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Abstract

The post-translational modification of serine and threonine residues of nuclear, cytosolic, and
mitochondrial proteins by O-linked p-N-acetyl glucosamine (O-GIcNAc) has long been seen as an
important regulatory mechanism in the cardiovascular system. O-GIcNAcylation of cardiac
proteins has been shown to contribute to the regulation of transcription, metabolism, mitochondrial
function, protein quality control and turnover, autophagy, and calcium handling. In the heart, acute
increases in O-GIcNAc have been associated with cardioprotection, such as those observed during
ischemia/reperfusion. Conversely, chronic increases in O-GIcNAc, often associated with diabetes
and nutrient excess, have been shown to contribute to cardiac dysfunction. Traditionally, many
studies have linked changes in O-GIcNAc with nutrient availability and as such O-GIcNAcylation
is often seen as a nutrient driven process. However, emerging evidence suggests that O-
GlIcNAcylation may also be regulated by non-nutrient dependent mechanisms, such as
transcriptional and post-translational regulation. Therefore, the goals of this review are to provide
an overview of the impact of O-GIcNAcylation in the cardiovascular system and how this is
regulated and to discuss the emergence of regulatory mechanisms other than nutrient availability.
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Introduction

The post-translational modification (PTM) of serine and threonine residues of nuclear,
cytosolic, and mitochondrial proteins by O-linked B-N-acetyl glucosamine (O-GIcNAC) is a
highly dynamic and reversible, nutrient-driven process, and is an important regulator of cell
function[1, 2]. Protein O-GIcNAcylation contributes to the regulation of the cell cycle,
transcription and translation, metabolism, mitochondrial function, protein synthesis, protein
quality control and turnover, autophagy, epigenetic signaling, and Ca* handling[3, 4].

A major emphasis on the regulation of O-GIcNAc levels has been as a nutrient-driven
process, and especially dependent on changes in the availability of glucose. A small portion
of glucose that enters the cell is metabolized by the hexosamine biosynthesis pathway (HBP)
to uridine diphosphate-GIcNAc (UDP-GIcNAC), the end product of the HBP, and the
substrate for protein O-GIcNAcylation and other forms of protein glycosylation. Glucose
flux through the HBP is regulated by the activity of L-Glutamine: D-fructose-6-phosphate
aminotransferase (GFAT), which catalyzes the generation of glucosamine 6-phosphate from
fructose 6-phosphate using glutamine as the amine donor. UDP-GIcNAC integrates multiple
metabolic pathways providing feedback on overall cellular energy levels and the metabolism
of fatty acids, glucose, nitrogen, and nucleotides [5, 6]. In addition to flux through the HBP,
O-GIcNACc levels are regulated by O-GIcNAc transferase (OGT), which uses UDP-GIcNAc
as its substrate to add the sugar moiety to proteins, and O-GIcNAcase (OGA), which is
responsible for its removal. Furthermore, OGT activity is very sensitive to changes in UDP-
GIcNAc; consequently, O-GIcNAc levels can also be affected by changes in the availability
of UDP-GIcNAc.

It is a common assumption that 2-3% of glucose is metabolized via the HBP; however, this
originates from a single study on adipocytes, where the amount of glucose entering the HBP
was not directly measured but was estimated based on other measurements[7]. Importantly,
this value is presented as a percentage; consequently, given that the rate of glucose
utilization varies widely, between for example, cells in culture and the beating heart, it is
misleading as to the actual rate of glucose utilization via the HBP. Using 13C-labeled
glucose in neonatal cardiomyocytes it was concluded that glucose metabolism via the HBP
could be much higher than previously thought[8]. However, this was an inference from other
measurements and not a direct measure of glucose flux via the HBP. In contrast, Olson and
colleagues using 13C-labeled glucose in an isolated perfused heart combined with liquid
chromatography-mass spectrometry, measured an HBP flux of ~2.5 nmole/gram heart
protein/minute[9]. Of note, the HBP flux measured in this study was not affected by changes
in glucose availability and represented only 0.003-0.006% of glycolytic flux[9]. This is the
first report of absolute glucose flux through the HBP in the heart and future studies using
this technique will provide valuable insights into the regulation of HBP metabolism under
physiological or pathophysiological conditions.

The first report indicating that cardiac proteins could be O-GIcNAcylated was the
observation that a,B crystallin was a target for O-GIcNAc-modification in the rat heart[10].
It was later shown that OGT activity was higher in the rat heart compared to other tissues
examined and the authors suggested that increased O-GIcNAcylation of proteins could be a
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mechanism mediating glucose toxicity[11]. In endothelial cells the transcription factor,
specificity factor 1 (Sp1), was also shown to be a target for O-GIcNAc modification, which
was increased in response to hyperglycemia and was linked to higher mitochondrial
superoxide[12]. It was concluded that this could be linked to glucose toxicity and diabetic
complications. A subsequent study by the same group linked O-GlcNAcylation of
endothelial nitric oxide synthase (eNOS) to impaired vascular function in diabetes[13].
While many studies have linked chronic increases in O-GIcNAc associated with diabetes and
nutrient excess to the adverse cardiac dysfunction of diabetes[14-21], there are also reports
demonstrating that acute pharmacological increases in O-GIcNAc are cardioprotective, in
ischemia/reperfusion (I/R)[22] and septic shock[23]. In other cases, O-GIcNAc levels are
decreased in the heart following I/R[24] and during trauma-hemorrhage[25], with increased
tissue injury associated with lower O-GIcNAc levels. Interestingly, both acute and chronic
exercise have been shown to reduce O-GIcNACc levels in the heart[26]. Clearly,
understanding the regulation of O-GIcNACc levels in the heart under normal and pathological
conditions is essential to better understand the consequences of these changes on the heart.
The alterations in cardiac O-GIcNAc levels in response to different stimuli are summarized
in Figure 1.

An emerging consensus, as described by Yang and Qian[27], is that there is a limited range
of O-GIcNACc levels needed to ensure normal cellular homeostasis and that O-
GlcNAcylation is maintained in this range by a balance between OGT/OGA activity and
nutrient availability. Consequently, when this homeostatic mechanism fails such that there is
to too little or too much O-GIcNAc modification there is cellular dysfunction and
pathophysiology[27]. It is of note however, that this concept, typically emphasizes
increasing nutrients and stress resulting in higher O-GIcNAc levels, however, as noted
above, some stresses result in lower O-GIcNACc levels. In addition, this model does not
account for the paradoxical increase in O-GIcNAc levels that occurs in response to glucose
deprivation, as we and others have reported[28, 29].

In addition to diabetes, increases in cardiac O-GIcNAc levels have been associated with
pressure-overload induced hypertrophy[20, 30—34], heart failure[31], ischemia[3, 24, 35],
aging[16, 36-38], as well as in response to agonists such as phenylephrine (PE)[30, 39] and
endothelin-1 (ET-1)[40, 41]. Such changes in O-GIcNAc levels do not fit neatly with the
concept that nutrient availability is the primary regulator of O-GIcNAc levels. Consequently,
it is important to better understand the mechanisms that regulate O-GIcNAcylation in the
heart. There have been many recent detailed reviews on O-GIcNAcylation in various
contexts including the heart[3, 4, 32, 37, 42, 43]; therefore, here we focus on our
understanding of how O-GIcNAc levels are regulated in the heart. In addition to traditional
nutrient-driven mechanisms, we will also consider other emerging mechanisms regulating
O-GIcNAcylation and their importance in understanding the role of O-GIcNAc in
cardiomyocyte function.

Substrate availability and metabolism

In the 1980s it was shown that high glucose in the presence of insulin for 24 hours, induced
insulin resistance in cultured adipocytes, and further that this was dependent on the presence
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of glutamine[7]. Overexpression of GFAT also induced insulin resistance[44] and
subsequent studies showed that increasing O-GIcNAc by inhibiting OGA blunted insulin-
stimulated glucose uptake[45]; however, some reports indicated that increasing O-GIcNAc
levels alone was not sufficient to induce insulin resistance[46, 47]. Nevertheless, additional
studies found that several components of the insulin signaling pathway including Insulin
receptor 1/2 (IRS1/2), Phosphoinositide dependent protein kinase 1 (PDPK1), Protein kinase
B (PKB/Akt), and Glycogen synthase kinase 3 (GSK3p) were all O-GlcNAcylated and that
in each case, increased O-GIcNACc levels attenuated their activity[48-50]. In addition,
protein tyrosine phosphatase 1B (PTP1B), which dephosphorylates the insulin receptor is
also O-GIcNAcylated, increasing its activity, providing another possible link between O-
GIcNACc levels and impaired insulin signaling[51]. These observations along with the
concept that glucose toxicity was mediated, at least in part, by increased O-GIcNAcylation
of specific proteins, resulted in an early focus on the contribution of increased O-GIcNAc
levels to diabetic complications seen in the heart. The role of O-GIcNAc in regulating
insulin signaling in the heart has not been studied in detail; however, in diabetes increased
O-GIcNAC levels on proteins involved in Ca2* handling (i.e., Sarcoplasmic/endoplasmic
reticulum Ca2* ATPase (SERCA), Phospholamban (PLB), Ca2*/calmodulin dependent
kinase 1l (CaMKII)[17, 52, 53]), contractile proteins (i.e., a-actin, troponin 1)[54, 55], and
mitochondrial proteins (i.e, VDAC1/2, NDUFA9, ATP synthase A/B)[56-58] have all been
linked to the adverse effects of diabetes on cardiac function. The sustained increase in O-
GIcNAc in the heart in response to diabetes is typically attributed to increased nutrient
availability; however, it raises the question as to why the normal homeostatic mechanisms
are unable to compensate. It is possible, therefore, that regulation at the level of OGT and
OGA function is likely impaired, resulting in a new higher steady state level of O-
GlcNAcylation. Similar mechanisms could also contribute to the chronic increase in cardiac
O-GIcNACc levels seen in response to hypertrophy and aging, which are not conditions of
nutrient excess.

Protein O-GIlcNAcylation has also been implicated in regulating cardiac metabolism. Low
concentrations of glucosamine were found to increase fatty acid oxidation in the perfused
heart, possibly as a result of increased plasma membrane levels of the fatty acid transporter,
CD36[59]. In the heart, glutamine is often considered to be an anaplerotic substrate, feeding
directly into the TCA cycle via its metabolism to glutamate and a-ketoglutarate. However, a
study in hearts perfused with 13C-labeled glutamine found very low levels of 13C-
enrichment in TCA cycle intermediates, suggesting that this was not the primary pathway
for glutamine metabolism in the normoxic heart; on the other hand, they found that similar
to glucosamine, glutamine increased fatty acid oxidation[60]. Additional studies lead to the
conclusion that glutamine was being metabolized by the HBP and increasing fatty acid
oxidation in a CD36-dependent manner[60]. These studies were consistent with earlier
reports in adipocytes demonstrating increased HBP flux, O-GlcNAcylation, and increased
fatty acid oxidation[61]. Additional evidence of a link between O-GIcNAcylation and lipid
metabolism was the observation that a splice variant of OGA was associated with lipid
droplets[62].

A growing number of proteins that regulate glucose metabolism have been identified as
targets for O-GIcNAcylation, including Glucose transporter 4 (GLUT4), hexokinase,
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glycogen synthase, phosphofructokinase, and pyruvate kinase [63]. Studies on the role of O-
GIcNAc regulation of glucose metabolism is most advanced in the setting of cancer;
however, it is reasonable to expect that similar types of regulation also occur in the heart,
particularly in light of the parallels in metabolic remodeling between cancer and the stressed
heart[64, 65]. In addition, proteins that play key roles in regulating metabolism such as
AMP-activated protein kinase (AMPK), Akt, GSK3p, are also modified and regulated by O-
GlcNAcylation[48, 61]. There is also extensive evidence that O-GIcNAcylation plays an
important role in mediating the transcriptional regulation of metabolism via modification of
transcription factors such as Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a), forkhead transcription factor (FoxQO), and cAMP-response element
binding protein (CREB)[66-69]. Interestingly, AMPK is O-GIcNAcylated by OGT
increasing its activity[70], and GFAT1 is known to be phosphorylated by AMPK][71, 72]. In
cardiomyocytes, AMPK has been reported to decrease GFAT1 regulation[39], suggesting a
possible feedback mechanism between the regulation of O-GIcNACc levels via metabolism
and O-GIcNAc regulation of metabolism.

Transcriptional regulation

In 2004, it was demonstrated that O-GIcNAc levels in cells increased in response to a
number of stressors, including heat shock, hydrogen peroxide (H205), and osmatic
shock[73]. It was also shown that this was an endogenous stress response that increased cell
survival. The beneficial effects of pharmacologically increasing O-GIcNAc in heart was
shown in a number of /n vivoand in vitro studies[24, 74]. In recent years, some of the
mechanisms underlying the changes in O-GIcNAcylation during ischemia/reperfusion (I/R)
have been studied. Myocardial I/R in vivo in the mouse, resulted in a marked increase in O-
GIcNACc in the ischemic but not the border zone[75]. This was paralleled by significant
increases in GFAT1 mRNA and protein, as well as increases in several other enzymes in the
HBP that contribute to the regulation of UDP-GIcNAC levels. These findings are consistent
with a transcriptionally mediated upregulation of the HBP as a contributing factor in the
increase in O-GIcNAc levels in the ischemic region. The study found that spliced X-box
protein 1 (Xbpls) levels, a transcription factor regulating unfolded protein response (UPR)
gene expression, was markedly upregulated in the ischemic zone, and this was responsible
for the upregulation of several proteins in the HBP, including GFAT [75]. Moreover, they
also demonstrated that both Xbpls and GFAT1 were required for the I/R-induced increase in
O-GIcNACc and that the Xbpls-UPR-HBP/GFAT signaling axis was essential for protection
in I/R injury[75]. Of note, OGT and OGA were not regulated by Xbp1s, which supports the
concept that it was increased availability of UDP-GIcNAC that was the driver of the increase
in O-GIcNAc in this instance. However, as the effects of I/R on OGT or OGA activities were
not determined, they could also be contributing factors. GFAT has also been shown to be
regulated by activating transcription factor 4 (ATF4)[76], another component of the UPR,;
however, whether this occurs in the heart is not known.

Changes in GFAT, OGT, and OGA protein and mRNA levels in the heart also occur in
chronic settings including diabetes, cardiac hypertrophy, and aging. In hearts from diabetic
mice OGT mRNA and protein were both significantly increased[53]. In humans and mice
with cardiac hypertrophy, OGT mRNA and protein were also increased in addition to
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increases in GFAT and OGA[31]. Furthermore, aging increases cardiac O-GIcNAc levels
and in the heart this increase in O-GIcNAc was associated with a paradoxical decrease in
OGT levels but also with increased UDP-GIcNAc levels and increased GFAT mRNA[36].
While OGA protein levels were not determined, OGA mRNA was significantly increased in
response to aging, whereas OGT mRNA was unchanged. Consequently, whether in response
to acute stress such as I/R or under more sustained cardiac stresses, GFAT, OGT and OGA
are all subject to alterations at both the mRNA and protein levels.

Little is known about the transcriptional regulation of either OGT or OGA in the heart;
however, it is clear that changes in protein levels do occur. For example, cardiac O-GIcNAc
levels have been shown to exhibit time-of-day dependent changes that occur in parallel with
changes in OGT mRNA and protein[77]. While these changes are dependent on the
cardiomyocyte circadian clock, the specific mechanisms that regulate cardiac OGT levels are
not known. Interestingly, a recent study in liver, showed that REV-Erba,, a core component
of the circadian clock, binds to and stabilizes OGT protein levels[78]. Since protein levels of
REV-Erba exhibit time-of-day dependent changes, this could contribute to rhythmic
changes in OGT and O-GIcNAc observed in the heart. There is also evidence to suggest that
O-GIcNACc levels contribute to the regulation of OGT and OGA expression. For example,
low O-GIcNACc levels are associated with increased OGT transcription, whereas
pharmacologically increasing O-GIcNAc levels increased OGA protein levels[79, 80]. Other
studies, using luciferase reporter assays have shown that knockdown of OGA decreased the
level of OGT protein, whereas increased OGA expression led to increased OGT
transcription [81]. The transcription factor E2f1 has been reported to repress both OGT and
OGA[82] and E2f1 is O-GIcNAcylated and this could regulate its transcriptional
activity[83]. Although this relationship is likely to be more complicated given that
Dassanayaka et al. have recently shown that deletion of E2f1 did not impact either OGT or
OGA[84]. A recent study has demonstrated that hepatocyte nuclear factor 1 (HNF1)
represses OGT transcription, which is enhanced by O-GIcNAcylation of HNF1, indicative of
a feedback inhibition mechanism, which provides some insight into potential mechanisms
regulating O-GIlcNAc homeostasis[85]. In a mouse model of heart failure, increased O-
GlIcNAcylation is associated with lower OGA protein levels and an upregulation of
miRNA-539[86]. In neonatal cardiomyocytes, miRNA-539 was found to decrease OGA
protein levels and this was associated with an increase in O-GIcNAcylation[86]. OGT
protein levels also decreased in response to miR-539 overexpression even though it does not
contain miR-539 binding sites[86]; this would be consistent with the concept of reciprocal
regulation of OGT and OGA. It remains to be determined whether miR-539 represents a
physiological mechanism for regulating OGA and O-GIcNAc levels or whether it is
primarily a pathogenic mechanism.

Post-translational modification

The three enzymes that play a major role in regulating O-GIcNAc levels, GFAT, OGT, and
OGA are all themselves subject to several different post-translational modifications,
including phosphorylation, acetylation, and O-GIcNAcylation. GFAT1, the predominant
isoform in the heart can be phosphorylated by protein kinase A (PKA), AMPK, and Ca?*/
calmodulin-dependent protein kinase (CaMK) Il. PKA phosphorylates Ser205 and Ser235
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on GFAT1 leading to a reduction in its activity[87—89]; however, to our knowledge the role
of PKA phosphorylation on HBP flux or O-GIcNAc levels in the heart has yet to be
evaluated. GFAT1 is also phosphorylated at Ser243, by AMPK, CaMKII, and mechanistic
target of Rapamycin (mTOR)[90]. Since its original description as a target for
phosphorylation and activation by CaMKI|, little additional information has emerged on the
role of CaMKII on regulating GFAT activity[72]. However, there have been more extensive
studies on the role of AMPK in regulating GFAT1 activity. Initial reports indicated that
AMPK phosphorylation increased GFAT1 activity[71, 72]; however, recent studies in the
heart, reported that AMPK activation decreases O-GIcNAc levels via its inhibition of
GFAT1[39]. In response to nutrient limitations, mTOR was found to increase GFAT1 activity
by phosphorylating Ser243, but whether this occurs in the heart is unclear. AMPK also
phosphorylates OGT (hOGT Thr454; rOGT Thr444), however, rather than altering its
activity AMPK-mediated phosphorylation increased OGT translocation to the nucleus,
resulting in higher nuclear O-GIcNAcylation and histone acetylation[39].

OGT is extensively phosphorylated (http://www.phosphosite.org)[91], however the kinases
involved have only been characterized for a limited number of phosphorylation sites. GSK3p
phosphorylates OGT (Ser3 or 4), resulting in an increase in activity[92] and insulin-
mediated activation of IRS1 leads to tyrosine phosphorylation of OGT (Y976) resulting in
both increased activity and O-GIcNAcylation of key components of the insulin signaling
pathway[93], such as Akt and GSK3p. In the liver, IP3-mediated activation of CaMKI|I
resulted in OGT phosphorylation (Ser20), increasing its activity and contributed to the
regulation of liver autophagy[94]. As discussed below, in the heart CaMKI|I activity has been
shown to be regulated by O-GIcNAcylation, however, its role in regulating cardiac O-
GlIcNAcylation is not known. Checkpoint kinase 1 (Chk1) stabilizes OGT in cell culture by
phosphorylating Ser20[95], which could be of relevance in the heart given the potential role
of Chk1 in contributing to the regulation of apoptosis in cardiomyocytes[96]. OGT also O-
GlcNAcylates itself[92], including the same sites phosphorylated by GSK3p as well as
additional sites in the TPR domain and C-terminus, but the effects of these modifications on
OGT function/activity remain unclear. OGT is also acetylated[91], but what impact this has
on its function are not known. OGA also has multiple phosphorylation sites; however, the
specific regulatory kinases have not been identified. OGA also has an O-GIcNAc
modification site (Ser405), which is in the region that is believed to interact with OGT;
however, how changes in O-GlcNAcylation of this site affects this interaction remain
unknown. It is clear that O-GIcNAc levels can be directly regulated via PTM-mediated
changes in activity of the proteins responsible for its regulation. Several of the kinases
identified to date, namely AMPK, CaMKIlI, and GSK3p have well characterized roles in the
heart; however, our understanding of their impact on regulating protein O-GIcNAcylation in
the heart, remains poorly understood.

Cross talk between Ca?* and O-GIcNAc signaling

As discussed above, Ca2*/calmodulin-dependent protein kinase (CaMK) Il and IV
phosphorylate GFAT1 and OGT, in the case of OGT this is reported to increase its
activity[97]. Consequently, it is perhaps surprising that Ca2*-dependent regulation of cellular
O-GIcNACc levels remains under explored. In 2004, Kneass and Marchase demonstrated that
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treatment of neutrophils with fMLP (N-formyl-Met-Leu-Phe) resulted in approximately a 5-
fold increase in O-GIcNAc levels within 30 seconds, gradually returning to basal levels over
the next few minutes[98]. While this study did not assess Ca2* levels, fMLP is recognized as
mobilizing intracellular Ca2* stores thereby activating calmodulin and calcineurin, and the
observed temporal changes in O-GIcNAc levels were consistent with Ca2*-dependent
activation. Song et al., subsequently reported that depolarization of neuroblastoma cells
rapidly increased OGT activity reaching a peak within 1 minute resulting in increased O-
GlIcNAC levels[97]. They also demonstrated that extracellular Ca2* was required for the
increase in O-GIcNAc and that the increase in O-GIcNAc levels was blocked by CaMKIV
inhibition[97]. Studies in other cell types including neonatal cardiomyocytes demonstrated
that stress-induced increases in O-GIcNAc levels were also dependent on extracellular Ca2*
and could be attenuated by inhibition of CaMKII[29]. Leptin[99] and ET-1 [40, 41] have
both been reported to increase cellular O-GIcNAc levels, and both have been shown to result
in activation of CaMKIlI.

In the heart and isolated cardiomyocytes, PE, which activates the canonical hypertrophic
signaling pathway, increases GFAT1 phosphorylation and O-GIlcNAcylation[30, 39]. The
increase in O-GIcNAc occurred as early as 2-hours following treatment and was associated
with increases in GFAT protein and cell size over a similar period of time[39]. PE also leads
to the activation of the Ca2*-dependent phosphatase calcineurin, resulting in the nuclear
translocation of nuclear factor of activated T-cells (NFAT). Hyperglycemia has been shown
to inhibit this response in an O-GlcNAc-dependent manner and in neonatal cardiomyocytes
increased O-GIcNAc levels attenuated angiotensin l1-induced increase in cytosolic
Ca2*[100, 101]. On the other hand, Facundo et a/., found that increasing O-GIcNAc levels
through overexpression of OGT was sufficient to initiate hypertrophic signaling in
cardiomyocytes[30], possibly via Ca2*/calcineurin mediated pathway. Also, of note, AMPK,
which as discussed above regulates both GFAT1 and OGT, can also be activated in a
CaMKII-dependent manner. Overall there is strong evidence that OGT activity and O-
GIcNAC levels can be increased via activation of canonical CaZ* signaling pathways.

The relationship between O-GlcNAcylation and Ca?* signaling is complicated by the fact
that Ca2*-activated proteins such as CaMK are themselves regulated by O-GIcNAc levels.
For example, CaMKIV has been shown to have at least 5 individual O-GIcNAc modification
sites and that during activation the interaction with OGA increased and O-GIcNAc levels
quickly decreased[102]. Conversely, during inactivation O-GlcNAcylation of CaMKIV
returned to normal, suggesting increased interaction with OGT[102]. Mutation of one of the
O-GIcNAC sites, S189 to alanine to prevent O-GlcNAcylation, markedly reduced overall
CaMKIV O-GlIcNAcylation and increased basal kinase activity. In the heart, CaMKII has
been shown to be O-GIcNAcylated at T286 and S279 and hyperglycemia increased CaMKI|I
activity via increased O-GIcNAcylation of S279[17]. The hyperglycemia-mediated increase
in O-GIcNAc levels was linked to an increased susceptibility to arrhythmias in diabetes.
While excessive O-GIcNACc levels result in dysregulation of CaMKI|, it does not preclude
the possibility of O-GIcNAcylation playing a role in the normal regulation of CaMKII
activity in a similar fashion as CaMKIV. The observations by Facundo et a/, that increasing
O-GIcNAc was sufficient to initiate NFAT translocation[30], which is activated by the Ca2*
sensitive phosphatase calcineurin, raises the possibility of other proteins involved in Ca2*
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signaling also being regulated by O-GIcNAcylation. In addition, it has recently been shown
that OGT overexpression inhibited NFAT activation via increased O-GIcNAcylation of
GSK3p [103]. Moreover, STIM1, a protein that regulates store-operated calcium signaling in
neonatal cardiomyocytes is O-GlcNAcylated, which was shown to reduce its function[104].
Other Ca2* handling proteins have been reported to be O-GlcNAcylated including the
inositol triphosphate receptor (IP3R)[105], PLB[52], and SERCA)[58] and a recent study
also showed that although SERCA was unaffected that phosphorylation of PLB and troponin
I were reduced in OGT KO mice[106].

Down regulation of O-GIcNAc levels

While there is considerable attention to mechanisms underlying either acute or chronic
increases in O-GIcNAc levels, factors that might reduce O-GIcNAC levels are less well
known (Figure 1). Ngoh et al., reported that treatment of cardiomyocytes with HoO5
decreased overall O-GIcNAcylation and this could be attenuated by inhibiting OGA with
PUGNAC[107]. In the setting of hemorrhagic shock or I/R, low O-GIcNAc levels at the end
of resuscitation or reperfusion correlated with increased indices of tissue injury in the heart
and other tissues[108, 109]. In both cases inhibition of OGA at the time of resuscitation/
reperfusion attenuated the loss of O-GIcNAC as well as reduced the level of tissue injury.
The specific mechanism underlying the loss of O-GIcNAc levels is unclear; however, Laczy
et al., showed that both nuclear and cytosolic levels of OGT were significantly decreased
following I/R and this was accompanied by high molecular weight OGT immunoreactive
bands, possibly reflecting the accumulation of inactive aggregates of OGT[24]. It is possible,
therefore, that OGT is susceptible to damage induced by oxidative stress leading to
decreased O-GIcNAC levels, and increased susceptibility to cellular injury. Inhibition of
OGA appears to be protective in these circumstances, preventing the loss of O-GIcNAc
levels and improving cell survival, however, the mechanisms by which this occurs are not
well understood.

The above decreases in O-GIcNAc levels were all associated with pathophysiological
conditions. Several recent studies have also suggested that exercise may result in decreased
O-GIcNACc levels in the heart. Interestingly, in the mouse heart a single short bout of exercise
lead to decrease in cytosolic O-GIcNAc and an increase in O-GIcNAc levels of lower
molecular weight proteins in the nucleus[18]. There were no differences in OGT protein
expression between sedentary and exercise groups, but O-GlcNAcylation of OGT was
modestly reduced in response to exercise[18]. There was no evaluation of the effects of
exercise on GFAT or OGA levels; however, the differential responses of cytosolic and
nuclear O-GIcNAc levels highlights the importance of looking at subcellular distribution of
O-GIcNAcylation in response to specific stimuli. Endurance training also resulted in a
marked overall decrease in O-GIcNACc levels in the heart, which was associated with lower
OGT protein levels and reduced mRNA levels of OGT, OGA, and GFAT2[26]. The authors
concluded that reduced O-GIcNAcylation may contribute to physiological hypertrophy[26].

Recently, we have shown that treatment of adult and neonatal cardiomyocytes with
exogenous NAD™ resulted in a time- and dose-dependent decrease in cellular O-GIcNAc
levels, which occurred in the absence of changes in OGT or OGA protein levels[77];
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however, GFAT was not examined. In a later study, we showed that glucose deprivation
induced increases in cardiac O-GIcNAc levels and that NAD™ treatment prevented this
response to glucose deprivation[110]. Lee et a., have also shown that NAD™* treatment
reduces O-GIcNAc levels, specifically on Sp1, which resulted in its degradation[111].
Interestingly, NAD* and its precursors have been shown to be cardioprotective in the setting
of I/R injury[112, 113], which would seem counterintuitive given that lower O-GIcNAc
levels have been associated with greater injury in similar settings[24]. However, the
reduction in O-GIcNAc induced by NAD* is modest and likely within normal homeostatic
levels and thus unlikely to have adverse effects. NAD* is increasingly recognized as playing
an important role in cell signaling, well beyond its classical role as a redox carrier.
Consequently, the influence of NAD* on O-GIcNAc levels requires further studies to better
understand the crosstalk between these two signaling pathways.

Conclusions

The regulation of O-GIcNAc in the heart, as well as other systems, has primarily focused on
the role of increased nutrient availability, such as in the setting of hyperglycemia and
diabetes, with an emphasis on the adverse effects of chronically elevated O-GIcNAc levels.
There are however several studies that have shown that physiological and pathological
stimuli can increase O-GIcNAc levels via transcriptional mechanisms as well as post-
translational modifications. In addition, there is accumulating evidence of significant
crosstalk between O-GIcNAc and Ca2* signaling. There are a growing number of
physiological agonists such as insulin, leptin, glucagon, ghrelin[114], and vasopressin[115]
that have been shown to increase O-GIcNAc levels in range of different biological systems,
highlighting the need to better understand how such agonists regulate cardiac O-GIcNAc
levels. Consequently, it is increasingly apparent that cardiac O-GIcNAcylation is subject to
dynamic regulation by a diverse range of physiological stimuli in addition to nutrient
availability and that changes in O-GIcNAc levels can occur over varying time periods
(Figure 2). Different stresses can increase or decrease O -GIcNAc levels to levels beyond the
optimal zone, potentially leading to cardiomyocyte dysfunction, depending of the duration
of this response. Furthermore, an additional layer of complexity exists due to the known
associations (or putative associations) and cross talk between the regulation of OGT, OGA,
GFAT, and O-GIcNAcylation and interactions with metabolic kinases and calcium signaling
proteins (Figure 3). Future studies focusing on shorter time-dependent changes in cardiac O-
GIcNACc levels and smaller transient changes, are also important to help better integrate O-
GlcNAcylation as a key component of the cardiomyocyte signaling network.
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Highlights

. Modification of proteins by O-linked B-N-acetyl glucosamine (O-GIcNAC)
have diverse effects on cardiac function.

. Changes in O-GIcNAc levels are frequently associated with alterations in
nutrient availability.

. New studies indicate that O-GIcNAc levels are also regulated by nutrient-
independent mechanisms.

. We provide an overview of the role of O-GIcNAc in the cardiovascular system
and how it is regulated.
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Figure 1:

Illustration of the wide range of factors that result in increases or decreases in O-GIcNAc
levels in cardiomyocytes or the heart, which are discussed in more detail in the text.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Collins and Chatham

Page 22

Cellular dysfunction Too High
12}
°
>
2
$1 ;
< o
2 Stress =
2 -
c Stress 2
$ :
o o©
a
©
[
>
(o)
Cellular dysfunction Too Low
Time !

Figure 2: Regulation of protein O-GIcNAc homeostasis:
Black line indicates changes in protein O-GIcNAc levels over an arbitrary period of time. In

healthy cardiomyocytes, overall cellular O-GIcNAc levels vary within an optimal range over
time periods of minutes, hours, or longer in response to different physiological stimuli due to
changes in nutrient availability, regulation of GFAT, OGT, and OGA activities or alterations
in the levels of these proteins. External stressors can lead to changes in O-GIcNAc levels
beyond the optimal zone, either too high or too low, which can result in cellular dysfunction
and potentially cell death depending on the duration of these excursions; however, brief
pharmacologically induced increases in O-GIcNACc levels may be cardioprotective in the
setting of ischemia/reperfusion or oxidative stress. This schematic illustrates overall changes
in cellular O-GIcNAc levels and does not reflect the fact that O-GIcNAc levels can exhibit
differential changes on individual proteins in response to both physiological and
pathological stimuli; it also does not include the time of day dependent changes in O-
GIcNAC that also occur in the heart.
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Figure 3: Illustration of the complex interactions associated with the regulation by and of protein
O-GIcNAcylation:

Solid lines indicate established interactions, although not necessarily fully confirmed in the
heart. Dotted lines indicate possible interactions that have yet to be established. There are no
assumptions as to whether the interactions shown are positive or negative as this will likely
be dependent on the specific stimulus and conditions (i.e., physiological or pathological).
This is not a comprehensive illustration of all known interactions, but rather is focused on
interactions discussed in the text with an emphasis on regulatory crosstalk known to be
associated with O-GIcNAcylation or its regulatory enzymes (i.e. OGT, OGA, and GFAT).
For example, both AMPK and CaMKI|I are known to regulate both OGT and GFAT and both
are regulated by OGT; moreover, AMPK directly regulates glucose and fatty acid
metabolism, which in turn influences HBP flux. In addition, AMPK contributes to
transcriptional regulation of metabolism via its action on FoxO and PGC-1a, which in turn
are both targets for O-GIcNAcylation. All relevant citations and abbreviations are included
in the main body of the manuscript. OGT/OGA represents the O-GIcNAc cycle and the
interactions shown could be influenced by either one or both of proteins. Note: Blue =
metabolites/metabolic pathways; Purple = transcription factors; Green = all other proteins.
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