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Abstract

Type Il diabetes mellitus (DM) is a common comorbidity in patients with cardiovascular disease
(CVD). Epidemiological studies including the Framingham, UKPDS, and MRFIT studies have
shown diabetes to be an independent risk factor for cardiovascular disease associated with
increased incidence of morbidity and mortality. However, major randomized controlled clinical
trials including ADVANCE, VAD, and ACCORD have failed to demonstrate a significant
reduction in CVD complications from longstanding DM with strict glycemic control. This
suggests that despite the strong clinical correlation between DM and CVD, the precise
mechanisms of DM-mediated CVD pathogenesis remain unclear. Signal transduction
investigations have shed some light on this question with numerous studies demonstrating the role
of kinase pathways in facilitating DM and CVD pathology. Abnormalities in endothelial, vascular
smooth muscle, and myocardial function from the pathological insults of hyperglycemia and
oxidative stress in diabetes are thought to accelerate the development of cardiovascular disease.
Extensive interplay between kinase pathways that regulate the complex pathology of DM-
mediated CVD is heavily regulated by a number of post-translational modifications (PTMs). In
this review, we focus on the role of a dynamic PTM known as SUMOylation and its role in
regulating these kinase networks to provide a mechanistic link between DM and CVD.
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1. Introduction

Type 1l diabetes mellitus (DM) is a known cardiovascular disease (CVD) risk factor as
shown in numerous epidemiological studies including the landmark Framingham Heart
Study!:2, United Kingdom Prospective Diabetes Study® (UKPDS), and Multiple Risk Factor
Intervention Trial* (MRFIT). Compared to individuals without diabetes, type 11 diabetics are
at greater risk of developing CVD including atherosclerosis, diabetic cardiomyopathy,
stroke, renal disease, and myocardial infarction®. Type Il diabetics often have multiple CVD
risk factors including dyslipidemia, hypertension, and obesity.

Surprisingly, despite this epidemiological correlation as well as clinical evidence that strict
glycemic control is beneficial for microvascular disease, such evidence is lacking for
macrovascular disease. Three major randomized controlled clinical trials (ADVANCES,
VADT’, and ACCORD®) that examined near-normal glycemic control (A1C 6.4-6.9%) over
a 3.5-6 year time period failed to demonstrate a significant reduction in CVD complications
from longstanding DM. In contrast, post-trial observations from the UKPDS showed that
there was a CVD risk reduction benefit with strict glycemic control in patients with newly
diagnosed diabetes®. According to these results together with the epidemiological data from
the Framingham, UKPDS, and MRFIT studies, we may suggest that although there is an
association between DM and CVD, the precise mechanisms through which DM increases
CVD risk remains unclear.

Signal transduction investigations have shed some light on this question with numerous
studies demonstrating the role of kinase pathways in facilitating DM and CVD pathology1©.
Abnormalities in the endothelial, vascular smooth muscle, and myocardial functions caused
by the pathological insults of hyperglycemia and oxidative stress in diabetes are thought to
accelerate the development of cardiovascular diseases'!. Numerous kinase signaling
pathways are shared in DM and CVD pathology, several of which are heavily regulated by
post-translational modifications (PTMs)12. In this review, we focus on the role of a dynamic
PTM known as SUMOylation and its role in regulating certain kinase networks to provide a
mechanistic link between DM and CVD.

2. SUMOyation — Dynamic Post-Translational Modification

Small Ubiquitin-related Modifier (SUMO) is a 10-kDa post-translational protein
modifier!314, SUMO covalently attaches to lysine (K) residues at a specific consensus motif
Y'K-x-D/E in which ¥ is a hydrophobic residue, x is any amino acid, and D/E represent
negatively charged aspartic acid and glutamic acid residues. Modification of target proteins
can result in conformational changes or alteration of interaction surfaces allowing for
regulation of protein functions including intracellular trafficking, cell cycle progression,
DNA repair and replication, RNA metabolism, transcriptional regulation, apoptosis, protein
stability, and kinase activity131516 Four SUMO proteins are expressed in humans;
SUMO1-3 are ubiquitously expressed whereas SUMOA4 is limited to the kidney, lymph
node, and spleenl4.15,
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SUMO conjugation (SUMOylation) is a dynamic and reversible modification that allows for
transient changes in signal transduction (Fig.1). It utilizes an enzymatic machinery similar to
that of ubiquitinationl®. This cascade begins with the E1 activating enzyme and ends with
the E3 ligating enzyme that leads to the conjugation of SUMO to lysine residues on target
proteins4. Several SUMO E3 ligases have been identified including protein inhibitor of
activated STAT (PIAS) family (PIAS1, PIAS2(x), PIAS3, PIAS4(y)), Polycomb-2 protein
(Pc2), and RanBP2/Nup35812,

Substrates are deconjugated by SUMO proteases sentrin/SUMO-specific proteases (SENP)
and ubiquitin-like protein specific proteases (Ulp) 17:18. This process is further discussed in
the de-SUMOQylation section.

3. Endothelial Dysfunction and Diabetes

Endothelial dysfunction is one of the hallmarks of DM and even found in diabetic patients
without CVD risk factors1920, Impaired endothelial function can be defined as a loss of
vascular homeostasis leading to pathologic inflammation, apoptosis, permeability, and
coagulation of the endothelium. Hyperglycemia induces pathologic changes in the
endothelium through the production of AGEs (advanced glycation end-products) and ROS
(reactive oxygen species)10. In vivo studies of the streptozotocin (STZ) induced diabetic rat
model show an increase in leukocyte adhesion and rolling with increased expression of
inflammatory cytokines and adhesion molecules under high glucose conditions?Z.
Furthermore, hyperglycemia induces corresponding epigenetic changes of key inflammation
regulators like NF-xB in endothelial cells leading to long-term upregulation of inflammatory
gene expression?2:23, Together these data suggest that hyperglycemia-induced endothelial
dysfunction predisposes the vascular wall to atherogenesis. Below we review a few of the
regulatory pathways of kinases and SUMO that link DM to CVD.

3.1 NF-xB and IKK

NF-xB is a master regulator of endothelial inflammation and plays an important role in DM
and CVD pathogenesis. Hyperglycemia induces numerous epigenetic changes in the
endothelium including the upregulation of NF-xB through its downstream mediators AGEs
and ROS22:23_ Similarly, atherogenesis occurs through NF-xB induced leukocyte
recruitment, cytokine release, and adhesion molecule expression?4. Overlap between the two
mechanisms highlights the central role of inflammation in linking DM to CVD progression.

Under resting conditions, NF-xB exists in an inactivated state within the cytoplasm bound to
IxB (Inhibitor of xB). Stimulants like TNF trigger the activation of IKK (I1xB kinase) to
phosphorylated 1xB, leading to I1xB’s degradation via ubiquitination and unmasking of NF-
xB’s nuclear localization signal. This then frees NF-xB to translocate into the nucleus and
transactivate pro-inflammatory genes including TNF, IL-1, IL-8, E-selectin, VCAM-1, and
ICAM-125, SUMOylation has been reported to be involved at different levels of NF-xB
regulation. The NF-xB protein precursor p100 can be modified by SUMO to activate the
non-canonical pathway?2®. 1xBa can be modified by SUMO-1 to protect it from
ubiquitination and degradation, limiting NF-xB activation?’. In contrast, modification of
IxBa by SUMO-2/3 confers the opposite effect and dissociates IxBa from NF-xB leading
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to NF-xB activation?8. Under high glucose conditions, lxBa. SUMOylation is increased
leading to further activation of NF-xB2°.

IxB kinase (IKK) is an important regulatory kinase in NF-xB activation that is activated
during hyperglycemia3-31, Composed of two kinases (IKKa and IKKp) and a regulator
subunit NEMO/IKKy (NF-xB Essential MOdulator), IKK has three total subunits. NEMO
does not possess catalytic activity but is required for IKK activation and its subsequent
phosphorylation of 1kB leading to NF-xB activation32, SUMOQylation of NEMO during
genotoxic stress leads to increased IKK activation and NF-xB activation. Interestingly, the
de-SUMOQylation enzyme SENP?2 is a downstream transcriptional target of NF-xB thereby
creating a negative feedback mechanism for NF-xB activation through NEMO de-
SUMOylation33. However, we did not detect any difference in SENP2 expression induced
by disturbed blood flow, and this is further discussed in subsequent sections3#. Another de-
SUMOylation enzyme SENP6 attenuates TLR-triggered inflammation in the endotoxin-
induced sepsis murine model via the de-SUMOylation of NEMO at the K277 residue3®.

These data suggest SUMOylation plays an integral role in regulating NF-xB itself at the
fundamental level. Conditions of high glucose are able to activate different components of
the NF-xB mechanism leading to their regulation by SUMOylation. However these
pathways remain not well characterized in vascular tissue and so further investigation is
needed to clarify this. Other upstream kinase pathways involved in DM and CVD that lead
to downstream NF-xB activation are discussed below.

3.2 Protein Kinase C in DM and CVD

Protein kinase C (PKC) isoforms consists of family of kinases that are chronically activated
by hyperglycemia in diabetes. They play an integral role in vascular biology and are
responsible for regulating cell growth, apoptosis, inflammation, permeability, and
contractility in various cell types including endothelial cells and cariomyocytes36. PKC is a
serine/threonine kinase that is part of the AGC (protein kinase, A, G, and C). Several
isoforms of PKC exist that are subdivided into subgroups that have varying activation
requirements. Most PKC isoforms require some combination of diacylglycerol (DAG),
calcium, and phospholipid for their activation. The conventional group (a, 1, B2, and y)
require all three components while the novel subtypes (6, 81, 62, 83, ¢, €, and o) only
require DAG. Atypical isoforms (n, 6, N1, N2, and N3) are the exception and do not need
DAG or calcium but require phosphotidylserine for activation3”.

Hyperglycemia triggers chronic activation of PKC due to elevated levels of DAG, a
downstream product of the glycolysis intermediate dihydroxyacetone phosphate (DHAP).
Diabetic patients have elevated levels of DAG in several organ systems including the heart,
large vessels, kidneys, liver, and skeletal muscle38. Oxidative stress signaling from H,0, can
also trigger PKC activation38. In atherosclerosis, PKC plays an important role in regulating
hepatic lipid metabolism, gluconeogenesis, insulin resistance, and key components of
vascular homeostasis as described above39-43. Dysregulation of PKC signaling with diabetes
therefore has many pathological consequences that may accelerate DM-mediated CVD.
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PKCB has been studied extensively for its role in diabetes and atherosclerotic plaque
formation. PKCp expression is strongly induced by high glucose in retinal endothelial
cells*. Diabetic patients have elevated baseline vascular endothelial PKCP expression
compared to non-diabetics leading to impaired eNOS activation. This was rescued by the
PKCB specific synthetic inhibitor LY3791963. Activation of PKCp leads to
phosphorylation of IRS2 (insulin receptor substrate 2) at the S303 and S375 sites and
inhibits insulin-induced eNOS expression in vascular endothelial cells*. Knockout of PKCB
in the T2D obesity leptin-deficient mouse model (ob/ob) is protective against insulin
resistance and fat accumulation3. Deficiency of PKCP in ApoE~'~ mice resulted in
decelerated plaque formation with reduced expression of Egr-1 (early growth response
protein-1) which is needed in adhesion molecule expression and matrix metalloproteinase-2
(MMP2)46, Subsequent study by the same group found that hyperglycemic STZ-induced
ApoE~~ mice had elevated PKCP expression in their aortas compared to non-treated
euglycemic ApoE~'~ mice. Pharmacological inhibition of PKCP with ruboxistaurin reduced
plaque lesion size in these diabetic mice. Global PKCB~'~ knockout reduced expression of
inflammatory molecules, decreased macrophage content in plaques, and diminished lesion
size in these diabetic PKCB™~/ApoE~~ mice*’. In addition, stimulation of endothelial cells
with oxLDL induces PKCP phosphorylation and activation®2. These observations suggest a
common pathway shared between diabetic and atherogenic mediators and that perhaps
PKCP plays a critical role in accelerating atherosclerosis in DM through inflammatory
signaling (Fig.2).

Despite all of the experimental evidence for the role of PKCp in DM-mediated
atherogenesis, clinical trials with the PKCP inhibitor ruboxistaurin have not shown improved
endothelial function. One randomized clinical trial of 13 T2D patients without CVD treated
with ruboxistaurin versus 15 healthy controls failed to show an improvement in endothelial
function parameters including vasodilation, fibrinolysis, inflammation, or oxidative stress*S,
Although there are severe limitations of this study, it also suggests that regulation of PKCpB
in diabetes most likely involves other regulatory mechanism like PTMs.

PKC contains multiple putative SUMOylation sites and modification by SUMO can affect
its activity. PKCa can undergo SUMOylation at the K465 site and also de-SUMOylation by
SENP1. Activation of PKC depended on its de-SUMOQylation by SENP1 which allowed it to
be activated by calcium in a rodent spinal cord neuron cell model®. This shows that
SUMOylation can play an inhibitory role in modifying PKC kinase function. More studies
on the role of SUMOylation and PKCp in DM and CVD may improve pharmacological
therapies in the future.

3.3 ERK5 SUMOylation and DM-mediated Endothelial Inflammation

ERKS5 is a mitogen-activated protein kinase (MAPK) with an important role in endothelial
homeostasis. Also known as MAPK7, ERKS5 is a serine/threonine kinase with only one
identified upstream kinase, MEK5°C. It belongs to a mechano-transduction pathway through
which laminar shear stress (steady flow) from blood flow confers anti-inflammatory and
atheroprotective signaling on the endothelium. Significant clinical evidence has shown that
atherosclerotic plaques localize to areas of the vasculature that experience turbulent and
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disturbed flow, primarily areas where the vessels curve or branch®L. These areas experience
significant endothelial dysfunction with increased expression of pro-inflammatory molecules
including NF-xB, VCAM1 (vascular cell adhesion molecule-1), MCP1 (monocyte
chemotactic protein-1). In contrast, areas of steady laminar flow rarely develop
atherosclerosis and are associated with secretion of atheroprotective factors including nitric
oxide, prostacyclin, and tissue-type plasminogen activator>0-52,

What is unique about ERKS5 in protecting the endothelium from atherosclerosis is that it not
only functions as a kinase but also as a transcriptional coactivator®3:54. As with all MAPKs,
ERKS requires dual phosphorylation on its Thr-X-Tyr motif for activation and has the
identical Thr-Glu-Tyr (TEY) sequence as ERK1/2. In the C-terminus is a transactivation
domain that allows ERK5 to regulate anti-inflammatory genes®3. ERK5 provides a
mechanistic link between DM and atherosclerosis through its regulation of peroxisome
proliferator-activated receptors (PPAR) and Krippel-like factors (KLF). Its transcriptional
function is activated by protective signaling from steady flow but inhibited by disturbed
flow, oxidative stress, and hyperglycemia.

PPARs are a family of nuclear receptors (a, /8, y) that function as ligand-activated
transcriptional factors involved in regulating inflammatory pathways in endothelial cells®>. It
is well-established that PPARy plays an important role in DM in terms of regulating glucose
metabolism and fatty acid storage, making it a therapeutic target for thiazolidinediones.
ERKS5 regulates PPARy’s transcriptional activity through a binding mechanism that is
independent of phosphorylation. Binding of ERKS to the hinge-helix 1 region of PPARy
releases its corepressor SMRT (silencing mediator of retinoic acid and thyroid hormone
receptor) leading to PPARYy inhibitory signaling of NF-xB activation®56-58, |n addition,
ERKS regulates PPARS transactivation of anti-inflammatory genes including heme
oxygenase-1 through a similar binding mechanism but not involving the hinge-helix 1
region®®,

Kruppel-like factor (KLF) family of zinc finger transcription factors is another ERKS5 target
that plays a crucial role in regulating endothelial inflammation, vascular tone, and
permeability®460. KLF2/4 inhibits inflammation via competition with the CBP/p300
cofactor for binding to NF-xB. KLF2/4-mediated down-regulation of NF-xB transcriptional
activity attenuates the expression of pro-inflammatory mediators including cytokines,
chemokines, and adhesion molecules8?. In addition, the induction of KLF2/4 expression up-
regulates eNOS expression which has vasodilatory, anti-inflammatory, and anti-coagulatory
properties®2-64, Both KLF2 and KLF 4 are highly expressed in the endothelium and induced
by steady flow. In contrast, their expression is inhibited by disturbed flow and diabetic
mediators (H,O, and AGEs). Activation of ERKS5 leads to MEF2 (myocyte enhancer
factor-2) transactivation. MEF2 then upregulates KLF2/4, which inhibits endothelial
inflammation®0:65, Endothelial-specific ERK5 knockout mice demonstrate accelerated
endothelial inflammation and apoptosis®6-67. Indeed, we have recently shown that deletion
of endothelial ERK5 in LDL receptor knockout mice accelerates atherosclerotic plaque
formation®8.
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SUMOylation regulates ERKS5 by inhibiting its transcriptional ability. Endothelial cells
stimulated with either DM mediators (H,O, and AGESs) or atherogenic mediator (disturbed
flow) both induced ERK5 SUMOylation and inhibited ERKS5 transcriptional activity with
reduction of KLF2-mediated eNOS expression. This was reversed with the expression of
ERK5-SUMOylation site mutant (K6/22R) that protected the cells from these pathogens and
rescued KLF2 expression. Furthermore, ERK5 SUMOylation was increased in the aortas of
diabetic mice3469,

Together these data highlight the protective role of ERKS in the endothelium through
PPARY and KLF2/4 regulation and that the pathological loss of this function with
SUMOylation by diabetic mediators (Fig.3). The important role of ERKS in endothelial
function suggests that this is a common pathway shared in DM and CVD pathology and that
perhaps DM-mediated endothelial dysfunction may predispose the endothelium to the pro-
atherosclerotic effects of disturbed flow. Further studies will be needed to clarify the
interplay between these mechanisms.

3.4 De-SUMOylation: SENPs in regulating inflammation

The mechanisms described so far have focused on the role of SUMO conjugation in
modifying substrates leading to changes in pathological pathways. It is important to note
that de-SUMOQylation can also play a key role in regulating these pathways. Sentrin/SUMO-
specific proteases (SENP) are a family of enzymes that catalyze the de-conjugation of
SUMO from target proteins. Six isoforms of SENP (1-3, 5-7) exist in humans and their
specificity can be regulated through localization, substrate shielding, and environmental
stimulil®. For example, both SENP1 and SENP2 are self-regulated through transcriptional
feedback loops. Under conditions of genotoxic stress, there is an early increase in SENP2
mRNA followed by de-SUMOlyation of NEMO/IKK-y by SENP2. NEMO then decreases
SENP2 transcription thereby creating a negative feedback loop to prevent the survival of
damaged cells33.

While it is true that SENPs may have certain overlapping substrates, they can also have a
high degree of substrate specificity. In response to cell hypoxia, SENP1 levels rise in a
manner dependent on hypoxia inducible factor 1a. (HIF1a). SUMOylation of HIF1la
decreases its stability leading to its degradation in response to hypoxia. SENP1 enhances
HIF1a stability through de-SUMOylation. SENP1~/~ deficient mouse embryos therefore
show increased SUMOylated HIF1a and decreased stabilization. What highlights the
specificity of these pathways is that HIF1a stability is not affected in SENP2~/~
embryos’%71, Furthermore, SENP2 de-SUMOylates PPARYy at the K107 residue in vascular
smooth muscle cells to inhibit proliferation, migration, and apoptosis as well as reduce
neointimal formation after balloon injury’2:73,

Hyperglycemia, oxidative stress, and disturbed flow induce SUMOylation of ERKS5 leading
to endothelial dysfunction from inflammation, and SUMOylated ERKS5 is not present under
resting conditions3469. SENP2 protects the endothelium by removing this pathological
modification by SUMO on ERKS5. Knockdown of SENP2 expression increased ERK5
SUMOylation leading to endothelial inflammation and apoptosis. The effects of disturbed
flow-mediated endothelial dysfunction were inhibited /n vitro in endothelial cells
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overexpressing ERK5-SUMOylation sites mutant SENP2 deficient mice showed a
significant increase of endothelial inflammation and apoptosis with accelerated formation of
atherosclerotic lesions in the aortic arch. Lesions in the aortic arch were also larger than
those of the descending aorta suggesting the critical role of disturbed flow in driving
SUMOylation of ERKS5 in plaque formation. Of note, disturbed flow did not show any effect
on SENP2 expression despite the increase in ERK5 SUMOylation34. Together these results
suggest that SENP2’s SUMO protease activity on ERKS5, but not SENP2 expression, is
actively inhibited by disturbed flow.

While diabetic conditions were not used in this study using SENP2 deficient mice, based on
a previous study that hyperglycemic conditions were a strong inducer of ERK5
SUMOylation, it would be a reasonable hypothesis that SENP2 would be regulated in a
similar fashion in DM. Further studies examining the role of DM in regulating this
mechanism are warranted.

3.5 p90RSK regulates ERK5 and SENP2 in diabetes-mediated atherosclerosis

pP90RSK (p90 ribosomal s6 kinase) is a serine/threonine kinase that is unique for its two
different functional kinase domains at the terminal ends. The N-terminus kinase belongs to
the AGC (protein kinase, A, G, and C) family of kinases and is responsible for the majority
of p90RSK’s kinase function. In contrast, the C-terminus kinase is a part of the calcium/
calmodulin-dependent kinase group and has a minor role in phosphorylation but is required
for full activation of p9ORSK’4. Activation of p90RSK occurs from the Raf-MEK-ERK1/2
signaling cascade when ERK1/2 binds to a docking motif on p9ORSK’s C-terminus leading
to full activation of the N-terminus kinase function®0.74,

In DM-mediated CVD, p90RSK plays a key role in mediating endothelial dysfunction. High
glucose and H,05 inhibit the transactivation of anti-inflammatory genes by ERKS5 through
p90RSK®8. Specifically, p9ORSK binds to ERK5’s C-terminus and phosphorylates ERK5 at
the S496 residue leading to enhanced VCAM-1 expression and reduced eNOS expression.
Aortas from diabetic mice showed elevated activity and expression of p90RSK. These
phenotypes were rescued by the p9ORSK-specific kinase inhibitor FMK-MEA (fluoromethyl
ketone-methoxyethylamine) with decreased leukocyte recruitment and vascular reactivity in
these diabetic mice. Plaque formation was reduced in FMK-MEA treated ApoE~/~ mice and
an endothelial-specific ERKS5 deletion demonstrated resistance to these protective effects of
FMK-MEA. Together these results suggest that p90RSK plays an important role in
regulating ERKS5 function in DM-mediated endothelial dysfunction.

Furthermore, p90RSK regulates ERK5 SUMOylation through the SENP2 dependent
mechanism described earlier3* 7>, Activation of p90RSK leads to SENP2 phosphorylation at
the T368 residue, causing a loss of SENP2’s de-SUMOQylation protease function and an
increase in ERK5 SUMOylation. Inhibition of ERK5’s transactivation function leads to a
loss of anti-inflammatory gene expression and increased endothelial inflammation,
apoptosis, and dysfunction (Fig.3). Endothelial-specific overexpression of p9ORSK
increased endothelial cell dysfunction and plaque formation in mouse aortas that was not
present in dominant-negative p90RSK mice. Depletion of SENP2 in DN-p90RSK mice
eliminated this atheroprotective phenotype’®.
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4. Cardiomyopathy

Chronic exposure of the myocardium to hyperglycemia and oxidative stress results in
pathological changes that cause cardiomyopathy in diabetics. Development of systolic and
diastolic ventricular dysfunction occurs from a combination of endothelial dysfunction,
fibrosis, altered glucose and fatty acid metabolism, mitochondrial defects, and increased
ROS. As shown in previous epidemiological studies, there is no evidence that rigid glycemic
control alters the progression of diabetic heart failure®-2,

Apoptosis of cardiomyocytes is one of the key pathological events in the progression of
diabetic cardiomyopathy. Loss of myocytes through apoptosis represents a pathological
transition from cardiac hypertrophy to heart failure. Failing human hearts have an increased
activation of neurohormonal systems including the sympathetic nervous system (SNS) and
the renin-angiotensin-aldosterone system (RAAS) to maintain circulatory homeostasis in the
face of declining cardiac output. Circulating catecholamines and hormones activate a
number of kinase pathways that precipitate the vicious cycle of worsening heart failure.
Below we discuss some of the kinase pathways in which SUMOylation is involved in
regulating cardiac apoptosis in diabetic cardiomyopathy.

4.1 PDE3A-ICER and ERK5-SUMOylation in Cardiomyocyte Apoptosis

Cyclic AMP signaling plays an important role in transmitting signaling from neurohormonal
molecules in heart failure. Failing human hearts demonstrate significantly reduced
expression of cAMP hydrolyzing enzymes including phosphodiesterase 3A (PDE3A) but
increased expression of inducible cAMP early repressor (ICER). ICER is an important
regulator of myocyte apoptosis because it is a proapoptotic transcriptional repressor that
inhibits the transactivation of cCAMP response element binding protein (CREB) leading to
downregulation of Bcl2. In addition, ICER represses PDE3A gene transcription leading to
increased CAMP availability and upregulation of PKA signaling, forming an autoregulatory
positive feedback loop (Fig.4). Angiotensin Il and isoproterenol (B-AR agonist) activate this
mechanism by downregulating PDE3A and upregulating ICER, providing a mechanism of
how the activation of neurohormonal systems in heart failure affects myocyte apoptosis’®77.

ERKS plays a critical role in regulating this cardiac apoptosis pathway. As discussed before,
ERKS5 is a unique kinase that possesses transcriptional activity that allows it to upregulate
anti-inflammatory and anti-apoptotic genes to maintain endothelial homeostasis.
SUMOylation regulates ERKS5 by inhibiting its transcriptional ability. Just as in endothelial
cells, diabetic mediators (HoO5 and AGES) increased ERK5 SUMOylation and inhibited its
transactivation of anti-inflammatory genes in cardiomyocytes3469.78_ Cardiac-specific ERK5
knockouts experience accelerated cardiac apoptosis and dysfunction after thoracic aorta
constriction’®. Overexpression of cardiac-specific constitutively active MEK5 (CA-MEKS5),
ERKS5’s direct upstream kinase, in mice inhibited ICER induction and decreased myocyte
apoptosis in the pressure-overload and myocardial infarction model”8:80, Activation of
ERKS5 with insulin growth factor-1 also reduced myocyte apoptosis, and this protective
effect was abolished by ERK5 siRNA or DN-ERKS5 overexpression80,
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ERK5 SUMOylation was increased in the cardiomyocytes of STZ-induced diabetic mice
versus control. Induction of Ml in these diabetic mice (DM + MI) with left coronary artery
ligation demonstrated increased ERK5 SUMOylation along with increased LV dysfunction
and cardiomyocyte apoptosis, but this was not present in the non-diabetic MI group. This
DM + MI phenotype was rescued in diabetic CA-MEKS5 transgenic mice, which showed
significantly decreased ERK5 SUMOylation, improved LV function, and decreased
apoptosis’8. Combined with the data that ERK5 is a negative regulator of the PDE3A-ICER
mechanism and thus cardioprotective by inhibiting apoptosis, the inhibitory effect of
SUMOylation on ERKS5 suggests that ERK5 SUMOylation is an important event in
regulating cardiac apoptosis in diabetes.

4.2 ERK5-CHIP Promote ICER Degradation

Degradation of proteins by post-translational modification ubiquitination is an important
mechanism for protein quality control but is also important in signal transduction. Transient
changes in signaling can be implemented through degradation of unnecessary molecules
such as activating signaling by degrading repressor molecules, inhibiting signaling by
degrading active molecules, etc. Regulation of the PDE3A-ICER mechanism by ERK5
occurs in this manner through an E3 ubiquitin (Ub) ligase named CHIP (carboxyl terminus
of HSP70-interacting protein). CHIP has an important cardioprotective role in limiting
myocardial damage from ischemia/reperfusion injury after MI by inhibiting apoptosis.
Transgenic CHIP knockouts had increased infarct sizes and decreased survival compared to
wild-type8.

Activation of ERK5 decreased ICER protein stability through ubiquitin-mediated
degradation. It also turns out that ICER is a CHIP substrate and that ERKS5 is required to
bind and activate CHIP as disruption of ERK5-CHIP binding with a peptide fragment
inhibited CHIP’s Ub ligase activity. In diabetic mice induced by MI (DM + MI), CHIP Ub
activity was decreased but this effect was not present in diabetic CA-MEKS transgenic
mice82. MEKS is the direct upstream kinase of ERKS5 and diabetic CA-MEKS5 transgenic
mice have a cardioprotective phenotype with decreased cardiac apoptosis after MI78.
Furthermore, ERKS5 activation increased CHIP Ub ligase activity and decreased ICER
expression after MI82, Together these studies provide a mechanism how ERK5 and CHIP
interact to protect the myocardium by promoting ICER degradation through ubiquitination
leading to the inhibition of myocyte apoptosis.

4.3 p90RSK Inhibits ERK5-CHIP to Promote Cardiac Apoptosis

p90RSK plays an important role in the diabetic heart. It is strongly activated in
cardiomyocytes by mechanical and oxidative stress under conditions for ischemia/
reperfusion, cardiac hypertrophy, and heart failure83-86, Failing human hearts have increased
activation of p90RSK®’. In diabetic mice, cardiac p90RSK is significantly activated versus
non-DM mice. Transgenic mice overexpressing cardiac-specific p9ORSK have significant
cardiac dysfunction with increased interstitial fibrosis and apoptosis, decreased contractility,
and increased hypertrophy compared to control88,
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We have previously mentioned that angiotensin Il was a strong upregulator of ICER leading
to cardiomyocytes apoptosis’6:77. It turns out that this mechanism is dependent on
angiotensin Il induction of p90RSK activation, leading to an increase in ICER protein levels
and increased apoptosis. Activation of p9ORSK reduces CHIP’s Ub ligase activity in
diabetic mice and this occurs due to a direct competition with CHIP for ERKS5 binding and
p90RSK’s phosphorylation of the ERK5 S496 residue. Cardiac-specific knockout of either
ERKS5 or overexpression of p90RSK reduced CHIP Ub ligase activity and increased ICER
levels after MI. This means that cardiac-specific knockouts accelerate cardiac apoptosis after
MI but that remarkably, this phenotype is reversed by activation of ERK589. When
combined with the previous mechanisms described, these studies suggest that in the diabetic
heart elevated, neurohormonal signaling from the failing heart through the SNS or RAAS
activates a kinase cascade through p90RSK that disrupts ERK5-CHIP leading to an
upregulation of ICER and subsequent cardiac apoptosis (Fig.4).

5. Conclusion

Diabetes and cardiovascular disease have a strong clinical correlation based on numerous
epidemiological studies~+6-9, Patients with cardiovascular disease complicated by diabetes
have poorer clinical outcomes than those without and are associated with increased
morbidity and mortality2>. However there is conflicting evidence on the role of glycemic
control in improving DM-complicated CVVD outcomes suggesting a multifactorial etiology
in the association®-9. In this review, we have highlighted the role of SUMOylation in
modifying the kinase pathways that link diabetes with cardiovascular disease. Examining
these pathways, it is clear that pathological mediators of diabetes like hyperglycemia and
oxidative stress contribute to the development cardiovascular disease. Kinases like PKC,
ERKS5, and p90RSK are activated under diabetic conditions and play central roles in
regulating a complex network of signal transduction that is continuously modified by
SUMOylation as it is evident from the mouse transgenic models (Table 1).

Each kinase-SUMOQylation-related signaling described here can reveal different
consequences in different cell systems by regulating different down-stream events. For
example, there are differences between the roles of p90RSK in regulating ERKS5 in
endothelial cells versus cardiomyocytes. In endothelial cells, p90RSK regulation of ERK5
SUMOylation either directly or through SENP2 leads to a downstream cascade of events
that up regulate endothelial inflammation leading to atherosclerosis. In cardiomyocytes, the
same p90RSK-ERK5-SUMOylation results in cardiomyocyte apoptosis through the
PDE3A-ICER mechanism. Although it would be reasonable to speculate the similar
functional consequence of these pathways among different cell types, there have not been
studies to investigate the role of this pathway in different cell systems. PDE3A-ICER has
primarily been studied in cardiomyocytes due to its role in the neurohormonal signaling in
heart failure, but its role in endothelial cells is not well-defined. In addition, there are only
limited studies on site-specific SUMOQylation mutant knockin 7n vivo and the identification
of site-specific small-target SUMO inhibitors. Studies so far have focused primarily on using
non-specific global SUMO inhibitors or /n vitro mechanistic studies of SUMOylation site
mutants. Therefore, further investigation using site-specific SUMOylation mutant knockin /n
vivowill allow for the identification of new therapeutic targets to improve clinical outcomes.
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Fig.1. Mechanism of SUMOylation
SUMO conjugation (SUMOylation) is a dynamic and reversible modification utilizing an

E1, E2, and E3 mechanism to regulate target proteins leading to changes in signal
transduction. This cascade begins with an E1 activating enzyme that is a heterodimer
containing SAE1/SAE2 subunits, which activate SUMO in an ATP-dependent manner. Next,
activated SUMO is transferred to the E2 conjugating enzyme (Ubc9) to facilitate SUMO
protein attachment to lysine (K) residues on target proteins. The final role is played by the
E3 ligating enzyme that catalyzes efficient modification by binding to the E2 enzyme.
Dotted lines denote catalyst role of respective enzymes.
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Fig.2. Endothelial Dysfunction: PKCp induces insulin resistance and endothelial inflammation
Hyperglycemia triggers the chronic activation of PKCP due to elevated levels of DAG

leading to insulin resistance via IRS2 phosphorylation, inflammation from Erg-1 and MMP2
activation, and reduced eNOS expression; events that promote endothelial dysfunction and
atherosclerosis.
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Fig.3. Endothelial Dysfunction: p90RSK regulates ERK5-SUMOylation and SENP2 in DM-
mediated atherosclerosis

Diabetes mediators activate p9ORSK to regulate SENP2 and ERKS5 to induce ERK5-
SUMOylation. This causes a downregulation of ERK5’s transcriptional activity leading to
transrepression of the atheroprotective genes KLF2/4 and PPARy and subsequent
development of endothelial dysfunction and atherosclerosis.
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Fig.4. Diabetic Cardiomyopathy: p90RSK disrupts ERK5-SUMOylation and ERK5-CHIP to
upregulate ICER and subsequent cardiac apoptosis

Activation of p90RSK by diabetic mediators leads to the disruption of ERK5-CHIP binding
and upregulation of ERK5-SUMOylation. These two events disrupt the PDE3A-ICER
feedback loop leading to an upregulation of proapoptotic ICER that causes myocyte
apoptosis and cardiac dysfunction that contribute to diabetic cardiomyopathy.
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Table 1

Summary of Transgenic Models and Phenotypes
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Kinase Transgenic Model Model Characteristics Cardiovascular Phenotype
PKCB PKCB™~ in ob/ob™~ . Non-lethal . Not de
. Increased
thermogenesis and
enhanced insulin
sensitivity*3
. Decreased fat
accumulation®®
PKCB™~ in ApoE™"~ . Non-lethal . Decels
plaque
forma
with r
macro
conter
. Increa
MMP:
expres
ERK5 ERK5- . Embryonically lethal . Loss ¢
vascul
integri
EC
misali
and le;
due to
in
angiog
EC-specific ERK5™~ in LdlIr~ . EC-specific ERK5 . Increa
KO flox mice under endott
VE-cadherin inflam
promoter and ap
with
accele
plaque
formal
Cardiac-specific ERK5™~ . Cardiac-specific . Attent
ERKS5 KO flox mice cardia
under a-MHC hypert
promoter remod
. with
. No cardiac accele
abnormalities in cardia
morphology or apopte
function up to dysfur
6months of age after T
. Reduc
CHIP
ligase
and in
ICER
M|89
p90RSK | EC-specific p90RSK overexpression . EC-specific pP90RSK . Increa
KO flox mice under dysfur
VE-cadherin and
promoter accele
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Kinase

Transgenic Model Model Characteristics

Cardiovascular Phenotype

plaque
forma

Cardiac-specific p90RSK overexpression .

Cardiac-specific
P90RSK
overexpression
under a-MHC
promoter

Signif
cardia
dysfur
with ir
fibrosi
apoptc
hypert

Accels
cardia
apoptc
MI wi
reduce
Ub lig
activit
increa
ICER
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