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Abstract
Small ubiquitin-like modifier (SUMO) plays a key regulatory role in cardiovascular diseases, such as cardiac hypertrophy, 
hypertension, atherosclerosis, and cardiac ischemia–reperfusion injury. As a multifunctional posttranslational modification 
molecule in eukaryotic cells, SUMOylation is essentially associated with the regulation of mitochondrial dynamics, espe-
cially mitophagy, which is involved in the progression and development of cardiovascular diseases. SUMOylation targeting 
mitochondrial-associated proteins is admittedly considered to regulate mitophagy activation and mitochondrial functions and 
dynamics, including mitochondrial fusion and fission. SUMOylation triggers mitochondrial fusion to promote mitochondrial 
dysfunction by modifying Fis1, OPA1, MFN1/2, and DRP1. The interaction between SUMO and DRP1 induces SUMOyla-
tion and inhibits lysosomal degradation of DRP1, which is further involved in the regulation of mitochondrial fission. Both 
SUMOylation and deSUMOylation contribute to the initiation and activation of mitophagy by regulating the conjugation 
of MFN1/2 SERCA2a, HIF1α, and PINK1. SUMOylation mediated by the SUMO molecule has attracted much attention 
due to its dual roles in the development of cardiovascular diseases. In this review, we systemically summarize the current 
understanding underlying the expression, regulation, and structure of SUMO molecules; explore the biochemical functions 
of SUMOylation in the initiation and activation of mitophagy; discuss the biological roles and mechanisms of SUMOyla-
tion in cardiovascular diseases; and further provide a wider explanation of SUMOylation and deSUMOylation research to 
provide a possible therapeutic strategy for cardiovascular diseases. Considering the precise functions and exact mechanisms 
of SUMOylation in mitochondrial dysfunction and mitophagy will provide evidence for future experimental research and 
may serve as an effective approach in the development of novel therapeutic strategies for cardiovascular diseases.
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RanBP2	� Ran-binding protein 2
Ulps	� Ubl-specific proteases
ATP	� Adenosine triphosphate
UPRmt	� Mitochondrial UPR
SIMs	� SUMO-interacting motifs
RanGAP1	� Ran GTPase-activating protein 1
TGF-β	� Transforming growth factor-β
HIF1	� Hypoxia-inducible factor 1
IRF8	� Interferon regulatory factor 8
BCL11B	� B-cell lymphoma/leukemia 11B
RNF4	� Ring finger protein 4
NLRP3	� NLR family pyrin domain containing 3
Mul1	� Mitochondrial E3 ubiquitin ligase 1
UPS	� Ubiquitin-proteasome system
PINK1	� PTEN-induced putative kinase 1
OMM	� Outer mitochondrial membrane
LncRNAs	� Long noncoding RNAs
MAPL	� Mitochondrial-associated protein ligase
NDP52	� Nuclear dot protein 52
AT	� Ataxia telangiectasia
ISG15	� Interferon-stimulated gene 15
T1D	� Type 1 diabetes
SNP	� Single nucleotide polymorphism
ROS	� Reactive oxygen species
EGFR	� Epidermal growth factor receptor
SERCA2a	� Sarcoplasmic reticulum calcium ATPase
NF-κB	� Nuclear factor kappa-B
PGC-1α	� Proliferator-activated receptor γ 

coactivator-1α
HSFs	� Heat shock transcription factors
ERβ	� Estrogen receptor β
Kv	� Voltage-gated potassium
mtDNA	� Mitochondrial DNA
TOMM20	� Translocase of outer mitochondrial mem-

brane 20
KLF2	� Kruppel-like factor 2
eNOS	� Endothelial NO synthase
AEBP1	� Adipocyte enhancer-binding protein 1
p90RSK	� P90 ribosomal S6 kinase
I/R	� Ischemia/reperfusion
GABARAP	� Gamma-aminobutyric acid receptor associ-

ated protein
ΔΨm	� Mitochondrial membrane potential
PPARγ	� Peroxisome proliferator-activated receptor γ
eEF2	� Eukaryotic elongation factor 2
mPTP	� Mitochondrial permeability transition pore

Introduction

Small ubiquitin-like modifier (SUMO) is demonstrated to 
modify multiple proteins by its covalent conjugation to these 
proteins [1]. Similar to ubiquitin (Ub) in molecular structure, 

the amino sequence homology of SUMO consists of 18% 
well-known ubiquitin molecules. A typical ββαββαβ fold and 
a double glycerin C-terminal are both contained in the three-
dimensional structure of SUMO and Ub [2]. The SUMO 
molecule is expressed from yeast to mammalian cells, and 
only one gene, Smt3, conservatively possessed SUMO in 
Saccharomyces cerevisiae, which shares 48% identity and 
75% similarity with the mammalian SUMO [3,4]. In mam-
mals, 5 SUMO isoforms display critical regulatory roles in 
pathophysiological processes, including SUMO1, SUMO2, 
SUMO3, SUMO4, and SUMO5 [5]. Given sharing 97% 
identity, SUMO2 and SUMO3 are usually identified as the 
same protein SUMO2/3; however, SUMO1 is different from 
SUMO2/3 by its 48% identity [6]. Distinct abilities to form 
SUMO chains promote the different substrates conjugated 
by SUMO1 and SUMO2/3. SUMO2/3 normally contains 
lysine (K) residues near its amino terminus, which is identi-
fied as a SUMO conjugation site but not shown in SUMO1. 
However, SUMO1 and SUMO2/3 can both bind to target 
substrates by promoting proteolytic maturation, which refers 
to exposing a carboxy-terminal diglycine (Gly-Gly) motif 
by sentrin-specific peptidases (SENPs) [2,7]. SUMO4 is 
similar to SUMO2/3 and is primarily expressed in the kid-
neys, lymph nodes, and spleen. The amino acid sequence of 
SUMO4 is reported to consist of a proline (Pro 90) instead 
of a glutamine that leads to inert maturation by SENPs [8]. 
SUMO5, a novel SUMO variant, is reported to be involved 
in the promyelocytic leukemia nuclear body (PML-NB) life 
cycle in human cells and can also promote the polyconjuga-
tion of SUMO2/3 [9].

SUMOylation is a dynamic and reversible process that is 
balanced for steady-state deSUMOylation [2]. SUMO conju-
gation is involved in multiple signalling pathways, which are 
dependent mainly on SUMO-specific proteases. The SUMO 
E1 activating enzyme, E2 conjugating enzyme, and E3 ligase 
play crucial regulatory roles in the conjugation and removal 
of SUMO molecules from target substrates (Table 1) [10]. 
The SUMO E1 activating enzyme is a heterodimer com-
posed of SUMO activating enzyme subunit 1 (SAE1) and 
SAE2, which forms the C-terminal of the SUMO molecule 
[11]. The SUMO E2 conjugating enzyme can promote the 
formation of an E2-SUMO thioester bond via an isopep-
tide linkage to a target lysine residue [11]. The SUMO E3 
ligase catalyzes the process of SUMOylation by stimulating 
SUMO transfer to the lysine of target substrates, including 
protein inhibitors of the activated STAT (PIAS) family [12]. 
As a multifunctional posttranslational modification (PTM), 
SUMOylation is involved in a variety of pathophysiologi-
cal processes, including apoptosis, metabolic disorders, and 
mitophagy [1,13].

Mitochondrial degradation via a selective form of 
autophagy induces mitophagy, which is an essential 
mechanism conserved from yeast to humans that regulates 
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mitochondrial quality and quantity control [14]. Specific 
outer mitochondrial membrane (OMM) receptors lead to 
the formation of autophagosomes surrounding mitochondria 
and promote the elimination of mitochondria, which play an 
important role in many processes, including early embryonic 
development, cell differentiation, inflammation, and apop-
tosis [15]. However, the regulatory mechanisms of potential 
molecules in mediating mitophagy are still unclear, and how 
multiple mitophagy pathways modulate cardiovascular dis-
eases in a coordinated manner and its physiological implica-
tions determine the importance of mitophagy in regulating 
cardiovascular diseases [16]. Growing evidence suggests that 
SUMO-mediated SUMOylation is functionally associated 
with mitochondrial dysfunction and the initiation and acti-
vation of mitophagy [13,17]. Multiple studies have reported 
that mitochondrial fission is regulated by the mitochon-
drial membrane-bound E3 ligases MARCH5 and MULAN 
(MAPL) through the SUMOylation of dynamin-related 
protein (DRP1) mediated by SUMO1 [18,19]. Likewise, 
mitochondrial fusion can be regulated by membrane-bound 
GTPases, including optic atrophy-1 (OPA1) and mitofusins 
(MFNs). Posttranslational modification of MFNs plays criti-
cal roles in mitochondrial fusion and mitophagy initiation. 
The interaction of MFNs and SUMO2 has been shown to 

promote lysosomal degradation of mitochondria through 
SUMOylation of MFNs [20]. Aberrant SUMO expression 
or dysfunctional SUMOylation modification occurs during 
disordered mitochondrial dynamics and mitophagy, which 
contributes to the progression of associated diseases [13]. 
Although the regulatory roles of SUMOylation in mitophagy 
activation are distinct, the biochemical functions of SUMO 
are fundamentally dependent on its molecular motif [21]. 
However, the biofunctional mechanisms of SUMO mol-
ecules on other structural motifs are still unknown. Current 
research has reported that SUMOylation is involved in car-
diovascular diseases via mitophagy activation [17,22,23]. 
However, SUMOylation-mediated mitophagy in the preven-
tion of cardiovascular diseases remains elusive.

SUMOylation has attracted much attention due to its 
dual roles in the development of cardiovascular diseases. 
To provide an update about recent studies on SUMOylation, 
we systemically summarize the current results and exploit 
the mechanisms underlying the expression, regulation, and 
function of SUMO molecules. Additionally, we explored the 
regulatory role and precise mechanism of SUMOylation in 
cardiovascular diseases by targeting mitophagy activation. 
Although the exact mechanisms are elusive, SUMOylation 
clearly functions as a promising therapeutic strategy for 

Table 1   Characteristics and functions of SUMO-related ligases

↑ upregulation, ↓ downregulation, –- limitation

Ligases Sublocalization Hydrolase activity SUMO isoform Functions References

Ulp1 Nulear pore ↑ Smt3 Transcriptional activity; ubiquitin proteasome degradation [213]

Ulp2 Nuleoplasme ↓ Smt3 DNA damage response; nucleus translocalization [214]

DESI-1 Nucleus
Cytoplasme

–- SUMO1, 
SUMO2/3

Transcriptional repressor [215]

USPL1 Cajal bodies –- SUMO1, 
SUMO2/3

Ubiquitin proteasome degradation; SUMO-Vme substrates [216]

SENP1 Nulear pore
Nulear foci

↑ SUMO1, 
SUMO2/3

Mitochondrial dynamics; chromosome cohesion maintance [217]

SENP2 Nulear pore
Nulear foci

↑ SUMO1, 
SUMO2/3

Transcriptional suppression; ubiquitin proteasome degra-
dation

[218]

SENP3 Nucleolus
Nuleoplasme

–- SUMO2/3 Transcriptional acitvity; oxidative stress; mitochondrial 
dynamics

[219]

SENP5 Nucleolus
Mitochondrial

↑ SUMO2/3 Mitophagy; mitochondrial fission; cell division [84]

SENP6 Nuleoplasme
Cytoplasme

–- SUMO2/3 Transcriptional activity; chromosome alignament and 
assembly; DNA repair

[220]

SENP7 Nuleoplasme
Cytoplasme

–- SUMO2/3 Transcriptional suppression; ubiquitin proteasome degra-
dation

[57]

SENP8 Nuleoplasme
Cytoplasme

–- NEDD8 Transactivation activity; inflammatory reponses [221]

UBC9 Cytoplasme ↑ SUMO1, 
SUMO2/3

Nuclear architecture; chromosome segregation [126]

PIAS1 Cytoplasme ↑ SUMO1, 
SUMO2/3

Transcriptional coregulation; transcriptional transactivation [222]

PIAS4/y Nuleoplasme
Cytoplasme

↑ SUMO1, 
SUMO2/3

Transcriptional activities [223]
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cardiovascular diseases by regulating mitophagy initiation 
and activation. In this review, therefore, we summarize the 
recent understanding of the molecular structure, biological 
roles and biochemical functions of SUMO molecules and 
their related enzymes, discuss the roles and mechanisms of 
SUMOylation in mitophagy, and further provide a wider 
explanation of SUMOylation and deSUMOylation research 
to provide a possible therapeutic strategy for cardiovascular 
diseases.

Identification of SUMOylation 
and deSUMOylation

Small ubiquitin-like modifiers (SUMOs) belong to the fam-
ily of ubiquitin-related proteins and are a conserved fam-
ily of proteins [24]. SUMOs are identified to be covalently 
conjugated to lysine residues of downstream proteins at a 
specific consensus motif that is ΨKXD/E (Ψ-Lys-X-Glu/
Asp) [25]. Ψ is any hydrophobic amino acid, whereas X 
is any amino acid [26]. The SUMO molecule family con-
tains SUMO1, SUMO2, SUMO3, SUMO4, and the newly 
discovered SUMO5 [9,27]. The biological function and 
expressional regulation of SUMOs differ molecularly, and 
the regulatory mechanism of each SUMO molecule needs 
to be further investigated.

The conjugation and modification of SUMO to target 
proteins are essentially dependent on enzymatic cascades, 
including Ubl activating enzyme (E1), Ubl conjugating 
enzyme (E2), and Ubl protein ligase (E3) (Fig. 1) [28]. The 
E1 enzyme is a heterodimer that consists of SAE1 and SAE2 
subunits, which can catalyze the adenylation of SUMO in 
the presence of manganese ions (Mg2+) [29]. Both SAE1 and 
SAE2 initiate the SUMO-mediated modification reaction by 
catalyzing the formation of SUMO and AMP [30]. During 
the process of SUMOylation, SUMO molecule is associated 
with a specific consensus motif recognized by E2 enzymes 
[25]. SUMO is transferred from SAE2 to cysteine 93 of 
UBC9, which is identified as an E2 conjugating enzyme. 
UBC9 can directly recognize target proteins to catalyze the 
formation between SUMO and the ε-amino group of a lysine 
in target proteins [31]. In the presence of SAE1, SAE2, and 
UBC9, SUMO is conjugated to the ΨKXE motif of target 
proteins. The E3 enzyme has been divided into two major 
families, including HECT domain-containing E3s and RING 
domain-containing E3s [32]. Protein inhibitor of activated 
STAT (PIAS) proteins, including PIAS1, Nse2/Mms21, and 
Ran-binding protein 2 (RanBP2), are characterized as E3 
enzymes that enhance SUMOylation [27]. The cleavage of 
the isopeptide bond of the SUMO conjugate is involved in 
SUMO-modified SUMOylation, which is reversible through 
Ubl-specific proteases (Ulps) and SENPs [10,33]. The regu-
lation of Ulps or SENPs is involved in the removal of a 

C-terminal sequence following a diglycine motif (Gly-Gly, 
K-K) in the presence of adenosine triphosphate (ATP) [21]. 
Research in S. cerevisiae has reported that Ulp1 and Ulp2 
can promote SUMOylation of target proteins in the nuclear 
pore and nucleoplasm, respectively [34,35]. Gao et al. dem-
onstrated that Ulp4 is a positive regulator of the C. elegans 
mitochondrial UPR (UPRmt) that mediates SUMOyla-
tion of DVE-1 and ATFS-1, which promotes the immune 
response and lifespan extension during mitochondrial stress 
[36]. SENPs comprise 7 family protein members, includ-
ing SENP1, SENP2, SENP3, SENP5, SENP6, SENP7, and  
SENP8 and are further divided into 3 subfamilies [7, 37, 
38]. SENP1 and SENP2 belong to the first subfamily and 
are specific mainly for 3 mammalian SUMOs, SUMO1,  
SUMO2, and SUMO3. SENP3 and SENP5 are identified 
as the second subfamily, which is localized mainly in the 
nucleolus, favoring SUMO2 and SUMO3. Both SENP6 and 
SENP7 contain an additional loop inserted in the catalytic 
domain that targets SUMO2 and SUMO3, which belong 
to the third subfamily. Notably, SENP8 is a unique family 
member acting on Nedd8 but not on SUMO [39]. The bal-
ance of SUMOylation and deSUMOylation is based mainly 
on SENP family proteins [40]. DeSUMOylation with the 
removal of SUMO from target proteins is highly dynamic to 
SUMOylation, and the regulatory mechanism of SENPs may 
be involved in processing SUMO precursors [21].

As an important dynamic reversible PTM, SUMOyla-
tion is involved in regulating the stability, localization, and 
function of target proteins [41]. Target protein homeostasis 
mediated by SUMOylation further determines the biologi-
cal alteration and fate of cells (Table 2) [42]. By direct-
ing noncovalent interactions with target proteins through 
SUMO-interacting motifs (SIMs), SUMO-mediated 
SUMOylation directly contributes to multiple physiological 
or pathophysiological mechanisms [5]. SENP1 is reported 
to be involved in deSUMOylating SUMO-PML but not 
SUMO-Ran GTPase-activating protein 1 (RanGAP1), sug-
gesting that SENP1 is involved mainly in the inactivation of 
transcription [43]. However, Lin et al. revealed that block-
ing SUMOylation by silencing SENP1 enhances the binding 
of SUMO1 to RanGAP1, which promotes keloid forma-
tion by targeting the transforming growth factor-β (TGF-β)/
SMAD and hypoxia-inducible factor 1 (HIF1) signalling 
pathways [44]. In innate immune responses, SENP1 can 
also target interferon regulatory factor 8 (IRF8) and B-cell 
lymphoma/leukemia 11B (BCL11B) for deSUMOylation 
[45,46]. Furthermore, a signal SUMO molecule can be 
directly bound to an acceptor lysine; however, the polychain 
of the SUMO molecule (the attachment of multiSUMO)-
mediated SUMOylation also interacts with a signal lysine. 
Rojas-Fernandez et al. have demonstrated that ring finger 
protein 4 (RNF4) containing an N-terminal domain can bind 
its polySUMO, which is identified as an E3 ligase without 
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activity [47]. SENP2 deconjugates SUMO from target pro-
teins and plays a critical role in SUMOylation. Chen et al. 
found that SENP2 deficiency decreased the expression of 
PLCβ4, and its stability was regulated by SUMO-dependent 
degradation, which is involved in calcium (Ca2+) homeosta-
sis [48]. As a regulatory ligase responding to deSUMOyla-
tion, SUMO2 has broad effects on signal transduction, cell 
growth, and metabolic regulation [49,50]. Both SENP3 
and SENP5 have been established to regulate ribosome 
biogenesis and are involved in the maturation of 28S rRNA 
[51,52]. By removal of SUMO, particularly SUMO2 and 
SUMO3, SENP3 or SENP5 mediates transcriptional pro-
cesses through demodification of transcriptional coregula-
tors and components of chromatin-modifying complexes. 
A previous study reported the regulatory role of SENP3 
in the nucleolar steps of ribosome biogenesis and further 

determined that SENP3 can control nucleolar partitioning 
and ribosome formation by inducing a balance of SUMO 
conjugation and deconjugation [53,54]. SENP5 is involved 
mainly in RNA polymerase I-mediated transcription of 47S  
rRNA, which is also related to ribosome biogenesis [55]. 
Zunino et al. demonstrated that overexpression of SENP5 
inhibited the mitochondrial fragmentation induced by 
SUMO1-mediated SUMOylation, eventually impacting 
mitochondrial morphology and metabolism [55]. Addition-
ally, the accumulation of SENP5 promotes the depletion of 
SUMO in nucleoli, which inhibits defects in ribosome bio-
genesis [51]. SENP6 is reported to be involved in regulat-
ing inflammasome activity by mediating deSUMOylation. 
Barry et al. found that the inflammasome activation of NLR 
family pyrin domain containing 3 (NLRP3) is repressed by 
SUMOylation, and a lack of SENP6 or SENP7 promotes 

Fig. 1   Schematic diagram of the mechanism of the enzymatic cas-
cades leading to the covalent attachment of SUMO to a substrate 
protein. The SUMO precursor (preSUMO) is initially proteolytically 
cleaved by SENP family proteins with endopeptidase activity, which 
exposes the C-terminal diglycine (Gly-Gly) motif. The maturation 
of SUMO is activated by the SUMO E1 heterodimer SAE1/SAE2 in 
an ATP-dependent manner. The high-energy thioester bond between 
SUMO and an internal Cys promotes SUMO loading to the catalytic 
cysteine of the SUMO E2 enzyme UBC9. Then, UBC9 catalyzes the 
formation of an isopeptide bond between a lysine residue in the sub-

strate and the GG motif of SUMO, which requires SUMO E3 ligase 
involvement. The conjugation between SUMO and target proteins 
is subsequently related to the ΨKXE motif, which further promotes 
the SUMOylation of target proteins. Under different conditions, 
SUMOylation of target proteins exhibits multiSUMOylation with 3 
SUMO molecules and polySUMOylation. The polySUMOylation of 
target proteins turns into the ubiquitin–proteasome systems via deSU-
MOylation-related ligase activation. Eventually, SUMOylation can be 
reversed to cleave the isopeptide bond and release SUMO molecules 
by these deSUMOylation-related ligases
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NLRP3-dependent ASC oligomerization and IL-1β release, 
suggesting that SUMOylation plays a crucial role in inflam-
matory diseases [56]. However, which SUMO molecule 
can be precisely regulated by SENP6, such as SUMO2 or 
SUMO3, remains unclear. Similarly, the deSUMOylation 
mediated by SENP7 can also be involved in SUMOylation-
induced inflammasomes. Li et al. established that knock-
down of SENP7 significantly attenuates the NLRP3 inflam-
masome and NF-κB signalling pathway, suggesting that the 
balance of SUMOylation is involved in inflammatory regu-
lation through multiple signalling pathways [57].

The importance of SUMOylation has been reported in 
numerous cellular physiological and pathophysiological 
processes. Multiple proteins have been identified to cova-
lently associate with SUMO molecules, which is essentially 
mediated by dynamic reversible SUMOylation/deSUMOyla-
tion. Recently, SUMOylation was reported to be involved 
in the development of cardiovascular diseases, including 
cardiac hypertrophy, hypertension, atherosclerosis, and 
ischemia–reperfusion injury of the heart [23]. However, 
the precise mechanism of SUMOylation in cardiovascular 
diseases is still unknown. The elimination of dysfunctional 
mitochondria via mitophagy is essential for the development 
of cardiovascular diseases [58]. Mitochondrial E3 ubiquitin 
ligase 1 (Mul1) has been demonstrated to be able to inhibit 
mitochondrial dynamics and promote mitophagy activation 
via SUMOylation [59]. However, the association between 
SUMOylation and mitophagy in regulating the development 

of cardiovascular diseases is not unclear. Additionally, fur-
ther investigation of the molecular mechanism by which 
different SUMO molecules regulate mitophagy is needed.

Regulatory roles and biofunctions 
of SUMOylation in mitophagy

SUMO1

SUMO1, also known as PIC1, Smt3c, GMP1, SENtrin, 
or Ubl1, is a sensitive modified protein that regulates the 
complexity of the proteome in eukaryotic cells. The iden-
tification of cDNA coding for humans identified a novel 
DNA-responding protein SUMO1 that can interact with pro-
myelocytic leukemia (PML) protein and promote DNA allos-
teric activity in 1996 [60,61]. As one of the most important 
members, SUMO1 is reversibly and covalently conjugated 
to RanGAP1 [62]. The association between RanGAP1 and 
SUMO1 has fundamentally clarified the molecular mecha-
nisms of the covalent attachment of SUMO that can alter 
the properties of a target protein [63]. In molecular mass 
of ~ 15 kDa, SUMO1 is a specific unique peptide to Ran-
GAP1, for which SUMO1, by expressed sequence tagged 
(EST) clones in available cDNA databases, is a predicted 
11.5 kDa protein with 18% sequence identity to ubiquitin. 
Macauley et al. have characterized the complex of SUMO1 
with the C-terminal domain of RanGAP1, and the loop 

Table 2   SUMOylation sites of substrates associating with cardiovascular diseases

–- not detected

Substrates SUMOylation sites Models SUMO-related ligases References

DRP1 K532/K535/K558/K568/K594/
K597/K606/K608

Human/mouse/cardiac specific inducible 
Drp1 − / − 

UBC9; SENP3 [55,198,224,225]

PGC-1α K183 Cardiac specific PKCα − / −  SENP1; SENP2 [226]

DJ-1 K130 B6.Cg-Park7tm1Shn/J SENP5 [198,227,228]

MFN1/2 K48/K63 Hek293 cells –- [13,119]

Kv1.5 K221/K536 Kv1.5 N556 V5-His-COS-7 cells SENP2; Ulp1 [142]

SERCA2a K585 C57BL/6 J mice UBC9; PIASy/4 [193]

Sirt3 K223/K228 Sirt3 − / − mice SENP1 [217]

HSF2 K82 Wistar Kyoto rats UBC9 [132]

HIF1α K719 SENP1 + / − mice SENP1; UBC9 [197]

LRH-1 K289 Ldlr − / − /Lrh-1 K289R mice PIAS1; PIAS3 [162]

PPARα K107/K185 K107R mice/SD rats UBC9; PIASy [164,229]

VPS34 K840 Hypoxic PAH mice –- [149]

Dopamine recep-
tor D1

K265/K402 CHO cells –- [148]

ERK5 K6/K22 FVB mice PIAS1; UBC9 [172]

p53 K386 SENP2 + / − /LDLR − / − mice SENP1; [177]

LXRα K22/K326 RAW264.7 macrophages PIAS1; UBC9 [182]

HDAC4 –- H9C2 cells –- [202]
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containing the consensus SUMOylation site in RanGAP1 
and the C-terminus of SUMO-1 are both conformationally 
flexible by using nuclear magnetic resonance (NMR) spec-
troscopy [64]. Kaur et al. revealed that the interaction of 
SUMO1 and metal ions, including cupric (Cu2+) and zinc 
(Zn2+), can promote SUMOylation-mediated degradation of 
misfolded proteins by impairing the ubiquitin–proteasome 
system (UPS) [65]. SUMO1 is expressed in multiple cells 
and tissues, including cardiac cells, alveolar cells, endothe-
lial cells, liver, brain, and skeletal muscle [66–68]. As an 
important organelle for the balance of metabolism and tar-
gets of drugs in these cells, mitochondria are of great signifi-
cance to cardiovascular diseases due to their physiological 
function homeostasis [69]. SUMO1-mediated SUMOylation 
plays a critical role in the regulation and development of 
cardiovascular diseases [70]. The involvement of SUMO1 in 
diverse cellular processes of cardiovascular diseases remains 
to be investigated, and further studies need to focus on the 
regulatory relationship between SUMO1 and mitophagy in 
cardiovascular diseases.

The regulatory mechanisms of mitophagy in cardiovas-
cular diseases have been appreciated from in vivo to in vitro 
studies. The key mediator of mitophagy, PTEN-induced 
putative kinase 1 (PINK1), leads to cardiac dysfunction and 
pathological cardiac hypertrophy [71]. Mitochondrial fusion 
and fission are also involved in mitophagy activation, which 
is dependent mainly on the outer mitochondrial membrane 
(OMM) and optic atrophy 1 (OPA1) [72]. In the regula-
tion of mitochondrial fusion and fission, SUMOylation has 
been shown to mediate mitochondrial dynamics. Neuspiel 
et al. performed bioinformatics to identify SUMO E3 ligases 
that contain conserved interesting new gene (RING)-finger 
motifs, which can further regulate mitochondrial morphol-
ogy and can be regulated by SUMOylation induced by 
SUMO1 [73]. Dynamin-related protein (DRP) 1 is a key 
regulator of mitochondrial fission and is composed of GTP-
binding, middle, insert B, and C-terminal GTPase effector 
(GED) domains. Normally, DRP1 controls mitochondrial 
dynamics dependent on autophagy via ATG7 activation, 
indicating that autophagy targets the lysosomal degrada-
tion of DRP1 [74]. Ablation of DRP1 in cardiac myocytes 
has been demonstrated to not only interrupt mitochondrial 
fission but also to markedly upregulate Parkin, thus pro-
voking mitochondrial depletion that contributes to lethal 
cardiomyopathy [75]. However, whether SUMOylation is 
involved in the DRP1-induced upregulation of Parkin and 
dysfunctional mitochondrial-mediated lethal cardiomyo-
pathy is still unknown [76]. A recent study revealed that 
DRP1 is a direct target of SUMOylation, and the interaction 
between the SUMO-conjugating enzyme UBC9 and DRP1 
controls the localization of DRP1 and prevents normal mito-
chondrial fission [77]. Harder et al. further determined that 
UBC9 and SUMO1 can be specific interaction proteins for 

dynamin-related protein (DRP1) and further found that the 
accumulation of SUMO1 seemed to stabilize endogenous 
DRP1 by suppressing the lysosomal degradation of DRP1; 
however, an essential role for DRP1 in mitophagy induction 
is not supported [78]. As a crucial organelle undergoing reg-
ulated fusion and fission events, mitochondrial morphology 
and mitophagy can be regulated by multiple SUMO-related 
proteins. A previous study demonstrated that the cytosolic 
pool of SENP5 catalyzes the cleavage of SUMO1 from 
several mitochondrial substrates [55]. Zunino et al. further 
revealed that SENP5 deficiency elevated ROS production 
and promoted mitochondrial fragmentation, which further 
provoked mitophagy development. Conversely, SUMO1 
downregulation by SENP5 overexpression inhibited DRP1 
SUMOylation, which rescued mitochondrial fragmenta-
tion and suppressed mitophagy activation [55]. Although 
SUMOylation demonstrates alterations in mitochondrial 
morphology and mitophagy activation, little is known about 
the role and the mechanism of SUMO1 in cardiomyocytes 
and related cardiovascular diseases.

The role of SUMO1-mediated SUMOylation regulated 
by the transcriptional mechanism in mitophagy has attracted 
much attention. Long noncoding RNAs (lncRNAs) have 
been reported to play an important role in mitophagy, yet 
the role and mechanism of lncRNAs in SUMOylation are 
unclear [79]. Liu et al. established that lncRNAs promote 
SUMOylation induced by SUMO1 at K333 and then pro-
voke mitophagy activation, which contributes to the devel-
opment of medications targeting gliomas [79]. However, the 
type of lncRNA has not been identified, and further studies 
are needed to clarify the transcriptional binding mechanism 
of lncRNAs to SUMO1 for SUMOylation regulation.

SUMO2/3

SUMO1 shares 50% sequence homology with SUMO2/3; 
nevertheless, SUMO2 is highly homologous to SUMO3 
[80]. SUMO2 is 97% identical to SUMO3, in which the 
SUMO2 precursor consists of 103 amino acids and the 
SUMO3 precursor contains 95 amino acids [22]. Under 
normal conditions, SUMO2 and SUMO3 are identified 
as unconjugated forms, which are rarely involved in the 
SUMOylation of target proteins [81]. However, SUMO2 
and SUMO3 can bind to the lysine site of target proteins 
for SUMOylation under stress conditions, such as oxida-
tive stress or hypoxia [81]. The morphological alteration of 
mitochondria is associated mainly with multiple stress con-
ditions, which also activate SUMO2/3-mediated SUMOyla-
tion. However, the precise mechanism by which SUMO2/3 
regulates mitophagy remains unknown.

SUMOylation of DRP1 is involved in regulating mito-
chondrial fission and mitophagy activation [55,78]. How-
ever, mitochondrial-associated protein ligase (MAPL) can 
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also be a SUMO-conjugation mediator, functioning as an 
E3 ligase for SUMOylation of DRP1 [82]. Furthermore, 
SUMOylation may also be involved in mitochondrial bio-
chemical functions, including β-oxidation of fatty acids. 
Mohanty et al. reported that MAPL, located in the OMM, is 
the first mitochondrial E3 ligase with a RING-finger domain, 
of which upregulation promotes mitochondrial fragmenta-
tion [83]. Additionally, mitochondrial fragmentation is 
associated with MAPL-mediated SUMOylation of DRP1. 
However, in vivo research has revealed that overexpression 
of SENP5 in murine cardiomyocytes (SENP5 transgenic, 
SENP5-Tg) leads to a decrease in SUMO2 attachment to 
DRP1, which further promotes mitochondrial fission; how-
ever, whether SENP-mediated deSUMOylation can also 
regulate mitophagy activation is still unknown. Future 
investigation should focus on the potential role and mecha-
nism of SENP family proteins in regulating DRP1-induced 
mitophagy activation [84]. Furthermore, Waters et al. pro-
posed a model in which SENP3-mediated deSUMOylation 
facilitates Fis1 mitochondrial localization to underpin stress-
induced mitophagy. They found that this model promotes the 
stabilization of SENP3 and leads to Fis1 deSUMOylation, 
whereas loss of SENP3 abolished mitophagy activation [85]. 
Possible mechanisms for such different views and contradic-
tions may be associated with differences in the intracellular 
environment caused by different stages of cell proliferation 
and growth. Further investigation is necessary to focus on 
specific roles for the conjugations of SUMO1-DRP1 and 
SUMO2/3-DRP1 in the process of mitophagy.

The complexity of SUMOylation modification by SUMO2/3 
in regulating mitophagy is also achieved by other mitochon-
drial-related pathways. Dongdem et al. preliminarily identi-
fied SUMO2 as a candidate for PINK1-mediated mitophagy. 
By overexpressing SUMO2 and its C-terminal-GG deletion 
mutant, carbonyl cyanide m-chlorophenyl hydrazine (CCCP)-
induced mitophagy is significantly inhibited in HEK293T 
cells, suggesting the promotional role of SUMOylation in 
PINK1/Parkin pathway regulation [13]. Nuclear dot protein 
52 (NDP52), also known as CALCOCO2, is associated with 
mitophagy activation [86]. As an autophagy receptor, NDP52 
is required for autophagic engulfment of damaged mitochon-
dria and promotes mitophagy through binding with PINK1 
[87]. Recently, Fan et al. reported that classical swine fever 
virus (CSFV) infection inhibited the expression of NDP52 and 
the modification of SUMO2 by PINK1/Parkin pathways [88]. 
Interestingly, Rab35 activation has been reported to be able to 
contribute to Parkin-mediated mitophagy by recruiting NDP52, 
which further depolarizes mitochondria [89]. Although there is 
no direct evidence that SUMO2-mediated NDP52 SUMOyla-
tion is involved in PINK1-regulated mitophagy, SUMO2 is 
believed to be able to target NDP52 or other autophagic recep-
tors located on mitochondria and further promote mitophagy 

by activating PINK1/Parkin pathways. Future investigations 
need to follow on the precise modification sites of NDP52 or 
PINK1 by SUMO2, which contributes to widely discuss the 
role of SUMOylation in the mitophagy activation. Moreover, 
the regulatory mechanisms of mitophagy in different diseases 
remain unclear. SUMOylation in mitochondrial proteins has 
attracted considerable attention for the formulation of drug inter-
vention strategies for mitochondria-related diseases. Gao et al. 
revealed a direct relationship between SUMO2 and mitophagy. 
They demonstrated that the interaction between SUMO2 and 
the mitochondrial membrane protein SH3GLB1 can promote 
PINK1-induced mitophagy activation, which further provoked 
X-ray-induced cardiac hypertrophy [90]. Juncker et al. found that 
SUMO2-mediated SUMOylation is involved in ataxia telangi-
ectasia (AT), which is a neurodegenerative disease [20]. They 
demonstrated that SUMO2 interacted with mitofusins (MFNs) 
and promoted mitochondrial translocation into lysosomes via 
SUMO2/ubiquitin/LC3 signalling. Furthermore, SUMO2 has 
been reported to facilitate MFN SUMOylation and attenuate 
the expression of interferon-stimulated gene 15 (ISG15), which 
promotes mitophagy activation [20]. Meanwhile, another study 
showed that MFN1/2 are modified by SUMO2 in HEK293 cells 
treated with carbonyl cyanide chlorophenylhydrazone (CCCP) 
and the proteasome inhibitor MG132 and then found that the 
colocalization of SUMO2 with LC3 and MFN1/2, which pro-
tects SUMOylation, protects damaged mitochondria from the 
heathy mitochondrial network until their removal via mitophagy 
[13]. Therefore, future studies should focus on the association 
between SUMO2 and mitochondrial-related proteins, such as the 
SUMOylation mechanism of SUMO2 in SH3GLB1 or Bnip3-
mediated mitophagy fusion and fission [58].

SUMO4

SUMO4 was first discovered in five individuals with type 1 
diabetes (T1D) and five controls from European, American, 
French, and Chinese populations searched for sequence vari-
ations in MAP3K7IP2 and SUMO4 [91]. Guo et al. identi-
fied SUMO4 as a novel gene sharing 87% amino acid iden-
tity with SUMO2 and 90% nucleotide identity [91]. SUMO4 
has thus far been identified in humans and has a unique dis-
tribution in contrast to SUMO1 and SUMO2/3. Methionine 
at amino acid position 55 of SUMO4 is evolutionarily con-
served among diverse species. The 163A → G single nucleo-
tide polymorphism (SNP) in the CUE domain of SUMO4 
has been found to result in an M55 V amino acid substitution 
[92]. SUMO4 has been reported to be expressed in cardiac, 
immune, renal, and pancreatic cells [93–95]. However, the 
multiple molecular biological functions of SUMO4 in orga-
nelles of these cells are still unclear, and the exact role and 
precise mechanism of SUMO4 in mitophagy need to be fur-
ther investigated.
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The present studies focused primarily on the transcrip-
tional regulation of SUMO4 in genetic variants, which pro-
motes the establishment of treatment strategies for certain 
diseases. Neumann identified SUMO4 as a protein modi-
fier by adding the 12B8 tag to the C-terminus of the MHC 
class-II HLA-DQh chain and attaching the 6D4 epitope to 
the C-terminus of HLADPh [96]. A study involving 126 
liver transplant (LT) patients showed that SUMO4 rs237025 
polymorphisms are significantly associated with new-onset 
diabetes mellitus (NODM) after LT [97]. Baczyk et  al. 
found that the hyper-SUMOylation of SUMO4 is predomi-
nantly covalent in nature, resulting in alterations in preec-
lamptic pregnancies [98]. Furthermore, SUMO4-mediated 
SUMOylation is found to have a unique spatiotemporal 
distribution during placental development, and the subcel-
lular localization of SUMO4 can be further modulated by 
extracellular stressors [99]. Although the role of SUMO4 
is constantly being discovered and determined, the regu-
latory mechanism of SUMO4-mediated SUMOylation is 
still unclear. The hypothesis that SUMO4 regulates cellu-
lar homeostasis may involve its maturation and degradation 
processes. Under normal conditions, the rapid degradation 
of SUMO4 is dependent mainly on the cell itself. Under 
stress conditions, SUMO4 can be matured by stress-induced 
endogenous hydrolases and covalently conjugated to their 
substrate proteins. Additionally, SUMO4 can regulate cel-
lular function by SUMOylation of substrate proteins via its 
C-terminal GG motif, which is not affected by proline-90, 
which is unique to SUMO4 [8].

Metabolic conditions are involved in the associa-
tion between genetic regulation and SUMO4-mediated 
SUMOylation. The upregulation of free fatty acids (FFAs) 
has been reported to promote lipid metabolism disorder and 
inflammatory activation, which leads to mitochondrial dys-
function and the development of diabetes mellitus [100]. The 
datasets of a subnetwork from obesity and diabetes indicate 
the significant roles of SUMO4 in insulin signalling in dia-
betes progression. Mitochondria play a critical role in regu-
lating carbohydrate metabolism, in which glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is identified as a 
significant enzyme [101]. GAPDH has been demonstrated 
to be able to interact with SUMO4 to induce microvascular 
complications and faulty insulin signalling, which disrupt 
insulin sensitivity in diabetic individuals [102]. A number 
of studies have indicated that reactive oxygen species (ROS), 
continuously generated by mitochondria, play an important 
role in stress signalling, which results in a dual role in cardio-
vascular diseases [103]. Mitochondrial uncoupling proteins 
(UCPs) regulate the efficiency of oxidative phosphorylation 
(OXPH) and are involved in GAPDH-mediated mitochon-
drial ROS production. Other research has shown that both 
GAPDH and epidermal growth factor receptor (EGFR) are 
hub genes, and SUMO4 can interact with them directly, 

which further impairs insulin signalling [102]. However, it 
is still not possible to infer whether the interaction between 
GAPDH and SUMO4 could induce SUMO4-glycosylation 
of GAPDH. Although SUMOylation-targeting processes 
contribute to the upregulation of mitochondrial ROS pro-
duction and provocation of mitochondrial dysfunction and 
mitochondrial fission, the SUMO4-mediated SUMOylation 
of target substrates in the regulation of mitophagy activation 
is still unclear.

The association between mitophagy and SUMO4 has 
rarely been reported, and the posttranslational modifica-
tion of SUMO4 in mitochondria needs further investiga-
tion. The regulatory role of SUMOylation induced by 
SUMO4 in altering mitochondrial dynamics is the main 
direction of exploration, especially the modification of 
DRP1 and MFN1/2 by SUMO4. In addition, the distinct 
roles and unique modifications among SUMO4, SUMO1, 
and SUMO2/3 need to be further studied. More details of 
the SUMOylation sites on mitophagy-related proteins, such 
as Bnip3, OPA1, and Fis1, should be further investigated 
(Fig. 2).

Potential role of SUMOylation in cardiac 
hypertrophy

Cardiac hypertrophy is characterized by the enlargement of 
individual cardiomyocytes, including an increase in cardiac 
mass and abnormal pathophysiological growth of cardio-
myocytes in both width and length [104]. The involvement 
of mechanical stresses induced by either extrinsic factors 
or intrinsic factors in the growth response of cardiac cells 
is significantly associated with the development of cardiac 
hypertrophy, including increased pressure, volume over-
load, and ischemia-induced cardiac remodelling [105–107]. 
These pathophysiological factors suggest that prevention of 
cardiomyocyte alteration serves as a potential strategy for 
therapeutic intervention of cardiac hypertrophy. Mitochon-
drial quality control has been fully considered an adaptive 
response to cardiac hypertrophy [108]. Due to the essential 
role of mitochondria in mediating the alteration of cardiac 
cells, mitochondrial dysfunction, and even mitophagy are 
demonstrated to play a critical role in regulating cardiac 
hypertrophy. However, the mechanism underlying pathologi-
cal alteration of cardiac cells and the potential functions of 
mitophagy in cardiac pathophysiology need to be clarified.

Growing evidence has supported that mitophagy is asso-
ciated with the process of dysfunctional cardiac cells and 
the development of cardiac hypertrophy [58]. The strong 
relationship between mitophagy and cardiac hypertrophy 
is first involved in Bnip3 expression and regulation [109]. 
Du et al. reported that doxorubicin (Dox) promotes cardiac 
hypertrophy by downregulating sirtuin-3 (Sirt3), whereas 
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Bnip3 overexpression completely provoked cardiac toxic-
ity via mitophagy [110]. MST1, a serine/threonine-protein 
kinase, is considered an upstream regulator in mediating 
the progression of cardiac hypertrophy. Excessive activa-
tion of MST1 significantly suppresses cardiac proliferation 
and hypertrophy through inhibition of mitophagy induced 
by Beclin1, which further leads to dilatation of the heart 
[111]. Recent research has shown that SUMOylation and 
its related ligases are involved in mediating the mitophagy 
process, suggesting a central role of SUMOs in regulating 
cardiac hypertrophy via mitophagy activation [69,112]. 
Dilated cardiomyopathy (DCM) has been found to be asso-
ciated with gene variations of lamin A/C (LMNA); however, 
the precise mechanism of LMNA in cardiac hypertrophy 
is poorly understood [113]. Sylvius et al. have shown that 
either dramatic ultrastructural changes of the cardiomyo-
cyte nucleus (D192G) or nonspecific changes (R541S) are 
involved in end-stage DCM patients carrying LMNA muta-
tions [114]. Further assessment revealed that D192G lamin 
C expression impaired SUMO1 distribution and functions, 
suggesting that SUMO1-mediated SUMOylation contrib-
utes significantly to DCM via its transcription, chromo-
some organization, and nuclear trafficking [114]. Moriuchi 
et  al. further identified two lamin A mutations, E203G 
and K201R, that can be SUMOylated by SUMO2, which 

contributes to the development of laminopathies [115]. In 
this research, they found that the SUMOylation-defective 
E203G mutant inhibited normal localization of WT lamin A 
in a dominant-negative manner but exhibited abnormal sub-
nuclear distribution, which is associated with familial dilated 
cardiomyopathy. However, K201R at the amino acid residue 
of SUMO2 has no effect on the phenotypes of cardiac cells; 
however, it is not enough to explain why SUMOylation itself 
is not involved in the pathogenesis of cardiac hypertrophy 
[115]. Under the transcription and chromosome organi-
zation levels, the stable expression of homeobox genes is  
critical for normal heart growth and development [116, 
117]. Kim et al. identified Nkx2.5 as a potential target of 
SUMOylation, which can be further involved in a variety of 
cellular activities during the development of heart growth 
[118]. Although the regulatory mechanism of SUMO1 in 
mediating Nkx2.5 is still unclear, SUMO1 can covalently 
attach to lysine residue 51 to enhance Nkx2.5 activity. In 
addition, the association between Nkx2.5 mutants and aber-
rant SUMOylation has also demonstrated that modification 
alteration of SUMOylation may underlie the development of 
cardiac hypertrophy associated with Nkx2.5 mutants [118].

Research has shown that SUMOylation plays a key regu-
latory role in mediating mitochondrial fusion and fission by 
modifying Fis1, OPA1, MFN1/2, and DRP1 (Fig. 3) [119]. 

Fig. 2   Regulatory mechanism of SUMOylation in mitophagy activa-
tion. SUMO molecule-mediated SUMOylation is involved in mito-
chondrial dynamics through multiple signalling pathways, especially 
in mitophagy activation. The interaction between SUMO and PINK1/
Parkin is inhibited by SENP family proteins, which further suppresses 
mitochondrial oxidation induced by complex I. SUMOylation of DJ-1 
inhibits ROS production, whereas SUMOylation of PGC-1α further 
promotes the expression of SIRT3, which leads to mitochondrial fis-

sion and fusion. SUMOylation of DRP1 induced by FADD is criti-
cal for mitochondrial fission and mitophagy activation. Accumula-
tion of DRP1 SUMOylation promotes the release of mitochondrial 
cytochrome C, leading to mitophagy. Other substrates in mitochon-
dria, including OPA1 and MFN1/2, can also be SUMOylated and 
induce autophagic vesicle engulfment of mitochondria for lysosomal 
degradation. The dashed line indicates that mitochondria are not nec-
essarily the subcellular location of DRP1 SUMOylation
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However, whether SUMOylation-regulated mitophagy can 
be involved in cardiac hypertrophy remains unknown; in 
addition, the mechanisms by which SUMOs induce cardiac 
hypertrophy via mitophagy activation need to be further 
investigated. Given the critical role of SUMOylation in regu-
lating cardiomyocyte alterations, a recent study has shown 
that the modification of myomesin-1 by SUMO1 from the 
nucleus to the cytoplasm regulates cardiac hypertrophy 
[120]. Wang et al. found that the addition of a SUMO1 
mimic to primary cultures of cardiac cardiomyocytes from 
1-day-old Sprague–Dawley (SD) rats significantly promoted 
the nuclear localization of myomesin-1 to the cytoplasm, 
leading to sarcomere organization-induced cardiac hypertro-
phy [120]. As a multifunctional post-translational protein, 

the SUMO molecule contains 101 amino acid residues and 
modifies target proteins through SUMOylation. However, 
whether SUMO1-mediated SUMOylation of myomesin-1 
can also occur in adult cardiomyocytes is still unclear. 
Additionally, the SUMO-conjugating machinery to other 
SUMOylated peptides in cardiomyocytes needs to be further 
understood. SUMOylation is highly relevant in signal trans-
duction, especially in response to cellular stress-related path-
ways [5,50]. To further investigate the role of SUMOylation 
in cardiac hypertrophy, Lee et al. revealed that SUMO1 in 
mice undergoing transverse aortic constriction (TAC) sig-
nificantly inhibits cardiac hypertrophy development by pro-
moting SUMOylation of the sarcoplasmic reticulum calcium 
ATPase (SERCA2a) pump. However, under conditions of 

Fig. 3   Potential role of SUMOylation in cardiac hypertrophy. 
SUMOylation is associated with the expression and regulation of 
multiple cardiac proteins, which are involved in the development 
of cardiac hypertrophy. SUMOylation of Desmin in sarcomeres is 
dependent on the α-DAG/DMD/ACTG1 signalling pathway, which 
further promotes LaminA/C expression. Additionally, the release 
of calcium via Ryr-induced ER stress leads to sensitivity of ATPase 
activity. HSF2 SUMOylation by PCGF2/MEL18 signalling induces 
IGF-IIR SUMOylation, resulting in the SUMOylation of PINK1/
Parkin and activating mitophagy. Additionally, SUMOylation of 
IGF-IIR may promote myocardin expression, and its SUMOylation 

can be inhibited by NF-κB. UBC9 and MAPL promote the interac-
tion between SUMO and ZAK and then inhibit the activity of PI3K/
ERβ signalling, which promotes the upregulation of TNF-α and 
IL-6 induced by PINK1/Parkin. Furthermore, the SUMO molecule 
is involved in SERCA2a SUMOylation mediated by PIASy through 
JNK/c-JUN; conversely, the SUMOylation of MEF-2C induced by 
NFAT3/SENP1/PGC-1α promotes PINK1-mediated IGF1, ACE and 
TGF-β upregulation. Finally, SUMOylation promotes the develop-
ment of cardiac hypertrophy via ventricular diastolic dysfunction, 
perfusion injury, ventricular remodelling, and ventricular noncom-
paction
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cardiac hypertrophy, whether SUMOylation of SERCA2a 
induced by SUMO1 can regulate mitophagy activation 
needs further investigation [121]. In TAC animals, SUMO1 
overexpression by adeno-associated vector type 9 (AAV9) 
elevates the level of SERCA2a SUMOylation and inhibits 
the MEK/ERK signalling pathway but has no effect on JNK/
c-JUN signalling. However, a previous study demonstrated 
that JNK activation contributes to SUMO1 deficiency, which 
can further promote cardiac hypertrophy [122]. Further-
more, Chaanine et al. showed that overexpression of JNK, 
which is activated by the transcription factor FOXO3a, 
increases Bnip3 expression in response to pressure overload 
and induces mitophagy activation, which further promotes 
the heart failure process [123]. Therefore, whether SUMO1-
mediated SERCA2a SUMOylation is involved in the JNK/c-
JUN signalling pathway needs to be further studied, and the 
mechanism of SUMOylation-regulated mitophagy activation 
in mediating cardiac hypertrophy development should be 
the focus of future investigation. Transcriptional regulation 
plays an important role in the modification of SUMOyla-
tion, particularly certain transcription factors that regulate 
the expression of SUMO molecules. Although SUMOs and 
their SUMOylation play a crucial role in the development 
of cardiac hypertrophy, the precise molecular mechanism 
regulating the stability and trans-activity of target proteins 
in cardiomyocytes remains unclear. A recent report estab-
lished that nuclear factor kappa-B (NF-κB) may attenuate 
the transcriptional activity of myocardin by inhibiting myo-
cardin SUMOylation by SUMO1/PIAS1, thus impairing the 
development of cardiac hypertrophy. Further investigation 
is involved in a feedback loop in which miR-1 is upregu-
lated by NF-κB, which also represses SUMO1 expression 
and inhibits SUMOylation of myocardin [124]. Furthermore, 
another study also found a mediatory role of SUMOylation 
in regulating SERCA2a expression; however, the underly-
ing regulatory mechanism remains elusive. By targeting 
the transfer of AAV9, Oh et al. supported a strong associa-
tion between miR-146a and SUMO1. In vivo and in vitro 
research has both revealed that miR-146a downregulates 
the expression of SUMO1 and then inhibits SUMOylation 
of SERCA2a, which further attenuates cardiac contractile 
function and promotes cardiac hypertrophy [66].

Given the critical role of mitochondrial biogenesis and 
mitophagy in cardiovascular diseases, studies have further 
explored the function and mechanism of SUMO-related  
proteins in the development of cardiac hypertrophy [53, 
55,84]. Cai et al. have found that SENP1 may be a key 
protein in regulating mitochondrial function and the patho-
genesis of cardiomyopathy. By infecting TAC mice with 
cardiotropic recombinant adeno-associated virus serotype 9 
(rAAV9) to achieve targeted SENP1 overexpression, mito-
chondrial biogenesis is significantly promoted, and partial 
amelioration of cardiac hypertrophy is observed [125]. 

Furthermore, they also found that SENP1 was induced by 
hypertrophic stimuli through calcium/calcineurin-nuclear 
factor of activated T cells 3 (NFAT3), and deSUMOyla-
tion of myocyte enhancer factor-2C (MEF-2C) mediated by 
SENP1 enhanced peroxisome proliferator-activated recep-
tor γ coactivator-1α (PGC-1α) transcription, which inhib-
ited mitophagy activation and cardiac hypertrophy [125]. 
Gupta et al. have shown that SUMOylation, as an integral 
part of the UPS, is associated with cardiac protein qual-
ity control through autophagy. By using gain- and loss-of-
function assays in neonatal rat ventricular cardiomyocytes, 
UBC9 overexpression, a SUMO E2 enzyme, could directly 
change the autophagic flux. Additionally, the elevated level 
of SUMOylation increases cardiac autophagy, which pro-
tects against cardiomyocyte-specific expression of a mutant 
α-B-crystallin and mutant CryAB (CryAB(R120G))-
induced proteotoxic cardiac disease [126]. These results 
indicate that overexpression of UBC9 may find a protective 
protein in regulating cardiac hypertrophy by upregulating 
autophagic flux. However, the role and exact mechanism 
of UBC9 and SUMOylation in mitophagy are still unclear, 
and further investigation is needed to focus on the regula-
tory function and interacting amino acid sites of SUMO 
molecules in mitochondrial target proteins in response 
to the prevention of cardiac hypertrophy. Zhao et  al. 
have also identified the relationship between SUMOyla-
tion and mitochondrial alteration in regulating cardiac 
hypertrophy [127]. They have considered mitochondrial 
anchored protein ligase (MAPL) as a special SUMO E3 
ligase, which can contribute to mitochondrial fission. By 
silencing MAPL, phenylephrine (PE)-induced upregulation 
of MFN2 is significantly decreased, accompanied by the 
inhibition of mitochondrial fission and cardiac hypertro-
phy. Further investigation focused on the feedback loop in 
which the miR-485-5p/MAPL/MFN2 axis is involved in 
mitochondrial machinery and cardiac hypertrophy develop-
ment. Nevertheless, the underlying mechanism by which 
SUMO enzymes regulate mitophagy is still unclear. Similar 
to the E3 SUMO enzyme, muscle RING-finger protein-1 
(MuRF1) plays a critical regulatory role in cardiac muscle 
tissues [128]. Heras et al. discovered that MuRF1 can target 
SUMO1 for SUMOylation by mediating UBC9 and the E3 
PIASy/4, which contributes to cardiac muscle disorders 
[129]. A new study reported that SUMOylation may play a 
protective role in cardiac hypertrophy. As a critical protein 
for hypertensive angiotensin II (Ang-II)-induced cardiac 
hypertrophy, insulin-like growth factor receptor II (IGF-
IIR) signalling can be regulated by heat shock transcrip-
tion factors (HSFs) during the progression of heart failure 
[130,131]. However, recent research has demonstrated 
that HSF2 appears to be SUMOylated by SUMO1 and 
is reversely inhibited by PCGF2/MEL18. The inhibition 
of HSF2 SUMOylation by IGF-IIR-mediated signalling 
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suggests that the PCGF2/MEL18/SUMO1/HSF2/IGF-IIR 
signalling pathway plays a critical role in promoting car-
diac hypertrophy [132]. Pai et al. have shown that aberrant 
expression of leucine zipper- and sterile ɑ motif-containing 
kinase (ZAK) by SUMO1 modification alters the interac-
tion of phosphoinositide 3-kinase (PI3K) with estrogen 
receptor β (ERβ) to inhibit the degradation of PI3K in 
H9C2 cells, which further suppresses myocardial damage 
and cardiac hypertrophy [133].

As a dynamic organelle, mitochondria undergo a 
constant cycle of fusion and division to maintain their 
functions [13]. Therefore, the modification of mitochon-
drial target proteins seems to play an important role in 
regulating mitochondrial morphology and biofunctions. 
SUMOylation is identified as a multifunctional modifica-
tion for target proteins that is necessary for containing a 
diglycine motif at the C-terminal sequence [5]. However, 
other mechanisms of SUMO-related proteins, including 
SENPs, UBC9, and MAPL, can also be involved in medi-
ating mitochondrial dysfunction and mitophagy activation. 
The functional role and exact mechanism of mitophagy in 
the development of cardiac hypertrophy have been widely 
reported [108,134]. SUMOylation-mediated mitophagy  
is believed to be involved in multiple processes of cardiac 
hypertrophy. The mechanisms underlying SUMOylation 
in cardiac hypertrophy seem to be dependent on PINK1/ 
Parkin, Bnip3 or sestrin2 signalling; however, the exact 
regulatory mechanism of the interaction of SUMO mol-
ecules and these proteins remains unclear [58,135,136]. 
Although numerous studies have demonstrated that 
SUMOylation activation by SUMO molecules ultimately 
maintains mitochondrial function, the precise mechanisms 
underlying the mitophagy actions of SUMOylation remain 
elusive. Further studies are needed to explore whether 
SUMOylation and its related proteins, such as SUMO4, 
SUMO5, SENPs, and MuRF1, are significantly sufficient 
to affect mitophagy in response to cardiac hypertrophy.

Involvement of SUMOylation 
in hypertension

Hypertension has been identified as the most preventable 
risk factor for cardiovascular diseases and is character-
ized by persistently high blood pressure in the systemic 
arteries [137]. Hypertension has been discovered as a 
serious cardiovascular event with changes in metabolic 
substrate utilization, dysfunction of the electron transport 
chain, and adenosine triphosphate (ATP) synthesis [138]. 
Therefore, mitochondria have been considered crucial 
in the pathogenesis of hypertension. The phenotype and 
functionality of cardiomyocytes are regulated by mito-
chondrial energetic metabolism, of which dysfunction may 

lead to drastic changes in blood pressure [138]. Multiple 
studies have revealed that mitochondrial dynamics, espe-
cially mitophagy, can properly maintain cellular functions, 
which are involved in the development of hypertension 
[139,140]. The mechanisms associated with mitophagy 
in hypertension are still unknown, and little research has 
recently focused on PINK1/Parkin signalling or Bnip3-
mediated autophagosomes, which fuse with lysosomes for 
mitochondrial degradation.

Modification of mitochondrial dynamics has been con-
sidered to play a critical regulatory role in mitophagy, 
particularly SUMOylation in mitochondrial fission and 
fusion (Fig. 4) [132]. The voltage-gated potassium (Kv) 
channel Kv1.5 is identified as a key protein to repolar-
ize the I (Kur) current in human atrial myocytes, which 
regulates vascular tone [141]. Benson et al. demonstrated 
that Kv1.5 can be the target protein for interacting with 
the SUMO-conjugating enzyme UBC9 and is a target for 
SUMOylation by SUMO1, SUMO2, and SUMO3. As a 
SUMOylated substrate, Kv1.5 can be deSUMOylated 
by SENP2 and Ulp1, and this disruption of conjugation 
leads to a selective approximately 15-mV hyperpolariz-
ing shift in the voltage dependence of steady-state inac-
tivation [142]. Indirect evidence from Tian’s research 
has also demonstrated that deSUMOylation mediated by 
SENP1 is implicated in the development of hypertension 
[143]. Hypoxic pulmonary hypertension (HPH) in an ani-
mal model was established by normobaric intermittent 
hypoxia, and the expression of SENP1 was found to be 
downregulated as well as the high level of SUMOylation 
was found to lead to the enhancement of pulmonary arte-
rial pressure (mPAP). However, whether SENP1-mediated 
deSUMOylation is involved in mitophagy under chronic 
hypoxic conditions needs to be further studied. A further 
mechanism of SUMOylation in HPH was preliminarily 
clarified by Jiang et al., who showed that SUMO1 pro-
motes SUMOylation upregulation in rat pulmonary arte-
rial smooth muscle cells (PASMCs) by directly interacting 
with HIF1α [144]. Additionally, almost the same research 
has clarified that deSUMOylation induced by SENP1 pro-
motes the stability of HIF‑1α, which enhances the prolif-
erative ability of PASMCs and the development of HPH 
[145]. A recent study has identified Bnip3 as an upstream 
mediator for HIF‑1α to promote mitophagy activation and 
is accompanied by abnormal alteration of mitochondrial 
DNA (mtDNA) and ROS production and aberrant expres-
sion of cytochrome c oxidase IV (COX IV) and translo-
case of outer mitochondrial membrane 20 (TOMM20), 
which is further involved in regulating hypertension 
[146]. Future hypotheses should focus on the association 
between SUMOylation and mitophagy-related proteins, 
especially Bnip3, which may be a promising therapeutic 
strategy for the prevention of hypertension in PSMCs. 
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Activating transcription factor 3 (ATF3) functions as an 
adaptive response protein for inducing hypertension, and 
a functional experiment has shown that Ang II incubation 
elevates the levels of SUMO1 and ATF3 [147]. SUMO1 
promotes the SUMOylation of ATF3 at position K42, 
inducing the expression of inflammatory molecules such 
as tumor necrosis factor-α (TNF-α), interleukin (IL)-6, and 
IL-8 and provoking the production of nitric oxide (NO), 
eventually promoting dysfunction of vascular endothelial 
cells (ECs) and the development of hypertension [147].

Bioinformatics has prospectively predicted that K265 
and K402 in dopamine receptor D1 can be SUMOylated 
by SUMO1, which is also associated with the development 
of hypertension. The mechanism targets SUMOylation to 
impede the dephosphorylation of the D1 receptor mediated 
by the interaction of G protein kinase 4 (GRK4) with protein 
phosphatase 2A (PP2A), which may provide new insights 
for the treatment and prevention of hypertension [148]. 

However, Yao et al. further established a mouse model of 
HPH and found upregulated expression levels of LC3 and 
SUMO1. In contrast, the overexpression of SUMO1 pro-
motes vacuolar protein sorting 34 (VPS34) SUMOylation at 
position K840 and further induces the assembly of the Bec-
lin1/VPS34/ATG14 L complex, which activates autophagic 
flux and the development of hypertension [149]. Cai et al. 
have further highlighted the critical role of SENP3 in medi-
ating vascular remodelling and hypertension. By generating 
an animal model of hypertension in SENP3+/− mice, they 
found that the interaction between SENP3 and β-catenin 
inhibited SUMO2/3-mediated SUMOylation and lysoso-
mal degradation of β-catenin, suggesting the important 
function of SENP3-induced deSUMOylation in the devel-
opment of hypertension [150]. However, the exact role and 
precise mechanism of SUMOylation in regulating the hyper-
tension process via mitophagy activation remain unclear. 
Mitophagy-related signalling pathways have been strongly 

Fig. 4   Involvement of 
SUMOylation in hypertension 
via mitophagy. SUMOylation 
regulates numerous signal-
ling pathways to mediate the 
development of hypertension. 
The critical role of SUMOyla-
tion in hypertension involves 
the interaction between SUMO 
and the Kv1.5 channel. Initially, 
UBC9 promotes Kv1.5 channel 
SUMOylation, which is further 
inhibited by SENP2. Addition-
ally, the interaction between 
MAPK/p38 and SUMO 
promotes the SUMOylation of 
MAPK under HIF1α SUMOyla-
tion and then promotes the 
phosphorylation of MK2. 
The phosphorylation of MK2 
induces Bnip3/Bax activation 
and the upregulation of mito-
chondrial ROS production and 
AIF expression, which leads to 
cytochrome C release. However, 
both SUMOylation of HIF1α 
and phosphorylation of MK2 
can regulate the expression of 
inflammatory factors, such as 
TNF-α, IL-6, and IL-8, and 
downregulated PCNA inhibited 
by SENP3 suppresses pulmo-
nary hypertension
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implicated in the development of hypertension [151]. Mul-
tiple physiological stimuli, including hypoxia, Ang-II and 
NO, can promote mitophagy activation in vascular cells, 
which is involved in hypertension processes [138]. As a 
multifunctional modification in mitochondrial dynamics, 
SUMOylation is considered to play a dual role in mediat-
ing hypertension via mitophagy. Therefore, future research 
should determine the accurate role of SUMOylation in 
modifying mitochondrial dynamics and mitophagy for the 
occurrence and development of hypertension. Additionally, 
targeting SUMOylation to mitochondrial proteins has been 
confirmed to be exploited to develop therapeutic strategies 
to prevent hypertension.

SUMOylation targets atherosclerosis 
via mitophagy

Atherosclerosis is a progressive chronic inflammatory car-
diovascular disorder that is characterized by the formation of 
lipid-filled plaques within arteries [152]. Numerous studies 
have demonstrated that the accumulation of lipids in the walls 
of medium- and large-sized arteries can lead to atherosclerotic 
plaque development [153]. However, the mechanism of lipid 
accumulation and the progression of atherosclerotic plaque for-
mation are both unknown. Mitophagy, an autophagic response 
that specifically targets mitochondria, is reported to be involved 
in pathological processes of atherosclerosis [154]. Mitochon-
drial dysfunction and mitophagy are potentially linked to the 
degradation of atherosclerotic plaques, which further pro-
vokes the development of atherosclerosis [155]. Numerous 
studies have shown that lipid metabolism alterations, inflam-
mation, and oxidative stress are significantly associated with 
mitophagy activation, suggesting that mitophagy may play 
a protective role in preventing atherosclerosis by stabilizing 
atherosclerotic plaques [156,157]. Although mitophagy is 
essential for oxidative metabolism, in which lipid disorder is a 
crucial event in atherosclerosis, the proatherogenic molecular 
mechanism of mitophagy is less clarified [158].

SUMOylation is accomplished with activating enzyme E1 
(SAE1/SAE2), conjugating enzyme E2 (UBC9) and ligating 
enzyme E3, which contributes to maturation, conjugation 
and ligation [41]. Atherosclerosis has been demonstrated 
to be associated with dyslipidemia that involves increased 
serum triglycerides and LDL and decreased high-density 
lipoprotein (HDL) [152]. SUMOylation regulates multi-
ple cellular processes to maintain metabolic homeostasis, 
including cholesterol metabolism, synthesis of steroid hor-
mones, and bile acid metabolism (Fig. 5) [159]. Dehnavi 
et al. found that the lysine residue on PPARα can be modi-
fied by the SUMO molecule [160]. Furthermore, Kim et al. 
reported that the expression of SUMO2 is elevated in the 

aortic endothelium of hypercholesterolemic LDL receptor-
deficient (LDLR−/−) mice and is responsible for the impair-
ment of endothelium-dependent vasorelaxation, suggesting 
that SUMO2-mediated SUMOylation may promote the devel-
opment of atherosclerosis [161]. SUMOylation can also be 
associated with reverse cholesterol transport (RCT), which is 
characterized as an antiatherogenic process. The SUMOyla-
tion of liver receptor homologue 1 (LRH-1) at position K289 
promotes its interaction with prospero homeobox protein 1 
(PROX1), thereby altering the RCT process and promoting 
atherosclerosis [162]. Additionally, both UBC9 and PIASy 
can induce the SUMOylation of PPARα at position K185 to 
suppress the transcriptional activity of PPARα, which fur-
ther promotes dyslipidemia [163]. Lim et al. have shown 
that SUMOylation of PPARα at position K107 is involved 
in vascular smooth muscle cell (VSMC) proliferation and 
migration; conversely, the deSUMOylation of PPARα might 
play an important role against atherosclerosis [164]. In con-
trast, SUMOylation may be involved in a protective role in 
inhibiting VSMC proliferation. The regulatory role of Rho-
specific guanine nucleotide dissociation inhibitor (RhoGDI) 
is widely reported in vascular remodelling [165]. Dai et al. 
demonstrated that Ang-II can promote RhoGDI degradation 
by inducing RhoGDI SUMOylation; conversely, the competi-
tive binding of SUMO to RhoGDI regulates RhoGDI stability 
and VSMC proliferation [166]. McPherson and Gauthier have 
shown that SUMOylation of sterol regulatory element binding 
proteins (SREBPs) plays a unique and fundamental role in 
both cholesterol and fatty acid metabolism, and the regulation 
of SREBP-1c and SREBP-2 by SUMO ultimately mediates 
dyslipidemia and insulin resistance [167]. The mechanism of 
SUMO in lipid metabolism disorders of atherosclerosis may 
be associated with estrogen receptor α (ERα) modification. 
Kobayashi et al. found that UBC9 and PIAS1 can interact with 
ERα in a manner dependent on the presence of 17β-estradiol 
by using a yeast two-hybrid system from a human heart cDNA 
library, which plays important roles in the pathophysiology of 
atherosclerosis [168]. Endothelial dysfunction is reported to 
be involved in atherosclerosis development [169]. The main-
tenance of endothelial function is dependent mainly on shear 
stress-induced ERK5 activation, the regulation of Kruppel-
like Factor 2 (KLF2) and endothelial NO synthase expres-
sion [170,171]. Woo et al. further clarified that H2O2 and 
advanced glycation end-products (AGEs) induce SUMOyla-
tion of ERK5 mediated by PIAS1 and UBC9 at positions K6 
and K22, respectively, subsequently inducing the expression 
of KLF2 and endothelial NO synthase (eNOS), which further 
promotes endothelial dysfunction [172]. Moreover, PIAS1-
mediated SUMOylation of NF-κB also initiates inflammatory 
responses, including TNFα and lipopolysaccharide (LPS), 
that contribute to atherosclerosis [173]. The mechanism of 
SUMOylation of NF-κB in proatherosclerosis may involve 
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conjugation between SUMO and IκBα, thereby promoting the 
interaction of adipocyte enhancer-binding protein 1 (AEBP1) 
with NF-κB and facilitating inflammatory conditions [174]. 
Other oxidative products, such as peroxynitrite (ONOO−), are 
associated with the binding of PIASy to protein kinase C ζ 
(PKCζ), leading to SUMOylation of p53 and inducing dis-
turbed blood flow, which causes atherosclerosis [175]. How-
ever, the mechanism of PKCζ in regulating atherosclerosis is 
still unclear, and future studies need to focus on the regulatory 
role and molecular mechanism of SUMO-mediated conjuga-
tion in downstream mediators. Surprisingly, Heo et al. con-
cisely demonstrated that ONOO− upregulates the activation 

of PKCζ and induces the interaction of p53 with Bcl-2 by 
SUMOylating p53. Subsequently, ONOO enhances the inter-
action between PKCζ and PIASy via the Siz/PIAS-RING 
domain at amino acid position 301–410 of PIASy, for which 
p53 SUMOylation mediated by PKCζ promotes endothelial 
dysfunction and the development of atherosclerosis [176]. 
Overall, these results reveal the promoting role of disturbed 
blood flow in the regulation of endothelial dysfunction via 
ONOO− production-dependent PKCζ. Then, the interaction 
of PKCζ with PIASy enhances the SUMOylation of p53 by 
decreasing the expression of KLF2 and eNOS, eventually pro-
moting inflammation and atherosclerosis.

Fig. 5   Participation of SUMOylation in molecular signalling path-
ways involved in atherosclerosis. The regulation of lipid metabo-
lism by SUMOylation is involved in the formation of atheroscle-
rotic plaques. On the one hand, LPS promotes PPARα expression, 
and both UBC9 and PIASy induce PPARα SUMOylation, lead-
ing to the interaction between SUMO and RhoGDI, which fur-
ther promotes the lysosomal degradation of RhoGDI. On the other 
hand, TNF-α signalling induces UBC9 activation and promotes the 
SUMOylation of phosphorylated IκBα, and modified IκBα promotes 
the release of RE1A and p50 from IκBα, which induces the expres-
sion of downstream substrates, including ABCA1, LXR, IFN-γ, and 

AEBP1. Moreover, UBC9 can also promote SUMOylation of ERK5, 
which induces the interaction between LRH-1 and PROX1. ERK5 
SUMOylation provokes ROS production through KLF2 SUMOyla-
tion, induces PIASy activation and promotes the nuclear transloca-
tion of p53 via PKCζ. Disturbed flow remains a critical role in the 
development of atherosclerosis through ER stress via SUMOyla-
tion. ER stress activates UBC9 and inhibits SENP2, which promotes 
SUMOylation of p90RSK and MAGI1, eventually inducing ABCA1, 
ABCG1, and PML expression and provoking the formation of athero-
sclerotic plaques
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DeSUMOylation is also involved in disturbed blood flow-
induced inflammatory responses in endothelial cells, fur-
ther causing atherosclerosis. Heo et al. further revealed that 
SENP2-mediated deSUMOylation induces the SUMOyla-
tion of p53 and ERK5 in regulating atherosclerosis in 
SENP2+/−/LDLR−/− mice [177]. Although the elucidation 
of the precise mechanisms regulating SUMOylation in ath-
erosclerosis is needed to better understand the proathero-
genic molecular mechanism, the exact role and regulatory 
mechanism of SUMO conjugation in mitophagy remain 
unclear. Moreover, Xiao et al. reported that SENP2 in ath-
erosclerosis is significantly associated with SUMOylation-
mediated keratinocyte migration. Mechanistically, SENP2 
targets nuclear Dbf2-related 1 for SUMOylation at position 
K465 to promote p38/ERK1/2 activation by attenuating 
the interaction between MEKK1/2 and NDR1 [178]. Other 
modifications, such as phosphorylation, may cooperate with 
SUMOylation to play a regulatory role in atherosclerosis. 
Abe et al. have shown that the interaction of p90 ribosomal 
S6 kinase (p90RSK) with membrane-associated guanylate 
kinase with inverted domain structure-1 (MAGI1) leads to 
the phosphorylation of SENP2 at position T368 and sub-
sequently induces deSUMOylation of MAGI1 at position 
K931. The deSUMOylation of MAGI1 further enhances 
nuclear translocation of p90RSK-MAGI1 and formation 
of the ATF6-MAGI1 complex, which accelerates endothe-
lial dysfunction and atherosclerosis [179]. Dysregulated 
miRNA-181b is reported to mediate the polarization of M1 
macrophages via inhibition of PIAS1-induced SUMOylation 
of KLF4, eventually causing atherosclerosis [180]. However, 
whether SUMOylation can be involved in macrophage lipid 
metabolism and foam cell formation is still unclear, and the 
regulatory role of SUMOylation in the cholesterol efflux 
of macrophages needs to be further investigated. ABCG1 
plays an important role in regulating macrophage cholesterol 
metabolism, which contributes to the development of athero-
sclerosis [181]. Dong et al. recently found that interferon-γ 
(IFN-γ) promotes the degradation of liver X receptor α 
(LXRα) via SUMOylation at K22 and K326 by elevating 
the expression of UBC9 and PIAS1, and the interaction of 
LXRα with SUMO1 and SUMO2/3 further enhances the 
inhibition of ABCG1 expression. Suppression of ABCG1 
expression decreases cholesterol efflux from macrophages 
to blood flow, which further promotes the development of 
atherosclerosis [182]. IFN-γ can also regulate the stability 
of atherosclerotic plaques by promoting SUMOylation of 
PML; however, the precise modification of PML and the 
exact downstream mediator in vascular smooth muscle cells 
(VSMCs) are still unclear [183].

Multiple studies have demonstrated that SUMOylation 
of atherosclerotic proteins contributes to the initiation and 
development of atherosclerosis [163]. SUMO molecules, 
especially SUMO1 and SUMO2/3, play important roles 

in the pathogenesis of atherosclerosis. DeSUMOylation 
was recently found to be involved in an inhibitory role in 
maintaining endothelial function and the stability of athero-
sclerotic plaques [178,179]. However, some studies have  
reported a contradictory conclusion that SUMOylation may  
play dual roles in the prevention of atherosclerosis [164,165]. 
Future research should focus on the regulatory role of  
SUMOylation in mitophagy activation, which may provide 
a possible explanation of SUMOylation in atherosclerosis 
development.

Regulation of SUMOylation in mediating 
cardiac ischemia reperfusion injury

Cardiac ischemia/reperfusion (I/R) injury is identified as one 
of the acute coronary occlusions that leads to myocardium 
death, expands the size of myocardial infarction, damages 
cardiac systolic function, and provokes the development 
of heart failure [184]. The mechanism of cardiac I/R has 
been demonstrated to involve mitochondrial dysfunction 
and mitophagy impairment [185,186]. The dual roles of 
mitophagy and how mitochondrial dysfunction regulates 
interrupted cardiac homeostasis remain elusive. PINK1, 
Bnip3, and Beclin1 are reported to be localized on the OMM 
to regulate mitophagy activation, which contributes to the 
development of cardiac I/R. These mitophagy-related pro-
teins are fundamentally anchored at the OMM by their trans-
membrane domains and attach mitochondria to autophago-
somes through the LC3 interacting region (LIR) motif. 
Driven by the LIR motif, these supervising proteins are 
capable of recruiting autophagic proteins LC3 and gamma-
aminobutyric acid receptor associated protein (GABARAP) 
to the mitochondrial membrane, further inducing mitophagy 
initiation independent of the ubiquitin pathway [187]. How-
ever, the mechanism of mitophagy in regulating cardiac I/R 
is still unclear, even though mitophagy-related proteins 
may play a critical role in the development of cardiac I/R. 
SUMOylation by SUMO in mitophagy-related proteins has 
been suggested to alleviate or exacerbate cardiomyocyte 
damage and is involved in the pathological development of 
cardiac I/R (Fig. 6). Previous studies have shown that deSU-
MOylation of DRP1 by SENP3 is essential for physiological 
and pathophysiological mitochondrial fission and promotes 
cell death during reperfusion after ischemia by enhancing 
DRP1 partitioning to the OMM, which causes cytochrome 
c release. Guo et al. further investigated the mechanism by 
which deSUMOylation recruits DRP1 to the OMM and 
found that deSUMOylation selectively promotes DRP1 bind-
ing to mitochondrial fission factor (MFF) [188,189].

Recent studies have implied that abundant expression of 
microRNA-499 (miR-499) can prevent cardiac I/R injury 
by regulating the calcineurin-mediated activation of DRP1 
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[190]. A possible mechanism may be involved in the regu-
lation of mitochondrial dynamics through miR-499 and 
the SUMOylation-mediated ubiquitin–proteasome system 
(UPS). Further investigation has identified that p53 regu-
lates miR-499 transcription and inhibits mitochondrial 
fission by repressing the SUMOylation-UPS axis, which 
decreases I/R-induced cardiac hypertrophy and collagen 
deposition in transgenic mice [190]. These results suggest 
that SUMOylation-related UPS may mediate the key regu-
latory progression of target proteins in mitophagy, which 
is further associated with the development of cardiac I/R. 
McCrink et al. further found that the interaction between 
β-arrestin-2 (βarr2) and SERCA2a inhibits postmyocardial 
infarction (MI) remodelling by promoting acute SUMOyla-
tion of SERCA2a, which further protects cardiac functions 
from ischemic injury [191]. Natural products have also 

been demonstrated to protect cardiac I/R injury through 
SUMOylation. Luteolin is reported to alter cardiomyocyte 
contractility and Ca2+ transients by promoting the expression 
and stability of SERCA2a. Luteolin upregulates SUMO1-
mediated SUMOylation of SERCA2a via PI3K/Akt sig-
nalling, which further ameliorates myocardial fibrosis and 
inhibits cardiac I/R injury [192]. Another study further clari-
fied the regulatory mechanism of SUMOylation in attenu-
ating cardiac I/R injury under luteolin invention. Du et al. 
found that luteolin increases the expression of SUMO1 to 
improve mitochondrial membrane potential (ΔΨm) and 
reduce apoptotic cells by enhancing SUMOylation of SER-
CA2a at position K585, which further protected cardiac 
myocardial I/R injury [193]. Moreover, puerarin has been 
identified as a cardioprotective natural product. Puerarin sig-
nificantly increases the expression of SUMO2 and promotes 

Fig. 6   The regulatory role and function of SUMOylation in mediat-
ing cardiac ischemia–reperfusion injury. Cardiac ischemia induces 
mitochondrial dynamics disorder, which is dependent mainly on 
SUMOylation activation. The dashed box remains the possible mech-
anism by which the inhibition of SENP family proteins by cardiac 
ischemia suppresses the interaction between SUMO and DRP1, and 
zinc-induced DRP1 SUMOylation promotes mitophagy activation. 
Upregulation of PIAS1 promotes SUMOylation of PPARγ and then 

promotes SUMOylation of Sirtuin1 via NF-κB/ERK5/eEF2 signal-
ling. Additionally, PIAS1 promotes SUMOylation of HDAC4 and 
HIF1α by repressing SENP1-induced deSUMOylation of DJ-7 and 
further promotes SUMOylation of PML, leading to cardiac injury. 
UBC9 induces SERCA2a SUMOylation in the endoplasmic reticu-
lum to release calcium, which disrupts the mitochondrial potential 
and facilitates mitophagy activation
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SUMOylation in H9C2 cells, which inhibits cardiac I/R 
injury by attenuating the release of lactate dehydrogenase 
(LDH) through an estrogen receptor (ER)/ERK/SUMO2-
dependent mechanism [194]. Shishido et al. established a 
myocardial infarction (MI) mouse model by using cardiac-
specific CA-MEK5α transgenic mice (CA-MEK5α-Tg) with 
left coronary artery ligation and found that SUMOylation 
by UBC9 or PIAS1 inhibited the transcriptional activ-
ity of ERK5 and promoted H2O2 production, suggesting 
the destructive role of SUMOylation in cardiac I/R injury 
[195]. However, different conclusions from Xie et al. have 
revealed a protective role of PIAS1-mediated SUMOylation 
in ameliorating cardiac I/R injury. SUMOylation of peroxi-
some proliferator-activated receptor γ (PPARγ) by PIAS1 
inhibits inflammation by repressing NF-κB activity. How-
ever, whether PIAS1 can regulate mitophagy via PPARγ 
or SERCA2a in mitochondria is still unclear. Additionally, 
another study reported the underlying therapeutic potential 
of SUMOylation in cardiac I/R injury. Tilemann et al. found 
that SUMO1 mediates SUMOylation of SERCA2a and pro-
motes stabilized LV volumes, which further protects cardiac 
functions in a swine model of ischemic heart failure [196]. 
DeSUMOylation is reported to also be involved in cardiac 
I/R injury. Gu et al have demonstrated that deconjugation of 
SUMO from HIF1α by SENP1 regulates stable expression 
of HIF1α, indicating that deSUMOylation by SENP1 plays 
important protective roles in cardiac I/R injury [197]. The 
paradoxical conclusions indicate that both SUMOylation and 
deSUMOylation of HIF1α are beneficial to the prevention of 
cardiac I/R injury. Liu et al. have shown that a high level of 
SUMOylation of HIF1α promotes lysosomal degradation of 
HIF1α and downregulates vascular endothelial growth factor 
(VEGF) expression, suggesting the therapeutic potential of 
SUMOylation in the prevention of cardiac I/R injury [194]. 
Previous data have shown that deSUMOylation enzymes are 
involved in regulating mitochondrial fission in response to 
cardiac I/R injury. In knockout of Parkinson’s disease auto-
somal recessive, early onset 7 (DJ-7) mice, accumulation 
of SUMO1 and reduction of SUMO2/3 leads to mitochon-
drial fission; furthermore, downregulation of SENP1 and 
upregulation of SENP5 also promote mitochondrial dysfunc-
tion and mitophagy initiation, eventually provoking cardiac 
I/R injury [198]. Considering the physiological function of 
mitophagy, we hypothesized that alleviating the expression 
of PINK1 or Bnip3 may be a potential therapeutic strategy 
for cardioprotection, and future studies need to verify the 
mechanism of mitophagy in regulating cardiac I/R injury 
via SENP1 and SENP5.

As a reversible PTM pathway, SUMOylation catalyzes 
the conjugation of SUMO proteins to lysine residues of dis-
tinct target proteins. SUMOylation modifies multiple cellular 
regulators, thereby affecting a multitude of key processes in 
a highly dynamic manner. SUMOylation undergoes dynamic 

alterations during cardiac I/R, suggesting the involvement 
of SUMO in the quality control and expression stability of 
target proteins in the ischemic heart [199]. The recovery of 
cardiac function during cardiac I/R injury is significantly 
associated with eukaryotic elongation factor 2 (eEF2) 
[200]. Phosphorylated eEF2 can also be SUMOylated, and 
the nuclear translocation of eEF2 elevates the expression 
of Bcl-2, which further promotes cardiac I/R injury [201]. 
Other studies have further explored the regulatory role of 
SUMOylation in cardiac I/R injury via histone deacetylase 
4 (HDAC4) expression. After the invention of irisin, the 
protein level of HDAC4 was observed in H9C2 cells. How-
ever, the overexpression of HDAC4 provokes mitochondrial 
dysfunction by increasing the mitochondrial permeability 
transition pore (mPTP) and attenuating mitochondrial tran-
sit peptide (MTP). Furthermore, irisin addition decreases 
HDAC4 expression by promoting SUMOylation, which dis-
plays a protective effect against cardiac I/R injury by reduc-
ing LDH leakage and restraining the activation of caspase-3 
and annexin V [202]. As a specific inhibitor of SUMOyla-
tion, ginkgolic acid (GA) has been reported to be involved 
in cardiac fibrosis induced by MI. Inhibition of PML and 
disruption of Pin1 significantly suppress the recruitment of 
TGF-β1, which is dependent on SUMO1-mediated PML 
SUMOylation [203].

Less is known about the role of SENPs, including SENP6 
and SENP7, in cardiac I/R injury. However, SENP3 was 
recently identified as a novel potential therapeutic mecha-
nism in protecting cardiac I/R injury [204]. Mitophagy 
plays a critical role in the development of cardiac I/R injury; 
however, the association between SUMOylation and mito-
chondrial dysfunction in cardiac I/R injury is less studied. 
Recently, DRP1 was shown to be a substrate of SUMO1, 
and Zn2+-induced SUMOylation of DRP1 can regulate 
mitophagy through ΔΨm collapse, which further contributes 
to the protective effect of cardiac I/R injury [205]. RNF4, 
as a poly-SUMO-specific E3 ubiquitin ligase, is involved 
in mediating cardiac I/R injury. Knockdown of endogenous 
RNF4 exacerbates H2O2-induced cardiomyocyte apopto-
sis and enhances SUMOylation of PML, which promotes 
ischemia-induced cardiac dysfunction [206]. Whether 
SENP6 or SENP7 plays regulatory roles in ROS production, 
especially H2O2, may be a future research direction. Inves-
tigations into the emerging role and possible mechanism 
of SENPs in regulating cardiac I/R injury via mitophagy 
are challenging tasks. Other SUMO ligases have also been 
reported to be involved in protecting cardiac I/R injury. A 
wide range of SUMOylation for proteins induced by UBC9, 
including Beclin1 and VPS34, promotes the colocalization 
of LAMP1 and VPS34, and UBC9-mediated SUMOylation 
also promotes PIK3-III complex assembly and autophagic 
flux, which further contributes to the protection of car-
diac I/R injury [207]. Further investigations into cardiac 
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SUMO-related proteins, such as UBC9, SENP6, and SENP7, 
mediating SUMOylation in mitophagy are needed to define 
the precise functional significance in cardiac I/R injury. 
Additionally, the exact roles and diverse mechanisms of 
SUMOylation and deSUMOylation in mitophagy-mediated 
cardiac I/R injury should be clarified in the future.

Perspective and conclusions

The SUMO molecule family, including SUMO1 ~ SUMO5, 
is a highly conserved PTM form in all eukaryotes [5]. 
Despite the precise modification of the SUMO molecule in 
downstream proteins, the exact mechanism of SUMOyla-
tion in mitophagy is still unclear. The identification of the 
modification sites of SUMOylation and deSUMOylation 
in proteins is fundamental for understanding the biologi-
cal functions and regulatory mechanisms of SUMO [41]. 
SUMO-mediated SUMOylation requires that the residue 
preceding Gly-Gly (diGly) at the C-terminus be replaced 
with lysine (KGG) [21]. The attachment of an acceptor 
lysine in the target protein has been reported to be involved 
mainly in a single SUMO moiety, whereas polySUMO-
mediated SUMOylation promotes the superposition of 
SUMO to form a SUMO polypeptide chain [208]. Although 
the homology and structure of these five SUMOs are obvi-
ously distinguished, the differences in their functions and 
the deSUMOylation enzymes need to be further explored 
and subdivided. Multiple studies link the modulation of 
mitophagy by PTMs, such as phosphorylation and ubiquit-
ination, to altered cardiac cell severity or progression in the 
development of cardiovascular diseases [14,209,210]. As 
a multifunctional modification, SUMOylation is involved 
in multiple pathophysiological processes associated with 
mitophagy, including cellular oxidative stress, the inflam-
matory response and hypoxia [80,121]. Ample evidence 
indicates that activation of SUMOylation or inhibition of 
deSUMOylation is mechanistically associated with the pro-
gression and development of cardiovascular diseases by tar-
geting mitophagy-related proteins, including PINK1, HIF1α, 
and MFN1/2 [17,127,197].

Mitophagy is involved in the progression and develop-
ment of cardiovascular diseases [211]. The maintenance of 
mitochondrial morphology and function is critical for car-
diac physiology, especially cellular metabolic homeostasis. 
Given that mitophagy activation is regulated by mitochon-
drial dynamic proteins, including OPA1, DRP1, PINK1, 
and MFN1/2, the modification of these target proteins needs 
to be further investigated [212]. SUMO molecules, espe-
cially SUMO1, promote mitochondrial fusion and fission 
by binding to mitochondrial-related proteins, which play 
an important role in regulating mitochondrial dysfunction 

[112]. Additionally, SUMO conjugation has been implicated 
in the modulation of the mitochondrial energetic process, 
which further facilitates the mitochondrial translocation 
into autophagosomes for lysosomal degradation [13]. In 
contrast, deSUMOylation is also involved in mitophagy 
activation through the E2 ligase UBC9 or SUMO proteases 
SENPs. The mediation of SENPs is dependent mainly on the 
removal of a C-terminal sequence following a diGly motif 
with the presence of ATP, and UBC9 catalyzes the forma-
tion between SUMO and the ε-amino group of a lysine by 
directly recognizing target proteins [31,55]. However, the 
transcriptional regulation of SUMO-conjugated proteins in 
mediating mitochondrial dysfunction and mitophagy is still 
unclear, and the regulatory role of miRNAs and transcription 
factors in inducing SUMOylation needs to be further stud-
ied. Mitochondrial dysfunction and mitophagy activation are 
essential for the development of cardiovascular diseases, and 
SUMOylation may be a multifunctional regulatory action in  
mediating mitophagy-induced cardiovascular diseases [17]. 
Growing evidence has reported that SUMO1- and SUMO2-
mediated SUMOylation is involved in regulating cardiac 
hypertrophy via its transcription, chromosome organization, 
and nuclear trafficking [114]. Additionally, the SUMOyla-
tion of Nkx2.5 may be related to mitochondrial fusion and 
fission by modifying OPA1, DRP1, or Fis1 [119]. SER-
CA2a was identified as an important acceptor protein in the 
development of cardiac hypertrophy. The SUMOylation of 
SERCA2a by SUMO1 promotes heart failure, which further  
induces cardiac hypertrophy [122]. Other SUMOylation or 
deSUMOylation by SENP1, UBC9, and PIASy/4 can also  
promote cardiac hypertrophy by activating mitophagy [129, 
145]. SUMOylation of Kv1.5 promotes dysfunction of atrial 
myocytes, which further provokes hypertension. Addition-
ally, deSUMOylation of Kv1.5 by SENP2 and Ulp1 leads to 
a 15-mV hyperpolarizing shift in the voltage dependence of 
steady-state inactivation [142]. HIF1α-mediated mitophagy 
plays a crucial role in hypertension development. SUMO1 
directly interacts with HIF1α to promote the SUMOylation 
of HIF1α and is accompanied by Bnip3-mediated altera-
tion of mtDNA, which further provokes the development 
of hypertension [146]. SUMO2-mediated SUMOylation 
of PPARα is involved in the proliferation and migration of 
VSMCs, and conversely, the deSUMOylation of PPARα 
contributes to the prevention of atherosclerosis [164]. In 
addition, the regulatory expression of SREBPs, eNOS, 
p90RSK and LXRα and PML by PIASy, SENP2 and IFN-γ 
via SUMOylation further promotes the development of ath-
erosclerosis [179,182,183]. miR-499 and SUMOylation-
mediated UPS are involved in the regulation of mitochon-
drial dynamics, which further mediates cardiac I/R injury 
[190]. Additionally, SUMOylation of SERCA2a by SUMO1 
via PI3K ameliorates myocardial fibrosis [192]. Inflamma-
tory response-related proteins, such as PPARγ, NF-κB, and 

1530 Journal of Molecular Medicine (2022) 100:1511–1538



1 3

LDH, are also SUMOylated by the SUMO molecule UBC9 
or PIAS1, promoting H2O2 production and mitophagy, which 
induces cardiac I/R injury [195]. Moreover, both SUMOyla-
tion and deSUMOylation of HIF1α by SENP1 and SUMO1 
are involved in vascular VEGF expression, suggesting the 
therapeutic potential of SUMOylation in the prevention of 
cardiac I/R injury [194]. Therefore, the precise mechanisms 
of SUMOylation in cardiovascular diseases should focus on 
its regulatory actions for mitophagy activation, particularly 
on its modification of mitochondrial-related proteins, such 
as SERCA2a, HIF1α, PINK1, and Bnip3.

SUMOylation mediated by SUMO conjugation was 
recently demonstrated to be an important modification in 
regulating cardiovascular diseases [23]. Although multi-
ple studies have endeavored to elucidate the mechanisms 
of SUMOylation in mitophagy-associated cardiovascular 
diseases, numerous contradictions and perplexities remain 
regarding SUMO molecule expression and regulation in 
the protein modification system. A wide range of investi-
gations indicates that the protective role of SUMOylation 
is involved in the prevention and regulation of cardiovascu-
lar diseases. However, some other results have shown that 
SUMOylation exhibits dual roles in cardiovascular disease, 
suggesting that an additional mechanism of SUMOylation is 
associated with cardiovascular diseases [164,165]. In addi-
tion, the upstream factors, such as transcription factors and 
micro/lnc-RNAs, mediating the regulation of SUMO expres-
sion are unclear. Future studies need to exhaustively clarify 
the precise role and exact mechanism of SUMOylation in 
regulating mitophagy, and the comprehensive evaluation of 
the effect of SUMO molecules on cardiovascular diseases 
should be further understood. The complex and multifac-
eted regulatory mechanisms of SUMOylation in regulating 
mitochondrial dynamics and mitophagy activation are still 
unclear, and a few studies have implicated SUMOylation in 
the development of cardiovascular diseases, especially in the 
regulation of mitochondrial fusion/fission and mitochondrial-
autophagic flux under SUMOylation. Further research should 
strive to clarify why both SUMOylation and deSUMOyla-
tion exhibit the same role in regulating mitophagy and the 
development of cardiovascular diseases. A possible explana-
tion may be involved in the multiple kinds of proteins that 
induce mitophagy activation, and their SUMOylation modi-
fication pathways may be distinct under different conditions. 
Since five types of SUMO molecules have been identified, 
they may exhibit different activities under distinct inducing 
conditions, or the activity of SUMO-conjugating enzymes 
and deSUMOylation-related ligases may also be altered 
by certain factors. Therefore, it is necessary to clarify the 
explicit biofunctional basis of SUMO molecules and expand 
the types and specific functions of SUMO-related enzymes, 
which will summarize the extensive effects of SUMOyla-
tion on mitophagy and cardiovascular diseases. Once a deep 

understanding of the biological, physiological, and patho-
physiological roles and mechanisms of SUMOylation in 
mitophagy is comprehensively clarified, artificial interven-
tion in SUMOylation initiation and activation can precisely 
bypass the harms of SUMOylation during cardiovascular 
diseases, which will provide a promising platform for the 
future development of novel therapeutic targets for cardio-
vascular diseases.
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