Hindawi Publishing Corporation

BioMed Research International

Volume 2017, Article ID 5712341, 12 pages
http://dx.doi.org/10.1155/2017/5712341

Review Article

Epigenetics and Signaling Pathways in Glaucoma

Angela C. Gauthier and Ji Liu

Department of Ophthalmology and Visual Science, Yale School of Medicine, New Haven, CT 06510, USA

Correspondence should be addressed to Ji Liu; liu.ji@yale.edu

Received 14 October 2016; Revised 28 November 2016; Accepted 13 December 2016; Published 22 January 2017

Academic Editor: Dongsheng Yan

Copyright © 2017 Angela C. Gauthier and Ji Liu. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Glaucoma is the most common cause of irreversible blindness worldwide. This neurodegenerative disease becomes more prevalent
with aging, but predisposing genetic and environmental factors also contribute to increased risk. Emerging evidence now suggests
that epigenetics may also be involved, which provides potential new therapeutic targets. These three factors work through several
pathways, including TGF- 3, MAP kinase, Rho kinase, BDNE, JNK, PI-3/Akt, PTEN, Bcl-2, Caspase, and Calcium-Calpain signaling.
Together, these pathways result in the upregulation of proapoptotic gene expression, the downregulation of neuroprotective and
prosurvival factors, and the generation of fibrosis at the trabecular meshwork, which may block aqueous humor drainage. Novel
therapeutic agents targeting these pathway members have shown preliminary success in animal models and even human trials,
demonstrating that they may eventually be used to preserve retinal neurons and vision.

1. Introduction

Glaucoma is a group of eye diseases characterized by retinal
ganglion cell (RGC) degeneration and optic nerve neuroreti-
nal rim loss. It affects approximately 3.5 percent of the
world population aged 40 to 80, and it is most prevalent in
those of African descent [1]. The condition is often, although
not always, associated with increased intraocular pressure
(IOP), which can lead to mechanical impairment, ischemia,
oxidative stress, and inflammation of the optic nerve [2].
Patients may be asymptomatic or experience a gradual and
subtle loss of peripheral or central vision before more severe
visual function loss is noticed. Treatment generally consists of
lowering IOP through medications, laser therapy, or surgery,
although novel approaches promoting neuroprotection are
now incipient [2].

Genetics and environmental influences play key roles in
glaucoma development [3]. Studies have found that approxi-
mately 16-20% of the risk of primary open angle glaucoma
(POAG) is attributable to genetic factors, and first- and
second-degree relatives of affected patients are both at risk [4,
5]. The process is governed by a complex inheritance pattern
with evidence of gene-gene interaction [6, 7]. Mutations
in a variety of genes associated with early-onset glaucoma,
including MYOC, CYPIBI, FOXCI, PITX2, PAX6, and OPTN,

typically disrupt normal development of the trabecular out-
flow pathway [7]. Environmental factors that raise IOP, such
as high wind instruments, coffee, certain yoga positions,
tight neckties, and lifting weights, also seem to contribute
to glaucoma [8]. Systemic diseases, such as hypertension
or hypotension, hyperlipidemia, diabetes, obstructive sleep
apnea, and thyroid disease, are sometimes considered risk
factors for glaucoma, but this is controversial [9-16]. Exercise,
antioxidants, and a diet rich in omega-6 and omega-3 fat seem
to lower IOP and thus decrease risk [8].

Emerging research now implicates epigenetic regulation
as an important causal factor for glaucoma. Epigenetics,
together with genetics and environmental factors, influences
the signaling pathways that are ultimately responsible for dis-
ease progression. A better understanding of the mechanisms
of glaucoma development is necessary to produce targeted
treatment, which may hopefully preserve or even restore
vision.

2. Epigenetics in Glaucoma

2.1. Histone and DNA Modification. Epigenetics is the study
of heritable nonencoded genetic changes that turn genes on
or off. Examples include activating changes such as histone
acetylation and DNA demethylation, repressive changes like
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histone deacetylation and DNA methylation, and modifica-
tions induced by noncoding RNAs, such as MicroRNA and
long noncoding RNA (IncRNA). Epigenetic modifications
can modulate gene expression and/or alter cellular signal-
ing pathways, which may affect individual susceptibility to
various diseases. For example, epigenetic changes have been
associated with the development of fibrosis in pulmonary
fibrosis and liver disease [17, 18].

Some evidence suggests that the glaucomatous eye is
a hypoxic environment [19]. Hypoxia has been shown to
induce epigenetic changes in prostate cells, and this effect
may extend to other cell types [20]. Hypoxia causes Hypoxia-
Inducible Factor 1-a (HIFl-«) to travel from the cytoplasm
to the nucleus, so it can recruit the histone acetyltransferase
CBP/p300 coactivator to regulate gene expression [21]. The
promotor for HIFl-a has a HIF Response Element (HRE)
that is methylated when oxygen levels are low [21]. The DNA
and chromatin modifications allow HIFs to more easily bind
to HREs, stimulating epithelial-to-mesenchymal transition
[22, 23]. Epithelial cells change into extracellular matrix-
secreting myofibroblasts, which leads to fibrosis. Hypoxia
may also cause trabecular meshwork fibrosis in glaucomatous
eyes, and this blocks the outflow of aqueous humor, leading
to an increased IOP.

Epigenetics regulates retinal development, so distur-
bances in this regulation may lead to ophthalmologic diseases
like glaucoma, optic neuritis, and hereditary RGC degener-
ation [24]. Histone lysine methyltransferases promote RGC
survival by methylating lysines on histones 3 and 4 of the
RGC developmental genes, Ath5 and [3-nAChR, thereby
increasing transcriptional activity [24]. In addition, acute
optic nerve injury has been shown to increase nuclear histone
deacetylase 3 activity in dying RGCs [25, 26]. This leads to
widespread gene silencing in the apoptotic cells. Interestingly,
drugs that inhibit histone deacetylases, such as trichostatin
A, induce RGC differentiation and neuritogenesis [27]. This
suggests that histone deacetylation may be involved in the
pathogenesis of glaucomatous optic neuropathy. Comple-
mentarily, increased histone acetylation in the retina was
found to be neuroprotective in a mouse model of nor-
motension glaucoma [28]. Mice that fasted every other day
were found to have increased retinal histone acetylation,
which was accompanied by decreased retinal degeneration,
increased visual function, and upregulation of Brain Derived
Neurotrophic Factor (BDNF) and catalase [28].

Epigenetic forces that may contribute to glaucoma also
manifest in lamina cribrosa cells. A study conducted by
McDonnell et al. comparing lamina cribrosa cells from glau-
comatous human eyes with those from normal eyes found
that glaucomatous eyes had significantly increased global
DNA methylation [29]. Genes involved in extracellular
matrix production, such as a-1 type I collagen and «-
smooth muscle actin, were upregulated. However, they also
found that glaucomatous eyes had more unmethylated DNA
in the transforming growth factor-B (TGF-f) 1 promotor
region, causing increased transcription of TGF-f [29]. They
hypothesized that the generally increased methylation pri-
marily applied to genes besides TGF-f3, turning them off.
This may allow other genes such as TGF-f that promote
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fibrosis to become uninhibited. A similar finding was seen
in a mouse model of renal fibrosis. Mice with renal fibrosis
had hypermethylation of the RASALI promotor in activated
fibroblasts [30]. This permitted more Ras expression, which
led to fibroblast proliferation [30].

Epigenetic changes associated with glaucoma may be
found in cells beyond the eye as well. A prospective case
control study found that patients with POAG have higher
levels of DNA methylation in peripheral mononuclear cells
than healthy controls [31]. The significance of this finding
is still under investigation, but it is clear that glaucoma is
associated with epigenetic changes that may be responsible
for disease progression.

2.2. MicroRNA. Noncoding RNA, such as MicroRNA, may
also play a role in glaucoma [32]. MicroRNA is a short piece
of RNA that can bind to Messenger RNA, preventing its trans-
lation into protein. Glaucoma modulates MicroRNA expres-
sion, which may serve as a way to communicate damage from
the anterior eye to the posterior eye. For example, trabecular
meshwork cells injured by oxidative stress in glaucomatous
eyes release MicroRNA-21, MicroRNA-450, MicroRNA-107,
and MicroRNA-149 into the aqueous humor [33]. These
MicroRNAs travel via the uveoscleral pathway to the peripap-
illary retina, which may affect the optic nerve [33]. However,
other MicroRNAs are downregulated in glaucoma. Rats
with increased IOP due to a hypertonic saline eye injection
had decreased expression of MicroRNA-181c, MicroRNA-
497, MicroRNA-204, Let-7a, MicroRNA-29b, MicroRNA-
16, MicroRNA-106b, and MicroRNA-25 in their retinas
[34]. Human trabecular cells subjected to oxidative stress
also show decreased levels of MicroRNA-483-3p [35]. A
microarray analysis study found that glaucoma patients had
11 significantly upregulated and 18 significantly downreg-
ulated MicroRNAs in their aqueous humor compared to
controls [36]. This alludes to the fact that different MicroRNA
families may be protective or damaging in the pathogenesis of
glaucoma.

MicroRNA families may protect against glaucoma by
reducing fibrosis of the trabecular meshwork. When Micro-
RNA-483-3p was added to stressed human trabecular mesh-
work cells, it decreased extracellular matrix production,
which lowers fibrosis [35]. MicroRNA-483-3p turns off
Smad4, an important player in TGF-f pathway-induced
fibrosis. In addition, increased expression of MicroRNA-29a
in human trabecular meshwork cells decreased the extra-
cellular matrix proteins SPARC, collagen I, collagen IV, and
fibronectin [37]. Overexpression of the related MicroRNAb
suppressed laminin and fibronectin, achieving a similar
outcome [37].

Other MicroRNA families may contribute to glaucoma;
blocking these targets may be protective. Mutations in
the transcription factor FOXCI can cause Axenfeld-Rieger
syndrome, a disorder of abnormal eye and tooth develop-
ment that frequently involves glaucoma [38]. MicroRNA-
204 decreased the expression of FOXCI as well as its target
genes: CLOCK, PLEKSHGS5, ITGf31, and MEIS2, indicating its
involvement in the disease [38]. In addition, the inhibition
of MicroRNA-100 via viral vector prevented apoptosis in
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rat ganglion cells subjected to H,O, oxidative stress [39].
Blocking this MicroRNA also increased neurite growth and
stimulated the prosurvival Akt/ERK pathway. The role of
MicroRNAs in glaucoma development is still incomplete,
but future studies may clarify their involvement and further
investigate the pathways by which they act.

2.3. Long Noncoding RNA. LncRNAs are RNA transcripts
over 200 nucleotides long that typically do not encompass
open reading frames of more than 100 amino acids [40]. They
are similar to messenger RNAs in that they are capped and
polyadenylated with several exons, but they are also shorter
and expressed at decreased levels [40]. Approximately 85%
of IncRNAs reside in the nucleus, and the rest are in the
cytoplasm [41].

LncRNAs play many roles in cellular maintenance, lin-
eage commitment, and differentiation, and evidence suggests
that they are heavily involved in neuronal diversification
[40, 41]. They influence gene expression by altering proteins
after they have been translated and binding to miRNAs,
blocking their ability to affect mRNA [41]. Because IncRNAs
are so ubiquitous, mutations in the genes that code for them
may lead to a diverse array of diseases. For example, the
IncRNA called ANRIL (antisense noncoding RNA in the
INK4 locus) is a tumor suppressor which is transcribed
in the antisense direction of Cyclin Dependent Kinase
Inhibitor 2B (CDKN2B) [41]. Variants in ANRIL have been
linked to gliomas, leukemia, melanoma, basal cell carcinoma,
breast cancer, ovarian cancer, and pancreatic cancer [42].
In addition, they are associated with several eye conditions,
including glaucoma, proliferative vitreoretinopathy, diabetic
retinopathy, corneal vascularization, and ocular tumors [41].
A retrospective observational case series analyzing several
ANRIL single-nucleotide polymorphisms (SNPs) associated
with glaucoma found that SNP rs3217992 was linked to
an increased cup-to-disc ratio at lower IOPs, indicating a
possible connection with normal tension glaucoma [43].
Another ANRIL SNP variant, rs4977756, has been named
a susceptibility locus for POAG according to a genome-
wide association study [44]. Mutations in CDKN2B have
also been associated with glaucoma, and one such variant
(rs1063192) was related to higher levels of ANRIL expression
[45]. Identification of more ANRIL SNPs may eventually
allow physicians to screen patients at risk for glaucoma for
these alleles, leading to earlier diagnosis and treatment.

3. Signaling Pathways in Glaucoma

3.1. TGF-f3. TGF-p is a cytokine involved in many signaling
cascades that cause differentiation, proliferation, chemotaxis,
or fibrosis. There are three isoforms of TGF-f3 (TGF- 1, TGF-
B2, and TGF-f3), but TGF-2 has the most relevance to
the eye [46]. In healthy eyes, TGF-f2 helps mediate corneal
healing and scar formation and preserves immune privilege
in the anterior segment [46]. However, in glaucomatous eyes,
increased TGF-[32 activity causes fibrosis by increasing the
production and deposition of extracellular matrix proteins
in trabecular meshwork cells, thereby blocking the outflow
of aqueous humor. Patients with POAG have significantly

increased levels of TGF-f2 in the aqueous humor com-
pared to people with other types of glaucoma and healthy
controls [47, 48]. In fact, treatment of human trabecular
meshwork cells with TGF-f2 upregulates Plasminogen Acti-
vator Inhibitor 1 (PAI-1) gene expression and secretion of
fibronectin and PAI-1, which are involved in extracellu-
lar matrix production [49]. TGF-f2-induced extracellular
matrix deposition reduces outflow facility of aqueous humor
by 27% in cultured human anterior segments, providing
further evidence for its role in the pathogenesis of glaucoma
[50].

TGEF-f increases extracellular matrix production and
remodeling through the canonical Smad pathway as well as
noncanonical Mitogen-Activated Protein (MAP) kinase and
Rho-GTPase/Rho kinase pathways, which will be discussed
in the following sections (Figure 1). In the Smad pathway,
TGEF-B binds to TGF-f receptors I and II, causing TGF
B receptor II to phosphorylate TGE-f3 receptor I [51]. The
activated TGF-f receptor I then phosphorylates Smad2
and Smad3, which interact with Smad4 to form a Smad
Complex. The Smad Complex migrates into the cell nucleus,
where it activates the transcription of genes that eventually
lead to extracellular matrix production. When TGF-f2 is
overexpressed in mouse eyes, it causes increased IOP and
fibronectin expression in wild-type but not Smad3 knockout
mice, demonstrating the importance of the Smad signaling
proteins in glaucoma [52].

3.2. MAP Kinase. TGF-p activates the MAP kinase pathway
by first binding to TGF-f receptor II, causing autophos-
phorylation of tyrosine residues (Figure 1). This recruits Src
Homology Domain 2 Containing Protein (Shc) and Growth
Factor Receptor Binding Protein 2 (Grb2) to bind to the TGF-
B receptor II [46]. Further binding the Shc-Grb2 complex
is Son of Sevenless (SOS), a guanine nucleotide exchange
factor (GEF) that activates the GTPases Ras or Racl. Ras
activates Raf, which triggers MAP ERK kinase (MEK) 1 and
subsequently extracellular signal-regulated kinase (ERK) 1/2
activation [53]. ERK 1/2 can increase PAI-1 expression in
human trabecular meshwork cells, which increases extra-
cellular matrix production [54]. The GTPase Racl leads to
the activation of p38 MAP kinase pathway, which induces
expression of the proinflammatory cytokine Interleukin 6
and Secreted Protein Acidic and Rich in Cysteine (SPARC)
in trabecular meshwork cells [55, 56]. SPARC binds to
proteins in the extracellular matrix and regulates growth
factor efficacy and matrix metalloproteinase expression [57].

The p38 MAP kinase pathway can also be activated
when TGF-f3 binds to TGF-p receptor I and II, triggering
polyubiquitination of TRAF6 at Lys63 [58]. TRAF6 is an E3
ubiquitin ligase, which is physically associated with the TGEF-
B receptors. The polyubiquitination chains hang down and
attach to TGF-f3 activated kinase (TAK1), activating it. TAK1
then phosphorylates MAPK kinase 3/6, which then activates
the p38 MAPK pathway [59].

3.3. Rho Kinase. The Rho family is composed of the Rho, Rac,
and Cdc42 subfamilies, which are involved in cell migration,
adhesion, proliferation, and actin cytoskeletal organization
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FIGURE I: TGF- 8 signaling pathways. TGF-f increases extracellular matrix production through the Rho-GTPase/Rho kinase, Smad, and MAP
kinase pathways. TGF- 3 binds to TGF- 3 receptors I and II, triggering autophosphorylation. This activates RhoGEF, which attaches a GTP to
RhoA. RhoA activates Rho kinase, which leads to the phosphorylation of myosin light chain (MLC). This leads to stress fiber organization, cell
contraction, extracellular matrix organization, and the expression of genes for a-smooth muscle actin and extracellular matrix production. In
the Smad pathway, TGF- 8 binding triggers TGF- 5 receptor I to phosphorylate Smad2 and Smad3, which form a Smad Complex with Smad4.
The complex travels to the nucleus, where it helps transcribe genes for extracellular matrix production. TGF-f activates the MAP kinase
pathway by causing autophosphorylation of the tyrosine residues on TGF- 3 receptor II. This recruits Shc, Grb2, and SOS. SOS activates the
GTPases Ras or Racl. Ras activates Raf, which triggers MEKI1 and subsequently ERK 1/2 activation. ERK 1/2 can increase PAI-1 expression in
human trabecular meshwork cells, which increases extracellular matrix production. The GTPase Racl activates p2l-activated kinase (PAK),
which activates MAP kinase kinase (MKK) 3/6, which activates p38. This induces expression of Interleukin 6 and SPARC.

(Figure 1) [46]. The Rac subfamily has been associated
with the development of cross-linked actin network (CLAN)
formation, which is seen in trabecular meshwork cells of glau-
comatous eyes [60]. Although it is currently unknown how
exactly CLANs may cause glaucoma, it has been hypothesized
that CLANs can decrease the elasticity of cells, impairing
aqueous humor outflow [61]. In addition, trabecular mesh-
work cells that express a constitutively active form of RhoA,

a Rho-GTPase, were found to express increased levels of
fibronectin, tenascin C, laminin, a-smooth muscle actin,
matrix assembly, actin stress fibers, and myosin light-chain
phosphorylation, which are associated with the extracellular
matrix [62]. These cells were noted to exhibit increased
contractile morphology. Rho kinase inhibitors decreased
fibronectin and a-smooth muscle actin [62]. This suggests
that trabecular meshwork rigidity and extracellular matrix
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production mediated by the Rho pathway may be involved
in decreasing aqueous humor outflow, raising IOP.

Whereas Rac activation and subsequent CLAN formation
is triggered by the association of Shc, Grb2, and SOS as
described above, studies in human choriocarcinoma cells
have found that TGF-f uses Src-mediated phosphorylation
to activate Vav2, a Rho-specific GEF [46, 63]. This pathway
eventually leads to the formation of the actin stress fibers that
increase cell rigidity [62]. The Rho kinase pathway can also
be activated by a variety of factors such as Thromboxane A2,
Angiotensin II, Thrombin, Wnt, Endothelin-1, extracellular
matrix, and stretch [64]. These factors activate RhoGEE
which activates RhoA, which triggers Rho kinase. Rho kinase
initiates many pathways to lead to cell contraction, extracel-
lular matrix organization, a-smooth muscle actin expression,
and so forth [64].

The Rho kinase pathway has been shown to be a
promising target for therapeutics [65]. Rho kinase inhibitors
reduce cell rigidity, increasing outflow [66]. Honjo et al.
showed that the Rho-associated protein kinase (ROCK)
inhibitor Y-27632 increased the outflow of aqueous humor
and decreased IOP by 30% after 3 hours in rabbit eyes [67].
Many ROCK inhibitors like netarsudil, RKI-983/SNJ-1656,
AR-13324 (Rhopressa®), AR-12286 (Aerie), and AMA0076
(Amakem) are now being tested in clinical trials [66, 68].
Recently, the ROCK inhibitor Ripasudil was approved for
the treatment of glaucoma and ocular hypertension in
Japan, and it is now being studied for the treatment of
diabetic retinopathy [69]. Continued development of ROCK
inhibitors will increase the pharmaceutical options available
to treat glaucoma and may someday be among the first-line
therapies.

3.4. BDNF and Other Neurotropic Factors. BDNF is a protein
produced by the brain and retina among other organs
that supports the growth, differentiation, and survival of
neurons. BDNF is especially important for RGC survival
[70]. Normally, BDNF and other neurotrophic factors are
transported from the brain to the RGCs [71]. However, in
glaucoma, the increased IOP blocks axonal transport at the
optic nerve head, decreasing neurotrophic levels in the RGCs
[72]. The loss of BDNF in these cells contributes to cell
death and thus glaucoma through JNK activation and c-Jun
phosphorylation, which eventually leads to caspase activation
[73, 74]. RGCs try to prevent this outcome by upregulating
BDNF production if the optic nerve gets injured. A study
done in rats found that after optic nerves were crushed,
RGCs expressed elevated BDNF which peaked at 48 hours
but declined to baseline levels after two weeks [75]. This effect
is neuroprotective, but only temporarily [76]. Nevertheless,
preliminary studies in animals show increased RGC survival
and even some regeneration after intravitreal neurotrophic
factor injection, indicating that it has the potential to even-
tually become a therapeutic option [77, 78].

3.5. ¢-Jun N-Terminal Kinases (JNKs). The proapoptotic JNK
pathway is initiated by cellular stress, such as ultraviolet radi-
ation, heat shock, and the withdrawal of neurotrophic factors
[79]. The aversive stimulus triggers JNK phosphorylation,

causing JNK to bind to the N-terminal region of c-Jun [71].
This action phosphorylates c-Jun, a transcription factor for
genes that promote apoptosis [80]. It is elevated in the RGCs
of rats with induced glaucoma, peaking at one week after the
rise in IOP [81]. Optic nerve transection and crush injury
also increases c-Jun expression [81-83]. Likewise, humans
with glaucoma tend to have elevated levels of phosphorylated
JNK in nonglial retina cells [84]. Interestingly, several studies
have found that c-Jun activation may also promote survival
and regeneration of RGCs, showing that c-Jun may be more
versatile than originally thought [85]. Nevertheless, drugs
that inhibit JNK tend to guard against RGC loss, providing
yet another potential target for neuroprotection [86, 87].

3.6. Phosphoinositide-3 Kinase (PI-3 Kinase)/Akt Pathway.
The PI-3 kinase/Akt pathway promotes survival and neu-
roprotection in neurons [88]. Growth factors bind to the
membrane-bound tyrosine receptor kinase, which activates
PI-3 kinase. PI-3 kinase phosphorylates phosphatidylinositol
(4,5)-bisphosphate (PIP,) to phosphatidylinositol (3,4,5)-
trisphosphate (PIP;), which activates Akt. Akt goes on
to inhibit the proapoptotic Bcl-2 associated death domain
(BAD) proteins, caspases, and the c-Jun pathway [89-91].

Induced IOP elevation in rats has been shown to activate
the PI-3 kinase/Akt pathway. Phosphorylated Akt increased
on day 1 after translimbal photocoagulation, but it returned to
baseline on day 8 [92]. Elevated IOP provoked by episcleral
vein cauterization also increased this survival pathway [93].
However, in both of these models, proapoptotic pathways
like the MAP kinase pathway, caspase family, Fas ligand,
and Fas-Associated Death Domain (FADD) were activated
simultaneously, counteracting the prosurvival factors. Ulti-
mately, the proapoptotic protein activation outlasted the
neuroprotection pathways, eventually leading to cell death
[94].

A variety of neuroprotective drugs that act through differ-
ent mechanisms have been demonstrated to reduce RGC loss
and structural damage through the PI-3 kinase/Akt pathway.
These include the prostaglandin analog, Bimatoprost, the fin-
golimod analog, FTY720, and Vascular Endothelial Growth
Factor A [95-97]. Reinforcement of this pathway may be
necessary to overcome the longer-lasting proapoptotic factors
to achieve enduring neuroprotection.

3.7. Phosphatase and Tensin Homologue (PTEN) Pathway.
PTEN is a lipid and protein phosphatase that works to inhibit
cell growth [98]. It blocks the phosphorylation of PIP, to
PIP;, preventing activation of the PI-3 kinase pathway and
the downstream Akt and mTOR cascades [99].

PTEN has been linked with neurodegeneration as dele-
tion of this gene increases axon regeneration after optic nerve
damage [100]. Studies using virus-assisted knockout of PTEN
in mice RGCs after crush injury show significant axonal
regeneration, especially when the virus is accompanied by
another virus encoding ciliary neurotrophic factor and a
cyclic adenosine monophosphate analog [101, 102]. However,
an even larger effect can be seen in PTEN knockout mice,
which are not encumbered by the incomplete gene silencing
seen in RNA interference [102]. Mice with a PTEN deletion



alone show substantial optic nerve regrowth, but this regen-
eration only lasts two weeks after the lesion is introduced
[103]. However, when PTEN and suppressor of cytokine
signaling 3 (SOCS3) were both deleted, the effects lasted
well beyond two weeks and there were ten times as many
regenerated axons compared to the PTEN-alone group [103].
SOSC3 downregulates the Janus Kinase/Signal Transducer
and Activator of Transcription (JAK/STAT) pathway, which
is important for cell proliferation. Many of the regenerated
axons in these knockout mice have been demonstrated to
reach beyond the optic chiasm and even form synapses in
the superior colliculus and suprachiasmatic nucleus [103-
105]. Furthermore, the suprachiasmatic nucleus showed some
neuronal response when the retinal axons were stimulated
with light or electricity [105]. However, the responses were
not fully functional and the mice did not significantly recover
vision [104, 105]. This was because the regrown axons did not
have proper myelination, preventing them from conducting
adequate action potentials [104]. The addition of voltage-
gated potassium channel blockers repaired the conduction
deficit, which ultimately enhanced visual function [104].

3.8. Bcl-2 Pathway. Bcl-2 is a protein that protects against
apoptosis by inhibiting proapoptotic proteins. DNA damage
or cellular stress activates BH3-only proteins, which include
Bim, Bid, and BAD [71]. These proteins stimulate Bcl-2 asso-
ciated X protein (BAX) and Bak, which increase mitochon-
drial membrane permeability and the release of Cytochrome
C from the mitochondria (Figure 2). Cytochrome C goes on
to activate the caspases that eventually lead to apoptosis. Bcl-2
stops this process by inhibiting BAX and Bak activation [71].

Levkovitch-Verbin et al. showed that optic nerve transec-
tion-induced glaucoma and NMDA eye injections increased
the expression of BAX and BAD, while downregulating Bcl-
2, ultimately leading to cell death [106]. However, overex-
pression of Bcl-2 leads to neuron preservation, which can
even save permanently infarcted brain tissue [107]. In fact,
the antibiotic minocycline and the monoamine oxidase B
inhibitor rasagiline promote neuroprotection in RGCs by
increasing Bcl-2 levels [108, 109]. A number of experi-
mental drugs also protect RGCs through this antioxidant
and antiapoptotic pathway, supplying even more targets for
intervention [110-112].

3.9. Caspases. Caspases are protease enzymes involved in
extrinsic and intrinsic apoptotic pathways. In the extrinsic
pathway, tumor necrosis factor (TNF) or Fas ligand will bind
to the Fas receptor, which is bound to FADD (Figure 2).
This activates Caspase 8, which goes on to activate effector
Caspases 3, 6, and 7, and these eventually cause apoptosis
[113]. In the intrinsic pathway, Cytochrome C released by the
mitochondria due to DNA damage or ROS activates Caspase
9. Caspase 9 then activates the same effector caspases, leading
to cell death. Apoptosis inhibitor proteins (IAPs) like XIAP, c-
IAP, and c-IAP2 inhibit Caspase 3 and Caspase 9, halting this
process [113].

Optic nerve transection, crush, and degeneration all
result in an increase in Caspase 3 and Caspase 9 activity
[114-116]. Caspase 7 knockout mice preserve more RGCs
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after optic nerve crush than wild-type mice, indicating that
blocking caspases may be neuroprotective [117]. Indeed,
drugs that inhibit caspases delay RGC death, but they do
not help axon regeneration [118]. Neuroprotection is also
provided by IAPs, which are upregulated after transection
of the optic nerve or induced glaucoma [119]. However, this
upregulation only occurs in younger animals and lasts shorter
than the concurrently increased expression of proapoptotic
genes, causing cells to ultimately die [120].

3.10. Calcium-Calpain Pathway. Disruptions in calcium
homeostasis occur in many neurodegenerative diseases,
including glaucoma [121]. The increased IOP in this disorder
intensifies the influx of extracellular calcium into RGCs [122].
Calcium activates calpain, a cysteine protease that cleaves
calcineurin [123]. Calcineurin goes on to trigger apoptosis
in RGCs via dephosphorylation of BAD and the release of
Cytochrome C [124].

The optic nerve crush model has elucidated the role of cal-
cium in axonal degeneration. Axotomy in rat models breaks
neuronal membranes and may open voltage-gated calcium
channels, allowing the influx of extracellular calcium and
the initiation of degeneration [125]. Calcium likely activates
the proapoptotic JNK/c-Jun pathway while inhibiting the
prosurvival Akt pathway [126]. Calcium ionophores speed up
this process [127]. However, the topical addition of calcium
channel blockers onto the optic nerve has been shown to
block the rise in intracellular calcium, preventing acute
superficial axonal destruction [127].

Huang et al. confirmed calpain’s role in glaucoma by
injecting hypertonic saline into rat eyes and employing
immunohistochemistry to look for evidence of calpain acti-
vation [123]. They found that the retinas of rats with elevated
IOP had a 55kDa autocatalytic active form of calpain as
well as cleaved spectrin and calcineurin, both substrates
of calpain. This group also demonstrated that cleaved cal-
pain makes the protease constitutively active, causing it to
continuously stimulate the apoptotic pathway in rats with
elevated IOP [124]. The inhibition of calpain was shown to
decrease RGC death after axonal trauma [126]. When rats
were given FK506, a calcineurin inhibitor, there was a marked
decrease in BAD dephosphorylation and Cytochrome C
release, which in turn promoted survival of RGCs and the
optic nerve. Interestingly, optic nerve crush alone did not
lead to an increase in calcineurin cleavage [124]. This implies
that calcineurin cleavage is not merely triggered by general
apoptosis, but rather that it is due to an increase in IOP.

Although the Calcium-Calpain pathway is implicated in
axonal degeneration, it is also a necessary factor in growth
cone formation that occurs after destruction. New growth
cones appear within 24 hours of axonal trauma, and these
cones always develop in regions of increased calcium concen-
tration [128, 129]. The proteolytic activity of calpain triggered
by increased calcium is necessary to break down proteins
needed for regeneration [130]. For example, calpain degrades
spectrin, a protein that attaches the intracellular cytoskeleton
to the plasma membrane. This may expedite exocytosis which
is needed for successful growth cone assembly [125]. The
benefits of calcium or calpain inhibition are still unclear
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FADD. This activates Caspase 8, which activates the effector Caspases 3, 6, and 7. These caspases all lead to apoptosis. Caspase 8 also activates
Bid, a protein that turns on BAX and Bak. The intrinsic pathway also triggers these same proteins by working through BH3-only proteins.
BAX and Bak increase the permeability of the mitochondrial membrane, releasing Cytochrome C. This protein activates Caspase 9, which
activates the same effector caspases, causing apoptosis. Bcl-2 inhibits this pathway by blocking the activation of BAX and Bak, while IAPs

inhibit Caspases 3, 6, 7, and 9.

as they will inhibit growth cone formation and likely only
prevent the acute axonal degeneration that occurs in a small
area around the lesion, but further research is needed to
investigate this thoroughly [131].

4. Conclusions

Glaucoma is a complex disease that can lead to irreversible
blindness in many people worldwide. The condition is gov-
erned by genetic and environmental factors, and emerging
research now suggests a role for epigenetics. These all work
through a variety of signaling cascades, including the TGE- 3,
MAP kinase, Rho kinase, BDNEF, JNK, PI-3/Akt, PTEN, Bcl-2,
Caspase, and Calcium-Calpain pathways. Understanding the

molecular players in these pathways is essential for creating
new neuroprotective therapeutics that may ultimately help
preserve vision.
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