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Abstract

Epigenetic memory plays crucial roles in gene regulation. It not only modulates the expression of specific genes but also has
ripple effects on transcription as well as translation of other genes. Very often an alteration in expression occurs either via
methylation or demethylation. In this context, “1-carbon metabolism” assumes a special significance since its dysregulation
by higher levels of homocysteine; Hcy (known as hyperhomocysteinemia; HHcy), a byproduct of “I-Carbon Metabolism”
during methionine biosynthesis leads to serious implications in cardiovascular, renal, cerebrovascular systems, and a host of
other conditions. Currently, the circular RNAs (circRNAs) generated via non-canonical back-splicing events from the pre-
mRNA molecules are at the center stage for their essential roles in diseases via their epigenetic manifestations. We recently
identified a circular RNA transcript (circGRM4) that is significantly upregulated in the eye of cystathionine p-synthase-
deficient mice. We also discovered a concurrent over-expression of the mGLUR4 receptor in the eyes of these mice. In brief,
circGRM4 is selectively transcribed from its parental mGLUR4 receptor gene (GRM4) functions as a “molecular-sponge” for
the miRNAs and results into excessive turnover of the mGLURA4 receptor in the eye in response to extremely high circulating
glutamate concentration. We opine that this epigenetic manifestation potentially predisposes HHcy people to retinovascular
malfunctioning.
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Glutamate Cytotoxicity

Molecular sponging of microRNAs (miRNAs) by the circular RNA (circRNA) leads to enhanced mGLUR4 expression. Excessive
glutamate levels and a concurrent upregulation of the mGLUR4 receptor lead to severe excitotoxic damage to the cell and its
functions.
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Introduction

The study on how various eye diseases induce blindness
has been a low priority for many countries, especially in the
developing part of the world [1]. Some examples of retinal
diseases affecting vision are diabetic retinopathy (DR) and
age-related macular degeneration, AMD [2]. Without a prop-
erly functioning retina, phototransduction cannot transpire
within the eye. According to the World Health Organiza-
tion (WHO), more cases of blindness are recognized in the
underdeveloped countries. Thus, the examination of this
issue in a variety of ways is critical to find solutions for the
debilitating, blinding eyes disease such as AMD and DR to
negate the increasing cases of blindness. The recent interest
in the complexity of gene regulation via epigenetics through
a wide range of specific circular RNA (circRNA) transcripts
appears to be a missing piece in the link for retinal degrada-
tion and vision impairment including blindness. With the
recent discovery in the last few years, almost every gene has
been shown to produce one or more circular RNA (circRNA)
transcript(s) without having any noticeable or significant
open-reading frame(s) making it evident that the genomic
complexity is far greater complicated than expected, Fig. 1.
CircRNAs have been recognized as the major epigenetic
regulators in disease pathogenesis via several mechanisms
since the production of a circRNA might complete with that
of many corresponding linear mRNA molecules. Further,
they regulate the gene transcription machinery. Because

Fig. 1 Generation of circular
RNAs (circRNAs) via the back-

the circRNAs contain multiple binding sites for miRNAs
that enable them to sequestrate or buffer effects of various
miRNA targets thus modulating the target gene expression
by participating in “circRNA-miRNA-mRNA” regulatory
network [3-5].

As such, epigenetics is an integral part of gene regula-
tion and its expression since specific genes are conditioned
based on the environment or developmental factors [6—11].
Research indicates a strong correlation between hyperho-
mocysteinemia (HHcy) and the dysregulation of epigenetic
mechanisms. Due to its apparent association with “1-car-
bon metabolism,” Hcy impairs epigenetics through meth-
ylation of DNA [12]. This impairment of the DNA can
cause improper transcription and translation leading to the
over- or under-expression of specific genes and their pro-
teins. Also, during HHcy, an excess concentration of Hcy
can increase the amount of glutamate, an excitatory mol-
ecule for the neurons. This is because Hcy can act as an
agonist to NMDA glutamate receptor, a direct correlation
between excitatory neurotransmitter and HHcy [13]. Recent
studies have also shown that Hcy complicates the uptake of
glutamate in rats and thus potentiates the glutamate cyto-
toxicity [14]. For this reason, we set out to embark upon
the relation between HHcy and glutamate. Since the gene
regulation occurs through distinct noncoding RNA species
that are required to control the transcriptional and transla-
tional aspects. One of the noncoding RNAs (microRNAs or
miRNAs) is roughly 20 nucleotides that bind to mRNAs and
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thus control the expression of genes. Functionally, miRNAs
reduce the levels of their target transcripts, as well as the
amount of protein encoded by these transcripts, by direct and
imperfect interaction with messenger RNA (mRNA). The
microRNAs are mostly intragenic and composed of introns
[15]. The circular RNAs (circRNAs) on the other hand have
the ability to absorb the miRNAs, and this particular mecha-
nism is referred to as the “molecular-sponging”, causing the
deactivation of miRNAs [16]. This is pictorially depicted in
the Fig. 2 wherein a circRNA such as circGRM4 recruits
miRNAs to avoid impeding the expression of genes. This
occurs through specific binding sites on the circRNAs which
mobilize specific miRNAs, enabling the mRNA to be trans-
lated to form proteins [17].

Glutamate acts as an excitatory neurotransmitter in the
retina, but an excessive amount is very toxic to retinal
neurons. An accumulation of glutamate within the retina
is toxic because it overstimulates the glutamate receptors.
The excess glutamate primarily stems from perturbation in
the homeostasis of the glutamate metabolism; for example,
pathway of metabolism consists of glutamate uptake by glu-
tamate transporters followed by an enzymatic conversion of
glutamate to nontoxic glutamine by glutamine synthetase.
Since glutamate metabolism requires plenty of energy sup-
ply, there is very strong evidence that CBS deficiency cre-
ates energy loss thus inhibiting glutamate transporters and
glutamine synthetase functions [18-24]. This deficiency in
energy is caused by the lack of CBS which is critical because
roughly 25% of the glucose in the body helps with the cer-
ebral functions. A lack of glucose can lead to glutamate

MIRNA

s @@L LUV AYAYA) --- 3

~

Gene Expression

being used as another energy source. Glutamate is broken
down into carbon dioxide and water through various meta-
bolic pathways. The variety of metabolic pathways include
glycogenesis, glycolysis, and pentose phosphate pathway.
It is imperative that the energy supply of the brain is con-
tinuous because the brain does not have the ability to store
energy for later use. The brain requires a lot of energy due to
high demand for the maintenance of neurons. Since neurons
require significant energy, they rely on high concentrations
of neurotransmitters like glutamate which is necessary for
the eye as well toward maintaining the functionality of the
retina. Without proper regulation of energy metabolism,
there can be a rise in eye problems [25].

Significance of circRNAs

The relationship between circRNAs and miRNAs is all
dependent on the quality of circRNAs. As illustrated in
Fig. 1, circular RNAs (circRNAs) are formed through the
back-splicing events of mRNAs. The circRNAs are efficient
due to their circularity, allowing them to be resistant to deg-
radation [3]. They also lack both the 5" and 3’ ends which
increase their survival rate [26]. The circRNAs are 2.5 to 5
times more stable than other linear RNAs [27]. There are
various types of circRNA such as exonic circRNAs, intronic
circRNAs, and retained intron circRNAs, and their structures
vary based on the back splicing of the mRNA [17], (Fig. 1).
A majority of circRNAs are found to be in low abundance
[28]. This means that high concentrations of circRNAs can
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The miRNA Binding Sites with miRNA response elements (MRES) are shown below for the circGrm4 RNA transcript:

MRE1 MRE2 MRE3 MRE4 MRES
mmu-miR-7033-3p mmu-miR-1942 mmu-miR-7659-5p mmu-miR-6900-3p mmu-miR-432

Fig.2 Regulation of genes’ activity by the circular RNAs (circR-
NAs). By recruiting the microRNAs (miRNAs), the circRNAs serve
as molecular sponge thereby enhancing the expression of respective

parental genes. The miRNA binding sites with miRNA response ele-
ments (MREs) are also shown for the circGrm4 RNA transcript
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lead to the depletion of active miRNAs needed for the regu-
lation of genes (Fig. 2). Also, when there is a downregula-
tion of circRNAs, there appears to be an impairment in the
brain functions. Due to these novel qualities, circRNA can
effectively participate in the regulation of a host of different
forms of miRNAs [29].

Regulation of metabotropic glutamate
receptor 4 (mGLUR4) by circGrm4 in eyes

A metabotropic receptor is a membrane receptor and acts
through a second messenger such as cyclic AMP, cyclic
GMP, inositol triphosphate, diacylglycerol, and calcium. On
the other hand, primary messengers are extracellular factors,
hormones, or neurotransmitters. Based on their functional
and structural properties, the receptor for neurotransmitter
can be divided into metabotropic receptor and ionotropic
receptor. The neurotransmitter focused in this manuscript
is glutamate. Briefly, an ionic receptor forms an ion chan-
nel, but the metabotropic receptor is indirectly connected
with the ion channel on the plasma membrane through signal
transduction more often with the G proteins. Therefore, G
protein-coupled receptors are metabotropic receptors. Both
metabotropic and ionotropic receptors are activated by neu-
rotransmitters. When an ionic receptor is activated, it opens
a channel allowing the flow of Na*, K*, or C1~ ions into the
cell. However; when a metabotropic receptor is activated, a
series of intracellular events are triggered that also results in
ion channels opening or other intracellular events but would
involve a range of second messengers or chemicals. Metabo-
tropic glutamate receptors being the GPCRs can be broken
down into 3 different groups. The mGLURA4 falls into the
group III category of metabotropic glutamate receptors. Like
all glutamate receptors, the mGLURs bind with glutamate,
an amino acid that functions as an excitatory neurotrans-
mitter (Fig. 3). Thus, studying and managing the mGLUR4
are crucial because it controls glutamatergic transmission
and acts as a presynaptic heteroreceptor. Activation of the
mGLUR4 mediates a slow glutamate response through the
synapse, and it is usually activated in low concentrations of
glutamate, meaning that an excess of glutamate is extremely
toxic to the cells [30]. Functionality of activation of the
mGLUR4 mediates a slow glutamate response through the
synapse (Fig. 3). Further, it is critical due to its expression
in oligodendrocytes as it helps stabilize the formation of
myelin in the central nervous system (CNS) [31]. Glutamate
receptors are known to play crucial roles in CNS and are
implicated in various brain disorders such as in pathogenesis
of neurodegenerative diseases like Alzheimer’s disease, Par-
kinson’s disease, and amyotrophic lateral sclerosis (ALS).
However, their exact pathophysiological characteristics
are still not fully understood in ocular disorders. Since the
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Fig.3 Glutamate metabolism. Vesicular glutamate is synaptically
released and binds to receptors (ionotropic and metabotropic gluta-
mate receptors) at the post-synapse. Glutamate is rapidly taken up
by astrocytic glutamate transporters, especially EAAT2. Spillover
from the synaptic cleft can activate peri-synaptic receptors. Microglia
and astrocytes nonvesicularly release glutamate into the extra-syn-
aptic extracellular space via system x —c(x —c) where it can activate
extra-synaptic receptors. It is important to mention that aquaporin-4
(AQP4) and potassium (Kir4.1) channels are the major players in tri-
partite synapse

circRNAs are critical components of the gene regulation
machinery [32], therefore, the effect of glutamate toxicity
for the functionality of the eye appears to be detrimental.

Effect of elevation of circGrm4 on intraocular
pressure (IOP) and retinal vasculature

Deficiency of CBS (CBS*'7) enzyme coupled with dysregu-
lation of 1-carbon metabolism leads to high circulating con-
centrations of glutamate as reflected by increased Hcy and
s-adenosylhomocysteine hydrolase (SAHH) levels. Further-
more, enhanced oxidative and endoplasmic reticulum (ER)
stress responses disrupt the ocular homeostasis in these CBS
mutant mice which have been shown to exhibit higher IOP.
Also, the animals show impairment in vision-guided behav-
ior as revealed by novel object recognition test (NORT) and
the light dark box test (LDBT) findings. This corroborated
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well with the results for diminished amounts of the occludin
protein—an integral plasma membrane protein of the cel-
lular tight junctions. The blood-retinal barrier (BRB) was
also compromised, in that the vessel leakage became evident
[33]. It appears that elevation of circGrm4 leads to enhanced
expression of mGLUR4 receptor in order to cope-up with
the glutamate neurotoxicity as a compensatory mechanism
in association with extracellular matrix metalloproteinase
inducer (EMMPRIN), also known as basigin or CD147
which is located on chromosome 19. It is a glycoprotein that
is enriched on the surface of cells and stimulates production
of several matrix metalloproteinases. There have been stud-
ies showing that mice deficient in CD147/basigin (Bsg) have
malfunctioning retinae because of the plasma membranes’
failure to integrate through multiple chain triglycerides [34].
The transmembrane domain of the CD147 also contains a
glutamate residue. It is worth mentioning that CD147 can
be harmed when there is a potent concentration of glutamate
[35, 36].

The Wnt/B-catenin signaling pathway is critical for the
development of the eye, and therefore, it is tightly controlled.
When this pathway is activated, f-catenin is transported into
the mitochondria. It also binds to transcription co-factors
leading to transcription of Wnt genes. The Wnt/p-catenin
signaling controls development of eye because of its ability
to regulate cell proliferation and fate of the cell. Its presence
has been depicted in the lens and retinal pigment epithelium
(RPE) development. Whenever there is a depletion of the
B-catenin, it can lead to an abnormal lens morphogenesis
[37]. In addition, p-catenin has also been seen as a regula-
tor in the glutamate/glutamine cycle wherein it regulates
glutamine synthetase positively. Glutamine synthetase has
the responsibility of catalyzing glutamate to glutamine, and
in that context, if there is an excess of glutamate, then there
will be a decrease in the amount of glutamine synthetase
available for catalyzation. Since there is a positive corre-
lation between the expression of p-catenin and glutamine
synthetase, f-catenin could be exhausted and thus degraded
if glutamate toxicity continues for an extended period [38].

In fact, the Wnt/p-catenin pathway controls the energy
metabolism in the brain, and that appears via the indispen-
sable astrocytes. During hypoxic conditions, there can be
an upregulation of astrocytes caused by the Wnt/f-catenin
pathway. Due to the abundance of astrocytes in the brain, it
is imperative to understand what affects astrocytes. When
astrocytes enter a state of hypoxia, the main pathway that
affects the astrocytes is the Wnt pathways. Functionality of
astrocytes is crucial in maintaining proper neural regulation
and in providing the metabolic assistance. Under hypoxic
conditions, there is an imbalance within astrocytes which
disrupts metabolic homeostasis. Hypoxia can also trigger the
Wnt pathway. Also, when astrocytes were placed in hypo-
thermic conditions, then inhibition of the Wnt pathway was

evident. This inhibition could have been activated through
the inhibition of f-catenin [39]. There has been a correlation
established between Wnt/p-catenin pathways and mGLURI.
The loss of mGLURI1 can cause Wnt to activate -catenin.
Although there has not been a direct correlation between
Grm4 and Wnt pathways, it has been shown that Grm4 can
mitigate medulloblastomas through suppression of granule
cell neuroprogenitors. This is significant because canonical
Whnt has also been linked to medulloblastomas. It is, there-
fore, suggested that continued exploration of Grm4 and Wnt
pathway may lead to an underlying connection between the
two [40].

It should be noted that HHcy leads to neointimal hyper-
plasia and stroke [41, 42]. Further, moderate levels of HHcy
are linked with an increased incidence of stenosis in carotid
artery [43]. Many examples are there wherein HHcy has
been shown to promote vascular smooth muscle proliferation
and hyperplasia in vivo such as in minipigs with HHcy and
in vitro findings from rat aortic smooth muscle cells [44,
45]. It has been documented that hypertrophy of cerebral
vessels is a potential risk factor for stroke, and in this con-
text, several morphological changes have been observed in
the vessel walls of CBS-deficient mice [46]. Interestingly,
cerebral arteriolar walls from CBS™~ mice are ~25% thicker
than the littermate control mice, and these vessels had lower
ratios of nondistensible (collagen and basement membrane)
to distensible (elastin and smooth muscle) components.
Hence, CBS™~ vessel walls hypertrophy was associated with
a weaker myogenic response and was also accompanied by
an increase in vessel distensibility during maximal dilatation
with EDTA [47]. Increased extracellular matrix fiber deposi-
tion, elevated blood pressure, increased wall thickness, and
fragmented elastic fibers have been demonstrated in the aor-
tas of CBS™~ mice on a methionine-enriched diet (simulat-
ing the red meat diet) compared with the control littermates
[48]. These findings were attributed to matrix remodeling by
increased expression and activities of matrix metalloprotein-
ases (MMPs) such as MMP-2 and MMP-9 [49].

Glutamate toxicity and the role

of mechanistic target of rapamycin (mTOR)
and regulation in development and DNA
damage responses 1 (REDD1) molecules

Glutamate toxicity also affects the expression levels of
both the mechanistic target of rapamycin (mTOR) and the
regulation in development and DNA damage responses 1
(REDD1). REDDI1 is an important regulator of Akt and
mTOR, and plays a key role in neuronal function and sur-
vival. The protein mTOR is downregulated when amino
acids are deficient, and its signaling pathway is important for
the CNS) [50]. When there is an inhibition of mTOR, then
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there appears to be a blockage within the NMDA receptor-
dependent dendritic green fluorescent protein (GFP) syn-
thesis meaning that there is a relationship between mTOR
and glutamate receptor(s); however, the extent of this cor-
relation has not been explored in detail especially in the eye
[51]. REDDI1 works as an inhibitor to the mTOR during
hypoxic stress, and REDDI1 degradation is crucially required
for the restoration of mTOR signaling as cells recover from
hypoxic stress [52]. During chronic stress, the expression of
mTOR decreases despite the upregulation of REDD1 [53].
Also, in stressful situations, cell growth is depleted, and
this leads to the inhibition of mTOR [54]. When glutamate
toxicity affects mTOR, then it also simultaneously affects
REDDI. There have been studies on an elevated expression
of REDDI in the retina during the stressful hyperglycemic
environment, for example, in the diabetic mice, thus again
supporting an important role for REDDI in the diabetes-
induced retinal neurodegeneration [55].

DNA methyltransferase 1 (DNMT1)

and tight junction proteins (TJPs) and their
implications in the retina during glutamate
toxicity

Another issue which arises with the increase in glutamate
levels is the changes in the expression of DNMT], periph-
erin, cadherin, and occludin. All of these are tightly inter-
linked in the pathogenesis of retinal malfunctioning. First,
DNMTI1 gene responsibly creates DNMT]1 that regulates
DNA methylation. It is well known that DNA methylation
is highly important in cellular functions including in deter-
mining whether a particular gene is remains to “on” or be
suppressed (gene silencing), thereby intimately regulating
reactions involving proteins and fats (lipids) and control-
ling the processing of chemicals that relay signals in the
nervous system (neurotransmitters). DNMT]1 is very active
in the nervous system. Although not much is well under-
stood in the eye itself, the enzyme helps regulate nerve cell
(neuron) maturation and specialization (differentiation), the
ability of neurons to move (migrate) and connect with each
other, and most importantly the neuron survival. There are
recent studies in schizophrenic patients showing an increase
in DNT1 binding to the glutamatergic promoters [56]. The
latter could potentially mean that there could be an increase
in the expression of DNMTT in enriched glutamic environ-
ments. Next, the peripherin is a glycoprotein found within
the photoreceptors, forming and stabilizing the rods and
cones [57] that gene encodes a cytoskeletal protein found in
neurons of the peripheral nervous system. Peripherin gene
(PRPH) encodes a protein which is a type-III intermediate
filament protein with homology to other cytoskeletal pro-
teins, and any mutation(s) in it can lead to CNS disorders

@ Springer

such as amyotrophic lateral sclerosis affecting the nerves
within the brain; however, not much is known about its func-
tionality in the eye.

Another protein severely affected by the glutamate
toxicity is cadherin that is usually found with the retinal-
pigmented epithelium (RPE) layer of the retina. It keeps
the integrity of the epithelial cells by acting as an adhesive
junction between the epithelial cells. It depends on calcium
to properly adhere the cells to one another [58]. Calcium
fluctuations have led to glutamate toxicity through voltage-
gated calcium ion channels [59]. Glutamate toxicity leads
to an increase in calcium ions by overstimulating the gluta-
mate receptors [60]. The increase in calcium has detrimental
effects on cadherin due to its functionality as it relies on
calcium concentrations.

Lastly, occludin, a 65-kDa tetraspan integral membrane
protein, contributes to tight junction (TJ) stabilization and
optimal barrier function as an intercellular tight junction
molecule thus providing a reliable connection between the
adjacent epithelial cells. TJ is a complex molecular archi-
tecture and involves a regulated co-interaction of cytoplas-
mic adaptor proteins such as zonula occludens and integral
membrane linker proteins like the occludin and claudins.
They offer a structural integrity to epithelial and endothelial
cells, and help create the highly polarized barrier(s) that
is essential to homeostatic maintenance within the verte-
brate physiological systems, while their dysregulation dur-
ing degenerative or inflammatory changes is an established
pathophysiological hallmark of various systems’ diseases.
The junctional complex itself is a highly dynamic signaling
structure/entity wherein the participant proteins constantly
undergo a blend of regulatory modifications in response to
diverse physiological/pathophysiological cues, ultimately
diversifying the overall adhesive properties of the TJ. In
instances of high glutamine levels, glutamate can poten-
tially break down the blood-brain barrier (BBB), leading
to the degradation of these TJPs such as occludin causing to
a decrease in the amount of TJPs which are essential to the
functionality of the retina as a whole [61, 62].

Microvascular implications of glutamate
toxicity in eyes

Major issues arising due to glutamate toxicity can have
effects on macro- and microblood vessels’ functioning.
In this context, direct associations have been documented
between the increased risk of coronary heart disease (CHD)
vis-a-vis glutamate toxicity and also the enhancement of
atherosclerosis [63, 64]. Briefly, atherosclerosis occurs
when there is an imbalance in lipid metabolism leading
to the accumulation of macrophages within the affected
blood vessels in the host [65]. Glutamate has been found
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to affect macrophage and atherogenicity in the blood ves-
sels by altering triglyceride metabolism in the affected cells.
Glutamate is known to be a pro-atherogenic agent due to
its ability to stimulate the accumulation of triglyceride in
the cell types such as macrophages [66]. The blood vessels
accumulate macrophage-derived foam cells which lead to
blockage/occlusion within the retinal blood vessels [64]. If
there is a blockage in the retinal blood vessels, this eventu-
ally could lead to an increase in the intraocular pressure
(IOP). This can occur as a result of the build-up of blood
within the retinal parenchyma. Glutamate levels have been
found to be one of the main differences between those with
coronary artery disease patients and the non-coronary artery
disease patients. It has also been seen that the stimulation
of glutamatergic pathways can induce both the contraction
and restriction of the blood vessels through the increase in
calcium ions. Microvascular dysfunction, especially in the
eye, can be a result of glutamate toxicity due to the harmful
effects of excess glutamate [67]. An increase in calcium lev-
els can lead to a subsequent increase in IOP as well. Further,
when there is an accumulation of blood, this can invariably
be caused by water accumulation via the aquaporin-4(AQP4)
since AQP4 has the ability to control water contents within
both the blood—brain and blood-spinal barriers. During an
interaction between AQP4 and calmodulin (CaM), a shift
in the structure of AQP4 takes place. Consequently, an
increase in calcium ions can certainly initiate CaM which
in turn causes a specific conformational change in the shape
of AQP4 allowing for an accumulation of water. An increase
in water influx could cause a breakdown of the blood—brain
barrier as a result of disturbance in the osmotic environment
[68].

Impact of glutamate toxicity
on mitochondrial fusion and fission

The functionality of the mitochondria is essential to the
eye due to its ability to provide the retina with high energy
demand through the process of oxidative phosphoryla-
tion [69]. If there is damage to the mitochondria, then it
can lead to the depletion of energy needed for the retinal
cells. Mitochondrial fusion and fission are crucial parts of
the structure and biogenesis of the mitochondria. Further,
the rate between fusion and fission determines the shape of
the mitochondria, which can be affected depending upon
the metabolic conditions [70]. For example, fission assists
in building new mitochondria, whereas fusion is known to
mix damaged mitochondria to alleviate the stressful envi-
ronment. Drpl is collected during fission in order to create
spirals for the inner and outer membranes of the mitochon-
dria, whereas Mfn2 mediates the fusion of mitochondrial
outer membranes [69]. When there is downregulation of

Drpl, then the mitochondrial dysfunction induced by gluta-
mate also decreases and this occurs presumably through the
preservation of the mitochondria by ensuring the volume of
calcium ions that does not exceed the inherent limit of the
mitochondria [71]. Interestingly, glutamate toxicity is known
to fluctuate the calcium ion concentrations of the cells, for
instance, in high concentrations of the calcium ions, there is
a collapse of the mitochondrial membrane potential which
leads to the degradation of the mitochondria itself [72]. In
simple words, glutamate toxicity can in fact determine the
fate of the mitochondria in the retina [24].

Conclusion and perspective

As an indispensable intermediary molecule, the mRNA
plays a central role in the flow of genetic information; how-
ever, structural and functional versatilities of numerous other
RNA species (e.g., catalytic RNAs, small microRNAs, long
non-coding RNAs, circular RNAs—circRNAs, etc.) offer
crucial support for the cell to function properly. For exam-
ple, the abundance of relatively less characterized circRNAs
has important regulatory functions including development,
differentiation, and growth. After initiation of the transcrip-
tion, the very first step in gene regulation, many downstream
events are critically important in establishing the functional-
ity of mature mRNAs and proteins. In fact, it has become
increasingly obvious now since the past decade that post-
initiation regulatory mechanisms are much more common
that previously realized by researchers. These post-initiation
regulatory strategies exert their influence over several pro-
cesses, including transcription elongation, translation effi-
ciency, mRNA stability, and even the ultimate function of
proteins. The circRNAs, especially their diverse and mul-
tifaceted roles in gene regulation, make them novel candi-
dates for developing them as potentially novel diagnostics
and therapeutic targets in human diseases.

Ocular dysfunctionality remains a serious concern due
to glutamic toxicity. Therefore, a well-balanced regulation
of both the circGrm4 transcripts and the mGLUR4-specific
miRNAs is vital due to its effect on abundant aspects of
eye functions. Some of the deleterious effects are clearly
manifested as glutamate neurotoxicity, disruption of the
mitochondrial fusion and fission dynamics, and dysfunc-
tion in the microvascular network especially in the retina.
Glutamate, being an excitatory neurotransmitter, overexcites
the neurons when its concentration is in excess leading to
dispatch of messages even when there is no signal present/
exists. This happens when there is an absolute excess amount
of extracellular glutamate that binds to its receptor(s) [69].
Over-excitation ultimately causes glutamate toxicity, and it
is known to induce significant neural damage. Glutamate
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Fig.4 A schematic depicting
the implications of circGrm4
over-expression during hyperho-
mocysteinemia. The circGrm4
induces glutamate neurotoxicity
during hyperhomocysteinemia
(HHcy) resulting in CD147/Wnt
signaling that in turn leads to
abnormal mitophagy, blood-ret-
inal barrier (BRB) breakdown,
vascular leakage/microvascular
dysfunction, ocular hyperten-
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toxicity in the eye affects mitochondrial fusion and fission,
microvasculature, and even the integrity of TJPs. It can in
fact potentially deteriorate the integrity of the BBB in the
eye and thus derailment of the microvascular functions [73,
74].

The tight regulation of transcription initiation by tran-
scription factors has long been presumed to be the most
important mode of gene-function regulation in the cells
so far. However, recent discovery of the circRNAs that are
embodied with a significant diversity in their structures, are
coupled with highly crucial roles they play including but
not limited to the transcriptional regulation that make them
truly novel types of diagnostic, and therapeutic targets for a
host of metabolic diseases that have no or limited options for
cure such as hyperhomocysteinemia (HHcy). Therefore, epi-
genetics via circRNAs involvement can change the expres-
sion of specific genes in the eye, and the epigenetic memory
can also be altered through methylation or demethylation
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processes. Since circRNAs make them important due to their
abilities to regulate gene expression via miRNAs, in part,
understanding of how circRNAs in the eye could influence
genes/genetic sequences that are responsible for disease cau-
sation during chronic metabolic syndromes. For example, if
the expression of circRNA or its target is controlled, then
expression of the genes can also be controlled successfully
in these syndromes. In this way, eyes affected by glutamate
toxicity can also be treated if the circGRM4 or its target
could be regulated appropriately.

Based on the foregoing discussion, it seems that an
increase in circGRM4 levels leads to glutamate toxicity, and
this increase is the result of hyperhomocysteinemia (HHcy)
since HHcy is responsible for the changes in the epigenetic
profile of the affected cells in the eye. The toxic amount
of glutamate leads to a decrease in the expression of TJPs
such as peripherin, cadherin, and occludin. It also weakens
the integrity of the mitochondria based on the irregular rate
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of fusion and fission. Not only does the glutamate toxic-
ity affect the cells’ tight junctions and mitochondria, but it
can also lead to the degradation of the extracellular matrix
of the ocular microvasculature. In severe cases, the toxicity
can lead to blindness as depicted in Fig. 4. The prevalence
of visual impairment increases rapidly with age. Accord-
ing to the National Institutes of Health (NIH), USA, the
number of people who will be blind will double in the next
3 decades. By age 60, around 1 in 9 people will be either
blind or have moderate-to-severe visual impairment (MSVI).
By age 80, the ratio increases considerably: around 1 in 3
people will be either blind or have MSVI. Furthermore, 1.1
billion people are estimated to have functional presbyopia
[75]. In 2015, there were 216 million people from 98 coun-
tries with moderate-to-severe vision impairment (Flaxman
SR, Bourne RRA). Due to blindness growing at exponential
rates, we must find newer ways of tackling this epidemic.
We believe that recent advances in epigenetics will provide
newer insights into the fields of RNA biology in general
and diseases of the eye in particular. Keeping pace with the
rapid development in the field of RNA “omics”-centered
epigenetics and to bring uniformity and consistency among
the research community, we recently introduced a new term
“cromics” (circular ribonucleic acids-based omics [3, 4].
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