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SUMOylation in cardiac disorders — a review
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Abstract. - SUMOylation regulates diverse
cellular processes including transcription, cell
cycle, protein stability, and apoptosis. A recent
research has now revealed the role of SUMO1 in
cardiac disorders. Studies have evidenced that
failing heart induces SUMO2/3 conjugation. Mo-
reover, increased SUMO2/3- dependent modifi-
cation has been observed to result in congesti-
ve heart disease such as cardiac hypertrophy by
promoting cardiac cell death. Also, few recent
studies have confirmed the role of SUMOyla-
tion in cardiac protein degradation. On the other
hand, over-expression of SENP5, SUMO2/3-spe-
cific deconjugation enzyme has been observed
to result in dilated cardiomyopathy or cardiac
failure. So, the present review article would enli-
ghten the latest updates about SUMOylation and
associated factors during cardiac disorders.
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Introduction

The precise and specific control of proteins is
essential for normal homeostasis during the enti-
re life span. Protein modifications viz. PTM are
most widely used options for the maintenance of
physiologic homeostasis. Further, PTM included
covalent attachments of sugars, lipids or chemi-
cal groups such as phosphate, acetyl or methyl
groups into proteins. These modifications are also
critical for spatial as well as temporal modulation
of protein function. Ubiquitylation is a prominent
protein-based modification, involving protein de-
gradation as a mark to be recognized by the
proteasome'. Nearly two decades after discove-
ring ubiquitin, SUMO (another Ubiquitin-related
modification), has been identified. SUMO stands
for Small Ubiquitin-like Modifier. Its unstable
attachment to proteins and loss of association
during experimental treatments make it difficult
to find its existence. Also, most of the SU-
MOylation-dependent modifications remain in an
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association with nuclear pore component Ran
GTPase activating protein (RanGAP1)>?, thereby
confirming the inability to pursuit for various
targets. SUMO is evolutionally conserved from
yeast to mammals and is involved in the reversi-
ble covalent attachment to targets. SUMOylation
pathway is very similar to its biochemical analog,
Ubiquitylation**. Human cells have four distinct
SUMO isoforms: SUMO1-SUMO4¢. SUMOIL to
3 are ubiquitously expressed. SUMOA4 is detected
in limited tissues including kidney, spleen and
lymph node. However, substrate and function for
SUMO#4 are still unclear’. SUMO isoforms are
expressed immaturely, and their C- terminals
are usually stretched. Mature isoforms expose
diGlycine (Gly-Gly) motif, serving as an active
acceptor to attach free amino group (NH2) of
lysine via an isopeptide bond.

Mature SUMO isoforms show very similar 3D
structures of ubiquitin in spite of less amino acid
homology®. This similarity causes competition
and/or interchange for substrate affinity. Sequen-
tial SUMOylation cascade requires three enzy-
mes: an El activating enzyme, an E2 conjugating
enzyme, and SUMO E3 ligase. The first step is
initiated from exposure of C-terminal diglycine
motif of SUMO. SAE1/2, SUMO activating en-
zyme is then able to associate with mature SU-
MO by consuming ATP, resulting in transferring
SUMO to Ubc9, E2 conjugating enzyme. Finally,
SUMO is facilitated to conjugate with substrates
by E3 ligases including PIAS (Protein Inhibitor
of Activated STAT) family, RanBP2, polycomb
2 and MAPL (Mitochondrial-Anchored Protein
Ligase)'®. Compared to ubiquitin pathway, SUMO
is conjugated by fewer enzymes!. This limita-
tion promoted elevated usage of each SUMO
components by distinct cellular occupancy, spe-
cificity, and efficient combinatorial coordination.
Emerging evidence reported the non-covalent
interaction of SUMO isoforms with substrates'.
So, SIM (SUMO-interacting motif) could also
modulate target through conformational chan-
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ges". Short hydrophobic peptides of SIM prima-
rily consisting of acidic and/or phosphorylated
serine residues govern specificity of SUMO-SIM
interactions. Diverse ways of SUMOylation al-
lows SUMO-dependent PTM to regulate target
proteins more efficiently.

deSUMOylation pathway

SUMO-dependent PTM is reversible in nature
due to SENPs, Sentrin/SUMO-specific proteases.
SENPs are usually identified from cleavage assay
within bacterial transformants expressing yeast
proteins and sequence homology search using Ubi-
quitin-like protein (Ulp) domain. SENP family
consists of 6 isoforms (SENPI1-3, SENP5-7 in
human), representing high homology with yeast
Ulpl and 2. Yeast Ulpl deletion mutant is lethal
whereas Ulp2 deletion in yeast could survive with
abnormal growth and hypersensitivity to DNA
damage. Each human isoform has been catego-
rized by its enzymatic activity regarding SU-
MO maturation, isopeptide cleavage, and their
activity towards SUMO isoforms. SENP1 and 2
predominantly revealed substrate preference to all
SUMO isoforms whereas SENP3 and 5 showed
a preference to only SUMO2 and 3. SENP6 and
7 have preferentially modified SUMO2/3 conju-
gates. Unlike other SENPs, they seemed to be
involved in SUMOylated chain editing rather than
deconjugation pathway. C-terminal of SENPs is
relatively conserved whereas N-terminal regions
are variable. Thus, a less conserved N-terminal
region of SENPs plays a key role in subcellular
localization and substrate specificity. SENP1 has
been typically observed in the nucleus although;
it has both nuclear localization signal (NLS) and
nuclear export signal (NES)". Along with these,
NLS and NES, SENP1 have also been shown to
shuttle between cytoplasm and nucleus in CV-
1 cells’®. SENP2 also contained both NLS and
NES, in the nuclear envelope'. Later, SENP2
was discovered shuttling between cytoplasm and
nucleus. Interestingly, cytoplasmic SENP2 showed
polyubiquitination leading to 26S proteasome de-
gradation'®. Interestingly, SENP2 splicing variants
showed localizations in different subcellular areas.

Axam, a SENP2 splicing variant, is found in
the nucleoplasmic face of nuclear pore complex
(NPC). Further, Axam2, SuPr-1, and SENP2
splicing variants are localized in the cytoplasm
and promyelocytic leukemia (PML) body of the
nucleus'. These diverse subcellular occupancies
contributed towards modulation of specific sub-
strates so as to fine-tune regulation strategy.

SENP3 and SENPS5 are observed to be predo-
minantly located in nucleolus without any li-
mitation in subcellular localization?’. Shuttling
of SENP5 between nucleus and cytoplasm, or
between nucleus and mitochondria were known
to be in a cell cycle-dependent manner?'. SENP6
was primarily detected in the cytoplasm, but a
recent report showed its existence in the nucleus
too*. The complexity of subcellular localization
suggested that spatial and temporal process of de-
SUMOylation might be critical in the regulation
of SUMOylated proteins functions.

Biologic significance of SUMO pathway

Most components of SUMOylation associated
with conjugation and de-conjugation are localized
in the nucleus. Therefore, their functions were
relatively well understood in the cell cycle, DNA
repair, transcriptional regulation, and chromatin
remodeling?. Recent studies have proposed an
additional role of SUMOylation process outside
of the nucleus. For instance, GLUT1 and GLUT4
(glucose transporters) SUMOylation in plasma
membrane leading to opposite outcomes regar-
ding transporter activity**. A variety of targets of
SUMOylation suggested that SUMO-dependent
modification is tightly associated with a broad
spectrum of biological events including apopto-
sis, genomic stability, gene expression, metaboli-
sm, signaling cascade, cell cycle, ion channel and
mitochondrial dynamics®.

SUMO2/3

Each SUMO isoform represents substrate spe-
cificities, although there is an overlapped prefe-
rence to substrates. Since identified in yeast gene-
tics, genes associated with SUMO and its related
components are critical for cellular homeostasis in
mammals®. Haploinsufficiency of murine SUMOLI
suggested its involvement in human cleft lip and
palate through modification of Eyal?’. In contrast,
another study showed that genetic ablation of SU-
MOI in mice did not reveal any lethality. This
confirmed the redundant role of SUMO2/3 for the
SUMOIL target®®. Further, during normal condi-
tions, SUMO2/3 is detected as unconjugated form;
however, it is detected as a conjugated form during
various stresses like heat shock, oxidative stress,
and ethanol exposure®. So, it is quite obvious that
SUMO2/3 might have more active response upon
environmental stimulation than those of SUMOL.
Moreover, the SUMO consensus motif in the N-ter-
minal region (Lys 11) made SUMO2/3 distinct from
SUMOI1%. PolySUMOylation by SUMO?2/3 has fa-
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cilitated ubiquitin-mediated degradation including
PML by activation of RNF4, ubiquitin E3 ligase®
and BMAL?*. These observations indicated SU-
MO2/3-dependent conjugation mediates distinctive
biological functions. Further, a recent study put light
on SUMO2/3 along with chromatin remodeling™®.
SUMOylation of COREST], a transcriptional cofac-
tor by SUMO2/3 suggested that SUMO2/3 might
participate in gene regulation®.

SENP5

SENP5 has both C-terminal hydrolase acti-
vities for maturation of SUMO isoforms and
isopeptidase activity for SUMO deconjugation.
In spite of its dual enzymatic activity, it has a
preference of SUMO3 hydration and SUMO2/3
deconjugation in vitro*. Strong endopeptidase
activity of SENP5 indicated that SENPS5 might
play a role in SUMOylation repression®. Al-
though SENP5 has dual enzymatic activities, it
showed fewer isopeptidase activities in compa-
rison to SENP2. Further, Drp-1, a mitochondrial
fission protein was observed to be modified by
SUMOLI, but got de-conjugated by SENP5%. Most
components of SUMO pathway are noticed in the
nucleus and are best characterized for nuclear
proteins®’. SENPS is often detected in the cyto-
plasm of tumor cells, but normal epithelial cells
also showed its equal distribution in both nu-
cleus and cytoplasm?®®. Moreover, mitochondrial
fractions from COS-7 cells have reasonable levels
of SENP5. So, SENP5 shuttle between nucleus
and mitochondria are involved in subcellular-spe-
cific modulation of targets.

Congestive cardiomyopathy

The heart is a muscle organ to pump blood via
the circulatory system for oxygen and nutrients
delivery. Cardiomyocytes generate most of the
contractile powers in hearts by well-organized
contractile units called sarcomeres. Further, the
heart loses cell proliferation ability soon after bir-
th, although a recent report has discovered a very
low level of cardiomyocyte turnover throughout
life*-°. Thus, it could respond only by increasing
cardiomyocyte size to improve workloads. Ini-
tially, cardiac hypertrophy is beneficial because
it is an adaptive response to reduce overloaded
stress, but sustained hypertrophic growth final-
ly caused heart failure and sudden death. The
heart develops hypertrophic growth in response
to pathologic stimuli, leading to fibrosis, dila-
tion, ventricular remodeling and impaired car-
diac output*. In contrast, there is a physiologic

hypertrophy that occurs as an adaptive response
to continuous physiologic stresses like exercise
and pregnancy.

Physiologic hypertrophy is fundamentally dif-
ferent from pathologic hypertrophy and has bene-
ficial response to maintain stable cardiac function
through specific molecular pathways. Patholo-
gic hypertrophy is characterized by several al-
terations. Firstly, sarcomeric proteins including
a-actinin are rearranged to strengthen contractile
power, of which failing hearts have a reduced
level. Secondly, the expression of fetal cardiac
genes is reactivated. Fetal gene reprogramming
includes atrial natriuretic factor (ANF), brain
natriuretic peptide (BNP), B-myosin heavy chain
(B-MHC) and skeletal a-actin (Sk-actin)**. Thus,
fetal cardiac gene expression is used as an in-
dicator of pathologic hypertrophy in spite of
altered expression levels of genes encoding cal-
cium handling proteins and collagen 1. Thirdly,
the energy source is shifted from fatty acid to
glucose. Cardiomyocytes use glycolysis to obtain
main energy for proliferation during embryoge-
nesis but after birth, fatty acid oxidation becomes
metabolic pathway due to high mitochondrial ca-
pacity. This switch is often broken in pathologic
cardiac hypertrophy®. Protein synthesis rate is
also elevated to satisfy the need for hypertrophied
cardiomyocytes. All alterations are adopted to
elevate workloads as compensatory mechanisms.
However, prolonged adaptive responses lead to
de-compensatory dilated cardiomyopathy, and
heart failure, which is associated with thin ven-
tricular walls through massive cardiac muscle
cell loss. The above view is controversial, but
cardiomyocyte loss is sufficient to induce heart
failure as observed in a recent study**. Further, it
is noticed that human heart failure led to the ele-
vation of apoptotic cardiomyocyte death*’. Mo-
reover, genetically enhanced caspase-8 in mouse
heart also showed dilated cardiomyopathy with
exaggerated apoptosis®. However, mitochondrial
independent cell death pathway is another cause
for the heart failure that utilizes Calpain-Calpa-
statin system.

Calpains are Ca2+-activated cysteine prote-
ases*, leading to protein degradation. Calpains
affect many biologic processes including cell
cycle, migration, differentiation and apoptosis*’.
The stress-induced Ca2+ influx in cardiomyocytes
activated Calpains result in cleavage of pro-caspa-
sel2 leading to the activation of caspase cascade®.
Caspase-independent cell death pathway is also
emerging and apoptosis-inducing factor (AIF) is
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one of the key proteins in this pathway. Original-
ly, it was thought that AIF in the mitochondrial
inner membrane is critical for mitochondrial re-
spiratory complex I integrity, representing NADH
oxidoreductase and peroxide scavenging activi-
ties*”. N-terminal domain of AIF contained NADH
and FAD, critical for mitochondrial respiratory
function. Interestingly, AIF is also associated wi-
th caspase-independent cell death. AIF-mediated
death function depends on elevated intracellular
Ca2+ concentration that triggers mitochondrial
membrane depolarization. This leads to Calpainl
activation, resulting in proteolytic cleavage. C-ter-
minal domain of AIF is important for integrity and
nuclear translocation®. Nuclear AIF is not so well
studied but its involvement in chromosome brea-
kage and chromatin condensation is confirmed?'.

Conclusions

We can conclude that SUMOylation is evol-
ving in the area of cardiology and further studies
in the near future would result in better thera-
peutics.
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