Ca2+ and increases SER-
CA2a by deubiquitinating mitochondrial protein Mito-
fusin-2 (Mfn2), alleviating mitochondrial dysfunction, 
and apoptosis in the Ang II-induced cardiac hypertro-
phy mouse model [150]. USP2 also is reported to stabi-
lize junction plakoglobin (JUP) protein, which block the 
AKT/β-catenin signaling cascade and alleviate cardiac 
hypertrophy in ISO-induced mouse model [151].

Highlight the emerging role of protein modi-
fication such as Sirtuins protein acetylation and 

N6-methyladenosine (m6A) modification in cardiomyo-
pathy [152–154]. Notably, the deubiquitination regula-
tion related to these processes holds great importance. 
For instance, USP10 deubiquitinates Sirt6, which blocks 
AKT signaling and subsequent Ang II-induced cardiac 
hypertrophy. Cardiac-specific overexpression of USP10 
protects against cardiac hypertrophy [130]. The natu-
ral compound Limonin protect USP10 antihypertrophic 
effect in the same model [155]. Conversely, USP12 is 
regarded as a positive regulator of Ang II-induced cardiac 
hypertrophy by deubiquitinating and stabilizing p300 
to activate methyltransferase-like 3 (METTL3), which 
catalyzes m6A modification on messenger RNA and 
promotes cardiac hypertrophy. Overexpression USP12 
aggravates cardiac hypertrophy, whereas inhibition of 
USP12 ameliorates Ang II-induced myocardial hypertro-
phy [156]. USP18 is associated with myocardial hyper-
trophy in a TAC mouse model. In AAV9-cTNT-Usp18 
myocardial-specific knockout mice, USP18 downregula-
tion aggravates myocardial remodeling [157]. Similarly, 
recent studies by Han et al. revealed that USP28 deletion 
protects against Ang II- and TAC-induced hypertrophy 
by stabilizing TRIM21 via K48-linked deubiquitination, 
which suppresses Nrf2-mediated antioxidant responses 
and reduces oxidative stress [22]. Elevations of cardio-
myocyte length and maladaptive eccentric hypertro-
phy are found by Jean-Charles et al. in USP20 konckout 
-TAC mice. In this mouse model, they find that USP20 
deubiquitinates and prevents the protein degradation of 
Myosin Heavy Chain 7 (MYH7) through lysine-48 poly-
ubiquitination [158]. Strikingly, USP7 has been found to 
associate with myocardial hypertrophy. Homozygous of 
cardiomyocyte-specific USP7 conditional knockout mice 
died approximately three weeks after birth, and heterozy-
gous knockout mice develops severe hypertrophy, fibrosis 
and cardiac dysfunction due to disrupted mitochondrial 
dynamics [159]. Recently, USP38 has been reported to 
be a harmful factor in the progression of hypertrophic 
heart failure by removing K48-linked polyubiquitination 
of TBK1, resulting the stabilization of p-TBK1 and acti-
vation of AKT signaling pathway in both Ang II-induced 
myocardial hypertrophy and pressure overload-induced 
left ventricular electrical remodeling mouse models 
[160, 161]. Despite these advances, the precise molecular 
mechanisms linking USPs to HCM remain incompletely 
understood, necessitating further investigation (shown in 
Table 1).

USPs in Dilated Cardiomyopathy
Dilated cardiomyopathy (DCM), characterized by left 
ventricular (LV) or biventricular enlargement as well 
as systolic dysfunction (ejection fraction < 45%), repre-
sents the the structural and compositional alterations of 
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cardiomyocytes and and serves as the final phenotype 
of multiple underlying disease entities [163]. The esti-
mated prevalence of DCM can be as high as 1:250—1:400 
[163, 164]. In 2019, there were 388,388 reported cases in 
the United States, though the global incidence remains 
unclear [165]. The symptoms of DCM are severe, often 
leading to heart failure and sudden death. Approximately 
20–30% DCM caused by genetic mutation of about hun-
dred genes such as TTN, LMNA, FLNC, SCN5A, BAG3, 
MYH7, PLN, RBM20 [166–169], and the acquired causes 
can include infectious, toxins, metabolic, immunologic, 
neuromuscular, and radiation [170]. The molecular basis 
of DCM pathology primarily involves impairment of pro-
teins, especially those produced from gene mutations. 
These changes affect such as the energy generation (TTN, 
MYH7 mutation), nuclear envelope (LMNA mutation), 
spliceosome defect (RBM20 mutation), Ion abnormali-
ties (SCN5A mutation) and force transmission (FLNC 
mutation) in cardiomyocytes. The alteration of proteins 
involves abnormal signaling pathways, cytoskeletal struc-
ture modifications, and cardiomyocyte dysfunction, 
where the UPS holds an essential role in cardiomyocyte 
growth, cell death, fibrosis and inflammation [170].

p53 is a transcription factor that induces pro-apoptotic 
molecules (e.g., Bax) and activates caspases in cardio-
myocytes. It has been reported that p53 highly express 
in DCM [96, 171, 172]. MDM2, an E3 ubiquitin ligase, 
mediates p53 ubiquitination and subsequent protea-
somal degradation. USP7 cleaves MDM2-mediated p53 
ubiquitin forms for p53 stabilization [99, 172]. Birks et al. 
observed increased levels of both USP7 and p53 in left 
ventricular myocardial tissues of DCM patients, suggest-
ing that USP7 may contribute to DCM progression [172]. 
Additionally, DCM heart tissues exhibit high expression 
of polyubiquitinated proteins and 20S-proteasome chy-
motrypsin-like proteins, while caspase substrate Poly-
ADP-ribose polymerase 1 (PARP-1) is downregulated 
[172]. Sin et  al. showed that USP7 was suppressed by 
resveratrol via activation of SIRT1 (Sirtuin 1) to reduce 
p53 and protect doxorubicin (DOX)-induced DCM 
[173]. Moreover, USP36 has been reported to be a new 
target molecule to alleviate DOX-induced cardiomyopa-
thy. Wang et al. finds that USP36 expression is increased 
in the DOX-induced cardiomyopathy, and silencing 
USP36 can alleviate oxidative stress injury and apoptosis 
induced by DOX. Mechanistically, USP36 targets PARP1 

Table 1  USPs in HCM

USPs Molecule targets Cleaved 
ubiquitin 
chain(s)

Mechanisms Model Ref

USP2 Mfn2 NA interacts with Mfn2 for deubiquitination in the Ang II-
induced cardiac hypertrophy

Ang II mouse model  [150]

JUP NA stabilizes JUP protein to block the Akt/β-catenin pathway 
in the ISO-induced hypertrophic cardiomyopathy

ISO mouse model  [151]

USP4 TAK1 K63 suppresses autophosphorylation of TAK1 for deubiquitination Human failing heart 
and murine HCM model

 [143, 144]

USP10 Sirt6 NA promotes Sirt6 levels by inhibiting its ubiquitination degra-
dation

Ang II mouse model  [130, 155]

USP12 p300 NA deubiquitinates p300 to activate METTL3 Ang II mouse model  [156]

USP14 GSK-3β NA increases the phosphorylation of GSK-3β Ang II or TAC rat model  [162]

USP18 TAK1 NA suppresses TAK1-(JNK1/2)/P38 signaling axis based on its 
deubiquitinating activity to exert antihypertrophic effects

TCA mouse model  [73]

USP20 MYH7 K48 deubiquitinates and prevents the protein degradation 
of MYH7 through lysine-48 polyubiquitination

TCA mouse model  [158]

USP22 HIF-1a NA deubiquitinates HIF-1a and further activated the TAK1-
(JNK1/2)/P38 signaling pathway

Ang II mouse model  [75]

USP25 SERCA2a K48 targets to the cysteine at position 178 of SERCA2a protein 
and deconjugates the K48 ubiquitin chain

Ang II and TAC mouse model  [21]

USP28 TRIM21 K48 deubiquitinating and stabilizing TRIM21 to negatively 
regulate Nrf2 antioxidant response, leading to increasing 
oxidative stress in cardiomyocytes and promoting cardiac 
hypertrophy

Ang II or TAC mouse model  [22]

USP38 TBK1 K48 removes K48-linked polyubiquitination of TBK1 to stabilize 
p-TBK1

Ang II and TAC mouse model  [160, 161]

CYLD ERK NA enhances MAPK/ERK mediated p38/c-jun activation to sup-
press Nrf2 expression and antioxidative capacity

TCA mouse model  [76]
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for its deubiquitination and this function can be abol-
ished by the C131A mutant in USP36 [174].

As is well-known, TGF-β signaling plays a pivotal 
role in promoting endothelial to mesenchymal transi-
tion (EndMT) [175], which has been reported to involve 
in the cardiac remodeling during DCM development 
[176]. SMAD proteins, act as the main mediators in 
the primary signaling of TGF-β family, are phosphoryl-
ated in response to activated TGF-β receptors to form 
homomeric complexes and heteromeric complexes with 
SMAD4 so that these complexes can accumulate in the 
nucleus and target downstream genes to regulate tran-
scription [56, 57]. Zhao et al. demonstrated that EndMT 
and epidermal growth factor‐like repeats and discoidin 
I‐like domains 3 (EDIL3) are activated in patients and 
mice with DCM. EDIL3 depletion attenuates EndMT by 
reducing TGF-β1 and SMAD4, which are the targets of 
the ubiquitination and degradation by USP10 [63]. USP 
dysfunction also directly develop DCM [16]. USP5 inter-
acts with the components of the cellular PQC machin-
ery PSMD14 to regulate PQC in adult cardiomyocytes. 
Deletion of USP5 increases both K48 and K63-linked 
ubiquitin chains protein accumulation and aggregation, 
resulting the DCM mice with enlarged ventricles, dilated 
atria, and substantial reduction of ventricular wall thick-
ness as well as increased left ventricular end-systolic 
(LVESV) and end-diastolic volumes (LVEDV), highlight-
ing its critical role in maintaining cardiac structure and 
function [16] (shown in Table 2).

USPs in Ischemic Cardiomyopathy 
Ischemic cardiomyopathy (ICM) is a term that refers to 
damaged heart muscle that cannot pump blood prop-
erly due to myocardial damage caused by ischemia. The 
term has represented a broader meaning which refers to 
the cardiomyopathies secondary to coronary artery dis-
eases (CHD) [177]. CHD is characterized by formation of 
plaques in the coronary arteries, decreasing their capac-
ity to supply nutrients and oxygen, causing ischemia/

hypoxia and even myocardial cell death called myocardial 
infarction (MI). MI is attributed to the thrombotic occlu-
sion of the coronary artery, which remains the leading 
cause of morbidity and mortality worldwide. Currently, 
the most effective treatment of MI is percutaneous cor-
onary intervention (PCI), which rapidly restores blood 
flow to the heart. However, this also leads to the dam-
age of myocardium which is termed as MIRI [178]. Upon 
ischemic or post-I/R injury, the cardiac cell death initi-
ates the inflammatory phase by promoting the migration 
of neutrophils and monocytes and release of inflamma-
tory factors, subsequently activating cardiac fibroblasts 
and leading to cardiac fibrosis and cardiac remodeling 
[179, 180]. Cardiac fibrosis is characterized by collagen 
fiber deposition and cell proliferation. After infarction 
or other cardiomyocyte injury, cardiac fibroblasts are 
activated and subsequently differentiate into myofibro-
blasts to repair the damage site [181, 182]. Although the 
repair process can maintain the integrity of the ventricu-
lar structure, it results in cardiac remodeling and further 
deterioration of cardiac function. TGF-β signaling is 
well-known in cardiac fibrosis by its stimulating collagen 
production through promoting the transition of cardiac 
fibroblast into myofibroblast [183–185]. Recently, Tang 
et al. finds that cardiac fibroblast USP10 target SMAD4 
for its deubiquitination to facilitate the activation of 
TGF-β/SMAD4 signaling pathway in post-I/R injury, 
which ultimately leading to cardiac fibrosis [72].

Recently, there is growing evidence that USP plays an 
important role in the pathogenesis of MIRI by regulat-
ing apoptosis, ferroptosis and calcium overload. Ferrop-
tosis, which is characterized by iron accumulation and 
lipid peroxidation, has been shown to play a vital role in 
MIRI [166, 186]. Keap1/Nrf2 pathway is one of the most 
important defense mechanisms against oxidative stress 
[187] and ferroptosis [166]. There are several studies that 
have shown the relationship between USP and ferropto-
sis after MIRI. USP7 and Keap1 are elevated in the MIRI 
mouse model. Inhibiting USP7 can restore the expression 

Table 2  USPs in DCM

USPs Molecule targets Cleaved 
ubiquitin 
chain(s)

Mechanisms Model Ref

USP5 PSMD14 K48 and K63 interacts with the components of the cellular PQC machinery 
PSMD14 to regulate PQC in adult cardiomyocytes

USP5KO and hUSP5 overex-
pression mouse model

 [16]

USP7 p53 NA cleaves ubiquitin from modified forms of p53 for stabilization DCM patients  [99, 172]

NA be suppressed via activation of SIRT1 to reduce p53 and protect 
DOX-induced DCM by resveratrol

DOX-induced mouse model  [173]

USP10 SMAD4 NA directly interacts with SMAD4 to maintain its activity in HUVEC, 
promoting EndMT and exacerbating DCM-induced cardiac 
dysfunction and remodeling

DOX-induced mouse model  [63]

USP36 PARP1 NA targetes PARP1 for deubiquitination and this function could be 
abolished by the C131A mutant in USP36

DOX-induced mouse model  [174]
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of Keap1 to lower level, which increase Nrf2 accumula-
tion as well as protect myocardium ferroptotic damage 
induced by I/R injury [84]. Another study by Peng et al. 
demonstrated that USP7 promotes ferroptosis in MIRI by 
deubiquitinating and stabilizing p53, which in turn reg-
ulates transferrin receptor 1 (TfR1) levels in I/R-treated 
rat hearts [20]. TfR1 is responsible for iron uptake in cells 
as well as supposes to be a specific ferroptosis marker 
[188]. According to several reports, p53 has an effect on 
iron uptake while played a dual role in regulating ferrop-
tosis as a transcription factor by targeting SLC7A11 to 
promote ferroptosis [189] or inhibiting DPP4 activity to 
suppress ferroptosis [190]. Liu et al. demonstrates USP11 
can relieve myocardial injury in ischemia-reperfusion rat 
model. Its mechanism is realized by positively regulat-
ing TRAF3 via its deubiquitination activity [43]. CYLD 
deubiquitinates and stabilizes p53, which serves as a 
transcriptional factor to positively regulate m7G Methyl-
transferase1 (Mettl1) in MIRI mouse model. Mettl1 pro-
motes cardiac remodeling during I/R injury. Inhibition 
of CYLD alleviates cardiomyocytes apoptosis induced by 
Mettl1 overexpression or oxidative stress [191].

c-Jun N-terminal kinase (JNK)1/2 pathway, as one of 
the MAPK signaling pathways, takes part in cell cycle, 
cell growth, and differentiation, as well as mediating cell 
apoptosis. JNK1/2 can be phosphorylated by dual-spec-
ificity protein phosphatases (DUSP), which is known as 
MAPK phosphatases (MKPs). USP49 positively regulates 
DUSP1 expression through deubiquitinating DUSP1 in 
AC16 cardiomyocytes and I/R-induced mouse model. 
USP49 knockdown Inhibits JNK1/2 activation and cell 
apoptosis [192]. USP47 has been implicated in the pro-
gression of MIRI through NF-κB pathway activation 
[193]. However, this USP47-mediated NF-κB activation is 
due to UP47 promoting NF-κB promoter activity [193]. 

Song et al. finds that USP22 deubiquitinates and stabilizes 
Lysine Demethylase 3A (KDM3A), and KDM3A inhibits 
histone 3 lysine 9 di-methylation (H3K9me2) levels in the 
Yes1 Associated Transcriptional Regulator ( YAP1) pro-
moter to elevate YAP1 transcription, ultimately mitigat-
ing MIRI in rat models [194] (shown in Table 3).

USPs in Diabetic Cardiomyopathy
Diabetes mellitus (DM) is a group of metabolic disor-
ders with high morbidity worldwide. In 2017, there are 
425 million people suffering from this disease and the 
number is projected to rise to 693 million by 2045 [195]. 
defined by leading cardiology societies as ventricular 
dysfunction in diabetic patients without coronary ath-
erosclerosis or hypertension, is driven by multifactorial 
mechanisms including mitochondrial dysfunction, met-
abolic dysregulation, oxidative stress, endothelial dys-
function, and autonomic dysfunction [196–198]. In the 
diabetic heart, fatty acid (FA) oxidation becomes almost 
the only source of ATP production [199], which produces 
high level of oxidative stress, thereby exacerbate the pro-
gression of DiaCM.

The peroxisome proliferator-activated receptors (PPARs), 
a family of transcription factors composed of three tissue-
specific distribution isoforms including PPARα, PPARβ/δ, 
and PPARγ, modulate various biological processes such as 
lipid metabolism, glucose homeostasis, Ca2 + handling, 
inflammation and oxidative stress [200, 201]. A network 
of PPARs plays an essential role in the regulation of myo-
cardial energy and fatty acid homeostasis [202]. In T2DM, 
activation of PPARα promotes mitochondrial FA oxidation 
[203]. FA in the cytoplasm can activate PPARγ, which in 
turn increases expression of the fatty acid translocase CD36 
to transport free fatty acid (FFA) to adipose tissue, thereby 
reducing the lip toxicity of the myocardium [204]. CD36 

Table 3  USPs in ICM

USPs Molecule targets Cleaved 
ubiquitin 
chain(s)

Mechanisms Model Ref

USP7 Keap1 NA binds Keap1 for deubiquitination to reduce Nrf2 accumulation in the nucleus 
and increase ROS production

MIRI mouse model  [84]

p53 NA targets p53 which regulated TfR1 protein level MIRI rat model  [20]

USP10 SMAD4 NA targetes SMAD4 for deubiquitination to facilitate the activation of TGF-β/
SMAD4 signaling pathway

MIRI mouse model  [72]

USP11 TRAF3 NA positively regulates TRAF3 via its deubiquitination activity MIRI rat model  [43]

USP22 KDM3A NA deubiquitinates and stabilizes KDM3A protein levels to elevate YAP1 transcrip-
tion

MIRI rat model  [194]

USP47 NF-kB NA promotes apoptosis in rat myocardial cells after ischemia/reperfusion injury 
via NF-kB activation

MIRI mouse model  [193]

USP49 DUSP1 NA stabilize DUSP1 expression to activate JNK1/2 signaling MIRI mouse model  [192]

CYLD p53 NA deubiquitinates and stabilizes p53 to positively regulate m7G Methyltrans-
ferase1 (Mettl1) in MIRI mouse model

MIRI mouse model  [191]
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also uptakes long-chain fatty acids (LCFAs) and involves 
in the regulation of metabolism during DiaCM [204, 205]. 
Emerging evidence highlights the role of deubiquitination 
in PPAR regulation. For instance, USP7 has been reported 
to be upregulated in DiaCM and deubiquitinate PGC-1β 
to increase PPARα. USP7 knockout resists mitochondria 
dysfunction and attenuates diabetic cardiomyopathy [206]. 
Mfn2 has been shown to ameliorate mitochondrial dys-
function by promoting mitochondrial fusion and PPARα 
promotes Mfn2 transcription by binding to Mfn2 pro-
moter. USP28 deubiquinates and stabilizes PPARα (Lys152) 
and therefore promote Mfn2 activation to maintain mito-
chondria homeostasis [203]. USP28 is decreased signifi-
cantly in the db/db mouse hearts and diabetic patients’ 
hearts, USP28 overexpression had a cardioprotective effect 
on the high-fat diet/streptozotocin–induced type 2 dia-
betes mice [203]. PPARγ is deubiquitinated by USP22 via 
K48-linked deubiquitination chains to regulate lipid accu-
mulation [207]. CD36 is the target of the E3 ligase [205, 
208] and can be regulated by USP. USP14 can stabilize 
CD36 protein via cleaving ubiquitin chains from ubiqui-
tinated CD36 proteins in macrophages [209], and USP11 
mediates the deubiquitination of CD36 in heart to protect 
it from degradation [210].

Advanced glycation end products (AGEs) are long-
lasting molecules from advanced, nonenzymatic glyco-
sylation by excess sugars during DM. The accumulation 
of AGEs induces the development and progression of 
DiaCM via receptor dependent pathways [197, 211]. On 
the one hand, AGEs interact with AGE receptor (RAGE) 
to activate NF-κB signaling to induce oxidative stress and 
enhance extracellular matrix accumulation [197]. AGEs 
can promote collagen degradation by causing crosslinks 
of collagen molecules. The crosslinked AGEs are found 
in SERCA2a, which may contribute to the impairment 
of sarcoplasmic reticulum Ca2 + re-uptake in cardiac 
myocytes [212, 213]. SERCA2a is regulated by ubiqui-
tination and deubiquitination [21]. USP25 is involved 
in the maintenance of intracellular calcium handling in 

cardiomyocytes by deubiquitinating and stabilizing SER-
CA2a [21].

It has been shown that USP24 promotes ferroptosis 
by activating NF-κB in DiaCM model [214]. In a high-
fat diet and streptozotocin-induced mouse DCM model, 
increased expression of USP24, NF-κB, and ferroptosis 
marker are detected. However, it is not clear whether 
this effect is mediated through direct or indirect USP24- 
NF-κB regulation [214]. USP10 has been shown that it 
can activate.

Notch1 to exert protective effect on MI in T2DM mice 
[117], and mediates the deubiquitination and activation 
of AMPKα to alleviate the progression of diabetic vascu-
lar calcification (VC) [215]. Although the exact mecha-
nisms need to be further explored (shown in Table 4).

Therapeutic potential of USP in cardiomyopathy
USPs play critical roles in deubiquitinating and stabiliz-
ing proteins, changing protein level, protein localization, 
protein activity, and protein–protein interactions. These 
regulatory effects are essential for signal transduction 
pathways that govern cellular proliferation, growth, and 
apoptosis in both physiological and pathological condi-
tions. Individual USP selectively recognize and stabilize 
the target proteins, exerting either positive or negative 
regulatory effects on various signaling pathways. Given 
their involvement in numerous diseases, USPs have 
emerged as promising therapeutic targets in recent years. 
Notably, USP inhibitors have demonstrated significant 
anti-cancer potential [18, 26, 216]. However, the appli-
cation of USP inhibitors, agonists or other modulatory 
compounds used in cardiomyopathy treatment remain 
limited and have not been summarized.

Therapeutic potential in HCM
In a transverse aortic constriction (TAC) mouse model, 
USP18 is found to be associated with myocardial hyper-
trophy through TAK1/p38/JNK1/2 pathway, USP18 

Table 4  USPs in DiaCM

USPs Molecule targets Cleaved 
ubiquitin 
chain(s)

Mechanisms Model Ref

USP7 PGC-1β NA deubiquitinates PGC-1β to increase PPARα levels high-fat diet /STZ-induced mouse model  [206]

USP10 Notch1 NA activates Notch1 to exert protective effect on MI 
in T2DM mice

high-fat diet /STZ-induced mouse model  [117]

USP24 NF-κB NA activates NF-κB to promote ferroptosis in DiaCM 
models

high-fat diet /STZ-induced mouse model  [214]

USP28 PPARα NA interacts with PPARα for deubiquination to promote 
Mfn2 transcription and maintain mitochondria homeo-
stasis

high-fat diet /STZ-induced mouse model  [203]
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deficiency enhances TAK1 activity in response to pres-
sure overload [73], whereas USP18 overexpression atten-
uates pathological cardiac remodeling [157]. The natural 
flavonoid cardamonin (CAR), a specific USP18 agonist, 
significantly improves cardiac function in TAC mice by 
enhancing USP18-mediated anti-hypertrophic effects, as 
evidenced by increased ejection fraction (EF%), reduced 
B-type natriuretic peptide (BNP) levels, and attenuated 
myocardial inflammation/fibrosis [157]. 5Z-7-Oxoze-
aenol, a specific TAK1 inhibitor, reverses the prohyper-
trophic effect of USP18 deficiency in TAC mouse model 
[73]. In angiotensin II (Ang II)-induced hypertrophy 
models, the citrus-derived compound limonin pro-
motes nuclear translocation of USP10, thereby activat-
ing SIRT6-dependent signaling to suppress hypertrophy 
[130]. Mechanistically, limonin administration elevates 
nuclear/cytoplasmic USP10 levels, enhances PPARα 
expression, and increases mice EF (%) and fractional 
shortening(%). Amlexanox, an inhibitor of TBK1, has 
been found to be associated with USP38 mediated car-
diac remodeling. USP38 overexpression promotes poly-
ubiquitination of TBK1, resulting in the stabilization of 
p-TBK1 and activation of AKT signaling pathway in Ang 
II-induced myocardial hypertrophy mouse model. Aml-
exanox protects USP38 mediated cardiac remodeling, 
decreasing the protein expression of USP38-mediated 
TBK1/AKT-GSK3β/mTOR signaling pathway [158]. Oti-
lonium Bromide (OB), a USP28 inhibitor, protects mouse 
heart against Ang II- or TAC-induced cardiac dysfunc-
tion and hypertrophy by inhibiting USP28 whose activ-
ity related K48-linked deubiquitinating and stabilizing 
TRIM21. TRIM21 negatively regulates Nrf2 antioxidant 
response, leading to increasing oxidative stress in cardio-
myocytes and promoting cardiac hypertrophy [22].

Therapeutic potential in DCM
Resveratrol, a natural compound found in red grape pea-
nuts and berries, has been reported to decrease USP7 
and p53 levels via SIRT1 activation in DOX-induced car-
diotoxicity mouse model [173].

Therapeutic potential in ICM
Col003, a heat shock protein 47 (HSP47) inhibitor, 
inhibits hypoxia-induced fibrogenesis via impeding the 
HSP47-mediated USP10/TGFβ1/Smad4 pathway in adult 
mouse cardiac fibroblasts [72]. In this study, USP10 is 
recruited by HSP47 to deubiquitinate SMAD4, thereby 
activating TGF-β signaling in a left anterior descending 
coronary artery (LAD) ligation MIRI model. HSP47 is 
highly expressed in both patients and mice cardiac fibro-
blast cells from ischemic cardiac pathogenesis. In this 
context, HSP47 facilitates USP10 recruitment to deu-
biquitinate SMAD4, which leads to increased activation 

of TGFβ1. This process promotes fibrosis and fibroblast 
proliferation in ischemic hearts. Targeting HSP47 with 
Col003 disrupts fibrogenesis in cardiac fibroblasts, sug-
gesting its potential as a therapeutic strategy to combat 
fibrosis in ischemic heart conditions [72]. However, this 
drug has only been tested in  vitro, and its anti-fibrosis 
effects in vivo still need to be further validated.

Therapeutic potential in DiaCM
Adeno-associated virus (AAV) therapy might be a poten-
tial approach in diabetic hearts. Follistatin-like protein 1 
(FSTL1) has been shown to activate the USP10/Notch1 
signaling pathway, which is associated with myocardial 
apoptosis in T2DM mice. AAV9-FSTL1 is established 
to improve cardiac function following MI by reducing 
serum lactate dehydrogenase (LDH), apoptosis and fibro-
sis in T2DM mice [117]. Furthermore, USP28 plays a role 
in attenuating DiaCM progression through the PPARα-
Mfn2 axis in diabetic hearts [203]. AAV9-USP28 admin-
istration attenuates cardiac remodeling and dysfunction, 
lipid accumulation, and mitochondrial impairment in 
high-fat diet/streptozotocin-induced type 2 diabetes 
mice [203]. These findings suggest the clinical relevance 
and therapeutic potential of AAV in T2DM-associated 
MI and cardiovascular diseases.

Conclusion and perspectives
USPs are a major class of DUBs with the ability to 
deubiquitinate substrate proteins. However, the bal-
ance between ubiquitination and deubiquitination 
becomes such important because the properly coor-
dinated proteostasis is critical in response to cel-
lular stimuli and stressors. PQC, now known to be 
regulated by USPs, is even more important in heart. 
USPs regulate many biological processes, includ-
ing cell differentiation, DNA damage repair, recep-
tor internalization, and immune response. These are 
the basis for cell physiology and homeostasis. In the 
past decades, abundant evidence has been gathered 
to show the link between USPs and diseases such as 
cancer. More recently, an increasing number of stud-
ies showed an emerging role of USPs in the occur-
rence and development of heart diseases, especially 
cardiomyopathies. The regulatory mechanisms of USPs 
are crucial for us to understand their function in car-
diomyopathy development. The relationships between 
USPs and cardiomyopathies are often complex and 
multifaceted. Abnormal expression of USPs leads to 
imbalances in ubiquitin modification, which can have 
significant implications in disease progression. Sev-
eral USPs are involved in regulating multiple substrate 
proteins, or an individual USP may influence multiple 
disease-associated pathways, sometimes exhibiting 
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contrasting effects—disease-promoting or disease-pro-
tecting—depending on the specific context and type of 
cardiomyopathy.

A prime example is USP10, which plays a critical role 
in various cellular processes and many human diseases 
[217]. In HCM, USP10 deubiquitinates Sirt6, which 
blocks AKT signaling and protects against cardiac hyper-
trophy [130]. Conversely, in dilated cardiomyopathy 
(DCM), USP10 activates SMAD4/TGF-β1 signaling to 
promote endothelial-mesenchymal transition, exacerbat-
ing disease progression [63]. In ICM, cardiac fibroblast 
USP10 also targets SMAD4 for its deubiquitination to 
facilitate the activation of TGF-β/SMAD4 signaling path-
way, which ultimately leading to cardiac fibrosis [72]. 
In DiaCM, USP10 has been shown that it can activate 
Notch1 to exert protective effect on MI in T2DM mice 
[117]. These findings are not limited to cardiomyopathy, 
as USP10 has been shown to regulate cellular metabo-
lism, DNA damage, and tumorigenesis. USP10 mediates 
AMPKα deubiquitination, facilitating its phosphoryla-
tion at Thr172, thus, regulates metabolic homeostasis 

[218]. USP10 regulates Notch signaling by stabilizing the 
Notch1 intracellular domain (NICD1) in endothelial cells 
of mouse retina, influencing retinal angiogenesis and vas-
cular homeostasis [118]. In cancer, USP10 primarily acts 
as a tumor suppressor, though it can also function as an 
oncogene. The most important targets of USP10 in can-
cer is p53 [101]. Additionally, USP10 can suppress SIRT6 
ubiquitination, thus protecting it from proteasomal 
degradation, which in turn inhibits cell-cycle progres-
sion and tumor formation [219]. USP10 has been shown 
to correlate with cancer progression and poor overall 
patient survival, particularly in prostate cancer, where it 
stabilizes G3BP2 through polyubiquitination. Increased 
G3BP2 activity inhibits p53 functionality [220]. Another 
USP, called USP7 (also known as HAUSP), plays a criti-
cal role in the development of different cardiomyopathy. 
Its associated targets include p53 and SIRT1/p53 axis in 
DCM [99, 172, 173], Keap1/Nrf2 and p53/TfR1 in ICM 
[20, 84], PGC-1β and PPARα signaling in DiaCM [206]. 
Despite significant advances in characterizing USP func-
tions in cardiomyopathy, the molecular mechanisms 

Fig. 5  USPs and cardiomyopathies. The USPs regulate several signaling pathways in cardiomyopathies. Propelled by these signaling pathways, 
the cardiomyocytes gradually undergo oxidative stress and chronic inflammation and abnormal metabolism, leading to the pathological processes 
of heart hypertrophy, fibrosis, apoptosis, and cell death, resulting in cardiac dysfunction and advancing the development of cardiomyopathies
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underlying their context-dependent regulatory dual-
ity—wherein individual USPs exert opposing inhibitory 
or activating effects across distinct cardiomyopathy sub-
types or disease stages—remain incompletely elucidated.

Detailly, USPs regulate several signaling pathways asso-
ciated with cardiomyopathy pathogenesis such as ROS, 
fibrosis, chronic inflammation and abnormal metabo-
lism, leading to progression of cardiomyopathy. We have 
summarized the regulatory roles of USPs in several sign-
aling pathways regulated by USPs, including NF-κB path-
way (mainly in HCM, ICM and DiaCM), TGF-β pathway 
(mainly in HCM, DCM and ICM), Nrf2 signaling path-
way (in ICM). Various other relevant pathways involved 
in the development of cardiomyopathies also have been 
reported recently, such as PPAR signaling pathways reg-
ulated by USP7 and USP28 in DiaCM, PARP1 related 
pathway regulated by USP36 in DCM, Notch1 pathway 
regulated by USP10 (in DiaCM). The interaction between 
certain USPs and target proteins that participate in sign-
aling pathways involved in different cardiomyopathies 
was summarized in Tables 1, 2, 3 and 4 and Fig. 5. How-
ever, our summarization is limited from adequate, and 
thus, more regulatory roles of USPs in cardiomyopathy 
need to be elucidated. Targeting USPs may be a therapeu-
tic potential to treat cardiomyopathy in the future.
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