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Abstract

1.

Genetic studies have yielded important genes contributing to both early-onset and adult-onset
forms of glaucoma. The proteins encoded by the current collection of glaucoma genes participate
in a broad range of cellular processes and biological systems. Approximately half the glaucoma-
related genes function in the extracellular matrix, however proteins involved in cytokine signaling,
lipid metabolism, membrane biology, regulation of cell division, autophagy, and ocular
development also contribute to the disease pathogenesis. While the function of these proteins in
health and disease are not completely understood, recent studies are providing insight into
underlying disease mechanisms, a critical step toward the development of gene-based therapies. In
this review, genes known to cause early-onset glaucoma or contribute to adult-onset glaucoma are
organized according to the cell processes or biological systems that are impacted by the function
of the disease-related protein product.

INTRODUCTION

Glaucoma is a collection of disorders that result in degeneration of the optic nerve. Common
forms of glaucoma (primary open-angle glaucoma (POAG), normal-tension glaucoma
(NTG), exfoliation glaucoma (XFG), and angle-closure glaucoma) are leading causes of
irreversible blindness worldwide. Angle-closure glaucoma, caused by anatomical narrowing
of the iridocorneal angle with subsequent blockage of the trabecular outflow pathways, is
particularly common in Asia.l XFG develops in patients with exfoliation syndrome (XFS)
characterized by the deposition of a heterogeneous mix of aggregated macromolecules
throughout the ocular anterior segment.2 POAG is the most common subtype of glaucoma
and is defined as glaucoma occurring in the absence of any secondary features such as
exfoliation. Approximately one-third of patients with open-angle glaucoma have NTG with
progressive optic nerve degeneration despite intraocular pressure (IOP) in the normal range.
Early-onset glaucoma (developing before the age of 40) includes juvenile open-angle
glaucoma, developmental glaucoma (related to abnormal development of the ocular anterior
segment), and congenital glaucoma (developing at birth or with the first three years of life).

Glaucoma has significant heritability with early-onset forms inherited as Mendelian
autosomal dominant or recessive traits and adult-onset (after age 40) diseases inherited as
complex traits.3 Mutations in genes causing earlyonset glaucoma are rare and have a large
biological impact, while variants contributing to various forms of adult-onset glaucoma are
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common and individually have incremental effects on disease pathogenesis (Fig. 1). Genes
responsible for early-onset glaucoma have been discovered using linkage analysis of large
families while genes contributing to adult-onset disease have been identified using genome-
wide association studies (GWAS) that typically require very large numbers of glaucoma
cases and controls.

Current molecular techniques and approaches, especially GWAS and next-generation
sequencing, are successfully identifying glaucoma-associated genes. While the function of
these genes in health and disease are not completely understood, a number of cellular
processes and systems with relevance to disease development are emerging. In this review,
genes known to cause early-onset glaucoma or contribute to adult-onset glaucoma are
organized according to the cell processes or biological systems that are impacted by the
function of the disease-related protein product (Table 1). The types of glaucoma caused by
(early-onset disease) or associated with (adult-onset disease) are listed in Table 2. The
biological processes and systems implicated in glaucoma by genetic studies may be future
targets of novel therapies that could prevent disease development.

ENDOPLASMIC RETICULUM STRESS RESPONSE

The endoplasmic reticulum (ER) stress response can be caused by overexpression of genes
or gene mutations that lead to protein aggregation or other processes that prevent the nascent
polypeptide from progressing through the ER.92 Genetic abnormalities that disrupt the
normal function of the ER can lead to the unfolded protein response which can trigger cell
death.93 ER-related cell death contributes to several diseases, including neurodegenerative
disorders, renal disease, and ocular disease.9-9¢ Missense mutations in MYOC, coding for
myocilin, are likely to cause ER stress through the misfolded protein response*:5:70,

2.1 MYOC (Myocilin)

MYOC mutations are a cause of early-onset POAG (juvenile-onset open-angle glaucoma).
The majority of disease-causing mutations are dominantly inherited missense alleles. There
is a range in disease onset with some mutations causing disease during the first decade of
life (PRO370LEU, TYR357HIS) while others cause later-onset.”! A nonsense mutation
(GLN368X) is a common mutation in individuals with later-onset disease.”2 Interestingly,
whole-gene deletions or a nonsense mutation near the N-terminal do not cause disease
suggesting that the underlying disease mechanism is not loss of function but dominant
negative or gain of function.®7-99 Using an in vitro system, MYOC mutations were shown to
decrease protein solubility and mutant protein solubility was correlated with disease severity.
100 |n a Tyr357His transgenic mouse (one of the most insoluble mutations), mutant myocilin
accumulates in the ER causing the misfolded protein response® and elevation of IOP.
Sodium 4-phenylbutyrate, a molecular chaperone known to relieve the misfolded protein
response in urea cycle disorders, 192 also relieved ER stress and lowered IOP in this animal
model.# Reagents that relieve the presumed misfolded protein response in humans could be
developed as novel therapies for patients with glaucoma caused by A/ YOC mutations.
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3. EXTRACELLULAR MATRIX, CELL JUNCTIONS, AND CELL ADHESION

Processes involving extracellular matrix, especially in the trabecular meshwork, can
influence aqueous outflow and elevation of I0P.102 A number of glaucoma-related genes
code for proteins that function in the extracellular matrix. Additionally, two glaucoma-
associated genes influence cell junctions and several extracellular collagens also contribute
to glaucoma pathogenesis.

3.1 LTBP2 (Latent TGF-Binding Protein 2)

LTBPZ2loss of function mutations can cause a range of ocular phenotypes including
autosomal recessive congenital glaucoma,®*>5 microsperophakia,®6-:67 and Weill Marchesani
syndrome.®8 Recent work suggests that impaired £ 7B8P2 function primarily causes abnormal
development of the ciliary zonules resulting in lens dislocations and other abnormalities.
41,103 1 TBP2 codes for latent TGF-binding protein 2, an extracellular matrix protein that is
associated with microfibrils.8 LTBP2 also has cell-adhesive properties’:8 and a functional
role in elastic fiber assembly.? A possible role in TGF beta signaling is not well established
despite the protein homology to LTBP1 which does bind TGF beta.104

3.2 LOXL1 (Lysyl Oxidase Like 1)

Common variants in LOXL1 are significantly associated with XFS, an ocular condition
characterized by the distribution of aggregated macromolecules throughout the eye including
the trabecular outflow pathways.! XFS is the leading cause of secondary open-angle
glaucoma (XFG) worldwide.195 Lysyl oxidase like 1 is necessary for proper elastin
formation and maintenance, a critical component of the extracellular matrix.10 Initially,
LOXL 1 missense alleles were associated with disease in populations worldwide, 106 however
subsequent studies showed that the missense alleles are not likely to impact the amine
oxidase activity of the enzyme.197 It is likely that dysregulation of L OXL 1 is associated with
disease development108 and L OXL 1 variants influencing gene expression could influence
disease risk. A LOXL1 null mouse has some, but not all, features of XFS.109

3.3 FNDC3B (Fibronectin Type Ill Domain Containing 3B)

Recent GWAS have identified common variants within and near FNDC3B associated with
elevated I0P81 and thin central corneal thickness,82 both risk factors for POAG. FNDC3B
codes for an extracellular matrix protein involved in several signaling pathways, including
P13-kinase/Akt, Rb1 and TGF signaling.1! TGF beta is known to induce extracellular
matrix remodeling and can alter the cytoskeleton though both the canonical Smad and
noncanonical signaling pathways.110 Experiments have shown that variation in TGF beta2
can cause elevation of IOP in an ex vivo perfusion organ culture model, and also elevation of
IOP in rodent eyes.111

3.4 AFAP1 (Actin Filament-Associated Protein 1)

The protein encoded by AFAPI binds to actin filaments and promotes crosslinking.
Modulation of the actin cytoskeleton is known to contribute to the regulation of aqueous
outflow and 10P.112 While not technically in the extracellular matrix, actin formation and
stability can have a significant effect on cell shape, cell adhesion, and responsiveness to
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external stimuli presented by the extracellular matrix. A recent GWAS involving 4702
POGA cases and 9695 controls identified significant association of common AFAPI variants
with POAG.12 Immunohistochemistry showed that AFAP1 was present in both anterior
segment and poster segment tissues, particularly trabecular meshwork and retinal astrocytes.

3.5 PLEKHATY (Pleckstrin Homology Domain-Containing Protein 7)

PLEKHA?7 codes for a protein necessary for formation of adherens junctions that can control
paracellular permeability.13 This protein is expressed in ocular ciliary body and choroid and
common variants in the gene have been associated with angle-closure glaucoma.l4
Hypothetically PLEKHA7may be related to angle closure though a mechanism involving
compromise of the normal barrier to fluid leakage and/or aberrant fluid dynamics.

3.6 COL11A1 (Collagen Type Xl, Alphal)

COL 11A1 encodes one of the two a chains of type X1 collagen. Common variants in

COL 11A1 are associated with angle-closure glaucoma in Asian populations.1* Rare

COL 11A1 high-effect mutations cause Marshall syndrome, Stickler syndrome, type 2 or
Stickler-like syndrome.15 These syndromes include axial myopia, probably caused by
abnormal fibrillary collagen matrix in the sclera. As angle-closure glaucoma patients
generally are hyperopic, the associated COL 11A1 variants may influence (or are in linkage
disequilibrium with variants that influence) COL11A1 expression resulting in smaller
hyperopic eyes predisposed to angle closure. Alternatively, as COL11A1 is also expressed in
the trabecular meshwork a direct effect on aqueous outflow is also possible.

3.7 COL15A1 (Collagen Type XV, Alphal) and COL18A1 (Collagen XVIII, Alphal)

COL15A1and COL18A1 code for multiplexin collagens type XV and XVIII. These two
proteins are highly homologous and are localized to the extracellular matrix and basement
membranes in multiple ocular tissues including the trabecular meshwork and Schlemm’s
canal.16-18 \ariants in both COL15A1 and COL18A1 appear to act as disease modifiers
influencing the age of disease onset in families with early-onset glaucoma.”3 Interestingly,
the COL18A1 variant was only found in families who also carried the disease-causing
MYOC mutation GIn368X, one of the MYOC mutations related to milder disease. This
result suggests that there could be a specific interaction between COL18A1and MYOC,
however further study is necessary to confirm this. The effect of the COL15A1 and

COL 18A1 variants could impair the stability of the trabecular outflow pathways including
Schlemm’s canal thereby reducing aqueous outflow and raising IOP which results in more
severe disease at an earlier age compared to a family member with the primary mutation
who does not also carry one of the collagen variants. More work will be necessary to
confirm this hypothesis.

4. TGF BETA SIGNALING
4.1 CDKN2BAS (Cyclin-Dependent Kinase Inhibitor 2B Antisense)

TGF beta signaling is well known to contribute to processes involving the ocular anterior
segment and 10P13 as well as the glaucoma-related neurodegenerative processes involving
the optic nerve.114 Generally, TGF beta inhibits cell cycle progression resulting in terminal
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differentiation or in some situations, apoptosis. In astrocytes, TGF beta signaling is SMAD
dependent and increased TGF beta can lead to an increase in COKNZB which is an inhibitor
of CDK4/6 (cyclin dependent kinase 4 and 6), which are necessary for cell cycle progression
(Fig. 2). Excess CDKNZB inhibits cell cycle progression leading to apoptosis.15
CDKNZBAS is an antisense RNA (also known as ANRIL) that regulates expression of
CDKN2B among other molecules.2®-21 Common variants in the CDKN2BAS region are
associated with POAG overall and in particular the NTG subgroup.50:80.89.90 The minor
allele of the CDKNZBAS variant with most robust association is protective. The role of
CDKNZ2BAS in glaucoma is not yet defined. One hypothesis is that the associated
CDKNZ2BAS allele (minor allele) could result in decreased expression of COKNZB which
would increase activity of CDK4/6 promoting cell cycle progression (Fig. 2). Interestingly,
the opposite allele of the variant associated with glaucoma is associated with glioma (lack of
appropriate reduction in cell cycle progression) which provides some support for this
hypothesis.116 It is also possible that the associated SNPs are in linkage disequilibrium with
other genomic variants within CDKN2BAS or other nearby genes that have a direct role in
disease development.117 Further experimentation is needed to clarify the role of this
important molecule in glaucoma.

4.2 TGFBR3 (TGFbeta Receptor 3)

Recently an association between a SNP near the gene coding for TGFbeta receptor 3
(TGFBR3) was identified for POAG in a mult-ethnic cohort, further supporting a role for
TGFbeta signaling in this disease.8°

5. TUMOR NECROSIS FACTOR-ALPHA SIGNALING
5.1 OPTN (Optineurin), TBK1 (Tank-Binding Kinase 1)

Tumor necrosis factor alpha (TNF-alpha) is a proinflammatory cytokine that may contribute
to retinal ganglion cell death in glaucoma.118.119 TNF-alpha binding to its receptor initiates
a cascade of events that can activate NFkBeta. Under normal conditions OPTN (coding for
optineurin) is a negative regulator of NFkBeta activation.2223 A rare OPTN missense
mutation (E50K) causes familial NTG,86-88 and some OPTN mutations are also known to
cause familial amyotrophic lateral sclerosis.129 Mutant forms of OPTN do not efficiently
inhibit TNF-alpha stimulated NFkBeta transcription which may lead to increased
transcription of proapoptotic genes and cell death.12! Interestingly, a second protein
responsible for familial NTG, TBK1 (Tank-binding kinase 1) interacts with OPTN and this
interaction is enhanced in an optineurin mutant (E50K) suggesting that binding of TBK1 to
mutant OPTN could prevent the protein from inhibiting NFkBeta activation.242> CLYD
(cylindromatosis turban tumor syndrome protein), another negative inhibitor of TNF-alpha
induced NFkB activation has also been shown to interact with Optineurin and the interaction
is also increased by OPTN mutations.23 Together, these results suggest that TNF-alpha
induced NFKB transcription is detrimental to ganglion cells in glaucoma and that loss of
inhibitors normally present to modulate this process (OPTN, CLYD) can result in severe
familial optic nerve disease.
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6. REGULATION OF AUTOPHAGY
6.1 OPTN (Optineurin), TBK1 (Tank-Binding Kinase 1)

7.

In addition to roles in TNF-alpha signaling there is also evidence that OPTN and 7TBK1
regulate autophagy, a process that eliminates accumulation or proteins, organelles and other
cellular debris.122 Autophagy has been observed in glaucoma animal models.123.124 Both
TBKI1and OPTN are capable of regulating autophagy. When OPTN is upregulated or
mutated, autophagy is activated in neuronal cells.26 Phosphorylation of OPTN by TBK1
promotes the recruitment of microtubule-associated protein 1 light chain 3 beta
(MAPILC3B, LC3B) a critical step in the formation of autophagosomes and initiation of
autophagy.2” The OPTN E50K-TBK1 enhanced interaction also promotes protein instability
that can lead to autophagy.12> Using iPSCs derived from patients with TBK1 duplication
increased expression of LC3-11 a key marker of activation of autophagy was observed.126
Data from OPTN and 7BKI experiments suggests that autophagy may be an important
pathway in the development of NTG.

LIPID METABOLISM

7.1 ABCA1 (ATP-Binding Cassette, Subfamily A (ABC1) Member 1)

Recent GWAS have implicated ABCAI (coding for ATP-binding cassette, subfamily A
(ABC1) member 1) in POAG.12.74 Variants in this gene are also associated with I0P in
normal populations.81 The protein encoded by this gene is a major regulator of cellular
cholesterol and phospholipid homeostasis.28:22 ABCAL is expressed in ocular tissues
relevant to glaucoma including iris, ciliary body, retina, optic nerve head, optic nerve, and
trabecular meshwork.12 Previous studies using the DBA/2J mouse glaucoma model
identified Abcal in a cluster of transcripts with varied expression in response to ganglion
cell death.127 ABCAL1 expression has also been reported to be higher in leukocytes from
glaucoma patients.128 A role for lipid metabolism in glaucoma is also supported by the
protective effect of statins in patients with hyperlipidemia.129

8. ENDOTHELIAL NITRIC OXIDE SYNTHETASE SIGNALING AND
CAVEOLAE
8.1 CAV1/CAV2 (Caveolins 1 and 2)

Caveolae are invaginations of the plasma membrane formed primarily by the caveolin
proteins.30 These are especially common in vascular endothelial cells but can be present in
many vertebrate cell types. Common variants near CAVZ, coding for caveolin 1 have been
associated with POAG in populations worldwide.”>~"° While dysregulation of CAVZ has
many downstream effects, one consequence of CAV/Z deficiency is activation of endothelial
nitric oxide synthetase (eNOS) with subsequent increase in nitric oxide (NO).3! NO can
modulate the tone of luminal structures with adjacent smooth muscle including blood
vessels and ocular structures such as Schlemm’s canal and juxtacanalicular trabecular
outflow pathways.130:131 eNOS may play a role in the etiology of glaucoma; it is found in
the human outflow pathway32 and the vasculature supplying retinal ganglion cells,133
which may affect the regulation of 10OP and blood flow to the optic nerve, respectively.
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NOS3 (nitric oxide synthetase 3, coding for eNOS) may interact with estrogen to contribute
to POAG in women.134 Recently, CAV variants were shown to be preferentially associated
with the POAG subgroup with initial paracentral visual field loss, a phenotypic feature more
common in POAG patients with evidence of vascular dysregulation.13% Another potential
role for caveolae and CAVZ in POAG is the formation of “giant vaculoles” noted in
trabecular meshwork cells in the setting of elevated 10P.136

9. FRUCTOSE AND MANNOSE METABOLISM

Two genes (GMDS and PMMZ2) coding for enzymes in the fructose and mannose
metabolism pathway have been associated with POAG. Interestingly, highly penetrant alleles
in both of these genes cause congenital glycosylation disorders3? and both genes code for
enzymes involved in different steps of the overall fructose-mannose metabolism pathway
(KEGG pathway hsa00051). One of the products of this pathway is N-glycans that have a
role in a number of cellular processes including targeting of proteins to lysosomes for
degradation.33

9.1 GMDS (GDP-mannose 4,6 dehydratase)

GMDS has been associated with POAG in a GWAS of Caucasians with European ancestry.12

9.2 PMM2 (Phosphomannomutase)

PMM2 has been associated with POAG in a GWAS of Asians.”

10. REGULATION OF CELL DIVISION

10.1 GAS7

Several genes coding for proteins that can regulate cell division contribute to adult-onset
forms of glaucoma including POAG and NTG.

(Growth Arrest-Specific 7)

GAS7is a member of the growth arrest-specific family of genes expressed in terminally
differentiated tissues.34 This member of the growth arrest-specific gene family is expressed
primarily in terminally differentiated brain cells and mature cerebellar Purkinje neurons but
also in terminally differentiated fibroblasts.3> GAS7 can induce neurite outgrowth in
terminal neurons38 and is also involved in some developmental processes such as osteoblast
cell differentiation from mesenchymal cells.37-38 Common variants near GAS7 were initially
associated with elevated 10P in normal populations’8:83 and subsequently also associated
with POAG.12:50 RT-PCR shows that GAS7 is expressed in trabecular meshwork cells as
well as retina and optic nerve.38 Considering the expression of GAS7 primarily in neurons
and its function in neurite outgrowth a role for the protein in IOP regulation is not clear. As
part of the neurite outgrowth function GAS7 interacts with actin and microfilaments, and it
is possible that this interaction also occurs in trabecular meshwork cells or other cells
involved in aqueous humor dynamics.37
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10.2 TMCOL1 (Transmembrane and Coiled-Coil Domains-1)

Common variants near 7MCO1 on chromosome 124 were initially associated with IOP in
normal populations38 and subsequently with POAG in Caucasians of European ancestry.80
Loss of function mutations cause a recessive condition involving craniofacial dysmorphism,
skeletal anomalies, and mental retardation that has been termed, “TMCO1 syndrome.”138.139
Coding sequence mutations do not appear to contribute to glaucoma, including the pedigrees
affected by TMCO1 syndrome. The protein sequence is very highly conserved across
mammalian species suggesting a critical biological function, and it is expressed in many
human tissues including ocular tissues.3° Using a GFP-TMCO1 fusion protein, the protein
was localized to the ER140 and mitochondria.14! More recently, using
immunohistochemistry 7TMCO1 localized to nucleoli suggesting that the protein could have
arole in aging through cell-cycle regulation.3°

10.3 CDKN2BAS (Cyclin-Dependent Kinase Inhibitor 2B Antisense)

CDKNZBAS codes for a long noncoding antisense RNA that negatively regulates the
expression of CDKNZ2B, coding for an inhibitor of cyclin-dependent kinases 4 and 6
necessary for cell cycle progression.19-21 Common variants in the COKN2BAS genomic
region are strongly associated with POAG and NTG suggesting that cell-cycle regulation is
an important feature of disease development.50:80.89.90 Unlike 7A7CO1 and GAS7which are
asso ciated with 10OP as well as POAG, CDKNZBAS was initially associated with the cup-to-
disc ratio in normal populations® and is more robustly associated with NTG compared with
POAG,30:80.89.90 gggesting that the primary influence is on the optic nerve. The cells
involved are not yet known.

11. REGULATION OF OCULAR DEVELOPMENT

A number of genes responsible for early-onset forms of glaucoma regulate ocular
development. Mutations in these genes cause ocular dysgenesis, primarily of the anterior
segment structures, resulting in elevated 10P and subsequent damage to the optic nerve.
Currently one adult-onset gene, S/X6 associated with POAG, codes for a protein involved in
ocular development.

11.1 FOXC1 (Forkhead Box C1)

FOXCI codes for a member of the family of forkhead domain proteins involved in
developmental processes in many human tissues.242 In the human eye, FOXCI mutations
cause a spectrum of phenotypic abnormalities that includes iris hypoplasia and other features
of anterior segment dysgenesis.®8>7 In addition, some FOXCI mutations appear to cause
hearing loss, and FOXCZ1 may contribute to De Hauwere syndrome characterized by anterior
segment dysgenesis, hypertelorism, retardation, hypotonia, hearing loss, femoral head
anomalies, and hydrocephalus.5859 Disease-causing mutations in FOXCZ include missense
changes in the forkhead domain, nonsense and frameshift mutations, and whole-gene
deletions and duplications.>” Mutations resulting in disease cause a loss of protein function
particularly of the transactivation domain#?41 and are inherited as an autosomal dominant
trait with variable penetrance. FOXCI interacts with P/7.X2 (see later) and P/T.X2 can
negatively regulate FOXCI transactivity.143.144 Moreover, patients who have mutations in
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both genes have more severe disease.14> In additional to hearing defects, patients with
anterior segment dysgenesis caused by FOXCI mutations may also have heart defects.146

11.2 PITX2 (Paired-Like Homeodomain 2)

PITX2is a member of the bicoid class of homeodomain transcription factors that are
necessary for embryonic development.#2:43 p/T.X2 mutations were initially identified as a
cause of classic Rieger syndrome defined by characteristic teeth and umbilical abnormalities
as well as ocular anterior segment dysgenesis.89-62 P/T.X2is also necessary for pituitary
development!#” and P/T.X2 variants have been associated with cardiac abnormalities, in
particular atrial fibrillation.148 £/7.X2 mutations causing Rieger syndrome are loss of
function and are inherited as an autosomal dominant trait with variable penetrance.>’
Deletion of an upstream regulatory region can also cause disease.}49 As noted above, P/TX2
interacts with FOXC1 defining an important pathway for ocular development.143.144
Induction of PITX2expression requires the Wnt/Dvl/beta-catenin pathway that leads to cell-
type-specific proliferation.159 Approximately 50% of patients with ocular dysgenesis caused
by either PITX2or FOXC1 mutations have glaucoma®’ characterized by high 1OP.
Glaucoma is likely caused by abnormal development of the trabecular outflow pathways,
and in particular Schlemm’s canal 151

11.3 PAX6 (Paired Box 6)

PAXG6 plays a critical role in ocular development.** PAX6 loss of function mutations cause
Aniridia, characterized by abnormal development of the iris,2 as well as Peter’s anomaly®4
and dominant forms of corneal keratitis.5> Approximately 50% of patients with ocular
developmental abnormalities due to 2AX6 mutations also are affected by early-onset
glaucoma.53 Interestingly, deletions of the downstream RAX6 regulatory region are
relatively common disease-causing mutations.152 Large deletions that include 24.X6 can also
involve the gene responsible for Wilm’s tumor!®3 and patients with ocular phenotypes
suggestive of Aniridia or other conditions related to 24.X6 defects should have renal
ultrasound screening.

11.4 CYP1B1 (Cytochrome P450, Family 1, Subfamily B, Polypeptide 1)

CYPI1BI1 loss of function mutations are the most common cause of autosomal recessive
congenital glaucoma worldwide.>! Reported CYP1B81 mutations include missense,
frameshift, premature stop codons, small insertion/ deletions, and large deletions.51-53
CYP1BI1 codes for cytochrome P-450 1B1, a member of the large cytochrome P450 family.
P450 1B1 is known to metabolize complex molecules such as polycyclic aromatic
hydrocarbons and 17-B-estradiol.154-156 The role of the protein in congenital glaucoma is
not clear; however, it has been hypothesized that the P-450 1B1 activity is responsible for
metabolism of a compound involved in ocular development.#>46 Recently, CYP1B1
mutations have also been shown to contribute to glaucoma in older children (juvenile-onset).
157-160 Mytations in juvenile-onset children (onset between the ages of 3 and 20) are
primarily missense alleles which may confer some residual enzyme activity (hypomorph
alleles).161 A recent study has found that the carrier frequency of CYP1B1 mutations in two
populations in the United States is higher than expected based on the disease incidence of
congenital glaucoma only. In particular, the frequency of missense alleles was higher than
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expected suggesting that missense mutations may contribute to disease other than congenital
glaucoma and this could be juvenile-onset glaucoma and glaucoma related to ocular
dysgenesis.162

11.5 LTBP2 (Latent TGF-Binding Protein 2)

As noted earlier, LTBPZloss of function mutations can cause a variety of ocular conditions
which result from abnormal development of the ciliary zonules.47:54:55.66-68,103 y 7pp2nul|
mice develop lens abnormalities including lens dislocation, but not primary congenital
glaucoma, suggesting that lens dislocation could underlie the development of glaucoma in
humans with LTBP2 mutations.*’

11.6 SIX6 (SIX Homeobox 6)

SIX6is one member of a human gene family originally identified by homology to the
Drosophila sine oculis (so) gene required for eye development.*® All six members of the
human S/X family have a DNA-binding homeobox domain as well as a SIX domain which
binds effector molecules. The human S/X genes also appear to regulate eye development
through transcriptional activation of downstream genes.*® S/.X6 expression is restricted to
the eye and pituitaryl63 and loss of function mutations in this gene are a cause of isolated
microphthalmia with cataract type 2 (MCOPCT2).6% Common S/X6 variants, including a
common missense mutation, are associated with POAG.50:84 The missense change
His141Asn, has also been associated with retinal nerve fiber layer thickness suggesting that
the associated gene variants increase susceptibility to POAG by limiting the development of
the retinal ganglion cells.264 Using zebrafish and a morpholino knock-down
complementation assay His141Asn and several other missense alleles were found to reduce
the size of the optic nerve providing further support for the hypothesis that S/.X6 risk
variants disrupt the development of the neural retina, leading to a reduced number of retinal
ganglion cells which increases the risk of glaucoma-associated vision loss.165.166

12. CEREBROSPINAL FLUID PRESSURE
12.1 8g22 Regulatory Region

A NTG GWAS identified significant association with common SNPs located in an
evolutionarily conserved genomic region on chromosome 8¢22.%0 This region contains
regulatory sites annotated by ENCODEZ7 as enhancers with highest activity in the choroid
plexus (produces cerebrospinal fluid) and the ocular ciliary body (produces aqueous humor).
Of interest, recent studies have suggested that low cerebral spinal fluid pressure may create a
deleterious gradient across the lamina cribrosa in NTG mimicking a similar gradient induced
by higher IOP in typical high-pressure POAG.168 The genes influenced by the enhancers are
not yet known although SNPs in this region may impact TGF beta signaling.>°

13. SUMMARY

Genetic studies have yielded important genes contributing to both early-onset and adult-
onset forms of glaucoma. The proteins encoded by the current collection of glaucoma genes
participate in a broad range of cellular processes and biological systems. Extracellular
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matrix proteins are especially prevalent among glaucoma genes; however, proteins involved
in cytokine signaling, lipid metabolism, membrane biology, fructose and mannose
metabolism, regulation of cell division, autophagy, and ocular development also contribute
to disease pathogenesis. The genes currently known to contribute to glaucoma account for
only a fraction of the overall disease heritability,169 and GWAS with larger and better
characterized patient cohorts and current next-generation sequencing approaches are needed
for novel gene discovery. Delineating the complete genetic architecture of glaucoma will
make it possible to develop sensitive and specific genebased tests that could identify
individuals at risk for disease before irreversible damage to the optic nerve occurs. The
discovery of disease-related genes will also provide new insights into the underlying
molecular mechanisms responsible for glaucoma, an important step toward achieving novel
gene-based preventative and protective therapies.

REFERENCES

1. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global prevalence of glaucoma and
projections of glaucoma burden through 2040: a systematic review and meta-analysis.
Ophthalmology 2014;121(11):2081-2090. [PubMed: 24974815]

2. Elhawy E, Kamthan G, Dong CQ, Danias J. Pseudoexfoliation syndrome, a systemic disorder with
ocular manifestations. Hum Genomics 2012;6:22. [PubMed: 23157966]

3. Wang R, Wiggs JL. Common and rare genetic risk factors for glaucoma. Cold Spring Harb Perspect
Med 2014;4(12):a017244. [PubMed: 25237143]

4. Zode GS, Bugge KE, Mohan K, et al. Topical ocular sodium 4-phenylbutyrate rescues glaucoma in a
myocilin mouse model of primary open-angle glaucoma. Invest Ophthalmol Vis Sci 2012;53(3):
1557-1565. [PubMed: 22328638]

5. Zode GS, Kuehn MH, Nishimura DY, et al. Reduction of ER stress via a chemical chaperone
prevents disease phenotypes in a mouse model of primary open angle glaucoma. J Clin Invest
2011;121(9):3542-3553. [PubMed: 21821918]

6. Kuchtey J, Kuchtey RW. The microfibril hypothesis of glaucoma: implications for treatment of
elevated intraocular pressure. J Ocul Pharmacol Ther 2014;30(2-3): 170-180. [PubMed: 24521159]

7. Hyytidinen M, Keski-Oja J. Latent TGF-beta binding protein LTBP-2 decreases fibroblast adhesion
to fibronectin. J Cell Biol 2003;163(6):1363-1374. [PubMed: 14691143]

8. Vehvildinen P, Hyytiainen M, Keski-Oja J. Latent transforming growth factor-beta-binding protein 2
is an adhesion protein for melanoma cells. J Biol Chem 2003;278(27):24705-24713. [PubMed:
12716902]

9. Sideek MA, Menz C, Parsi MK, Gibson MA. LTBP-2 competes with tropoelastin for binding to
fibulin-5 and heparin, and is a negative modulator of elastinogenesis. Matrix Biol 2014;34:114-123.
[PubMed: 24148803]

10. Liu X, Zhao Y, Gao J, et al. Elastic fiber homeostasis requires lysyl oxidase-like 1 protein. Nat

Genet 2004;36(2):178-182. [PubMed: 14745449]

11. Cai C, Rajaram M, Zhou X, et al. Activation of multiple cancer pathways and tumor maintenance
function of the 3q amplified oncogene FNDC3B. Cell Cycle 2012;11(9):1773-1781. [PubMed:
22510613]

12. Gharahkhani P, Burdon KP, Fogarty R, et al. Common variants near ABCA1, AFAP1 and GMDS
confer risk of primary open-angle glaucoma. Nat Genet 2014;46(10): 1120-1125. [PubMed:
25173105]

13. Paschoud S, Jond L, Guerrera D, Citi S. PLEKHA7 modulates epithelial tight junction barrier
function. Tissue Barriers 2014;2(1):e28755. [PubMed: 24843844]

14. Vithana EN, Khor CC, Qiao C, et al. Genome-wide association analyses identify three new
susceptibility loci for primary angle closure glaucoma. Nat Genet 2012;44(10):1142-1146.
[PubMed: 22922875]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 12

Richards AJ, McNinch A, Martin H, et al. Stickler syndrome and the vitreous phenotype:
mutations in COL2A1 and COL11A1. Hum Mutat 2010;31(6): E1461-E1471. [PubMed:
20513134]

Ylikarppd R, EKlund L, Sormunen R, et al. Double knockout mice reveal a lack of major functional
compensation between collagens XV and XVIII. Matrix Biol 2003;22(5):443-448. [PubMed:
14614990]

Liton PB, Liu X, Stamer WD, Challa P, Epstein DL, Gonzalez P. Specific targeting of gene
expression to a subset of human trabecular meshwork cells using the chitinase 3-like 1 promoter.
Invest Ophthalmol Vis Sci 2005;46(1):183-190. [PubMed: 15623772]

Hurskainen M, Eklund L, Hagg PO, et al. Abnormal maturation of the retinal vasculature in type
XVIII collagen/endostatin deficient mice and changes in retinal glial cells due to lack of collagen
types XV and XVIII. FASEB J 2005;19(11):1564-1566. [PubMed: 15976268]

Pasmant E, Sabbagh A, Vidaud M, Biéche I. ANRIL, a long, noncoding RNA, is an unexpected
major hotspot in GWAS. FASEB J 2011;25(2):444-448. [PubMed: 20956613]

Jarinova O, Stewart AF, Roberts R, et al. Functional analysis of the chromosome 9p21.3 coronary
artery disease risk locus. Arterioscler Thromb Vasc Biol 2009;29(10): 1671-1677. [PubMed:
19592466]

Harismendy O, Notani D, Song X, et al. 9p21 DNA variants associated with coronary artery
disease impair interferon-y signalling response. Nature 2011;470(7333): 264-268. [PubMed:
21307941]

Sudhakar C, Nagabhushana A, Jain N, Swarup G. NF-kappaB mediates tumor necrosis factor
alpha-induced expression of optineurin, a negative regulator of NF-kappaB. PLoS One
2009;4(4):e5114. [PubMed: 19340308]

Nagabhushana A, Bansal M, Swarup G. Optineurin is required for CYLD-dependent inhibition of
TNFa-induced NF-xB activation. PLoS One 2011;6(3):e17477. [PubMed: 21408173]

Morton S, Hesson L, Peggie M, Cohen P. Enhanced binding of TBK1 by an optineurin mutant that
causes a familial form of primary open angle glaucoma. FEBS Lett 2008;582(6):997-1002.
[PubMed: 18307994]

Fingert JH, Robin AL, Stone JL, et al. Copy number variations on chromosome 12q14 in patients
with normal tension glaucoma. Hum Mol Genet 2011;20(12):2482-2494. [PubMed: 21447600]

Shen X, Ying H, Qiu Y, et al. Processing of optineurin in neuronal cells. J Biol Chem 2011;286(5):
3618-3629. [PubMed: 21059646]

Galluzzi L, Kepp O, Kroemer G. Autophagy and innate immunity ally against bacterial invasion.
EMBO J 2011;30(16):3213-3214. [PubMed: 21785408]

Van Eck M ATP-binding cassette transporter Al: key player in cardiovascular and metabolic
disease at local and systemic level. Curr Opin Lipidol 2014;25(4):297-303. [PubMed: 24992457]

Oram JF, Lawn RM. ABCAL. The gatekeeper for eliminating excess tissue cholesterol. J Lipid Res
2001;42(8):1173-1179. [PubMed: 11483617]

Shvets E, Ludwig A, Nichols BJ. News from the caves: update on the structure and function of
caveolae. Curr Opin Cell Biol 2014;29:99-106. [PubMed: 24908346]

Trane AE, Pavlov D, Sharma A, et al. Deciphering the binding of caveolin-1 to client protein
endothelial nitric-oxide synthase (eNOS): scaffolding subdomain identification, interaction
modeling, and biological significance. J Biol Chem 2014;289(19): 13273-13283. 10.1074/
jbc.M113.528695. [PubMed: 24648521]

Barone R, Fiumara A, Jaeken J. Congenital disorders of glycosylation with emphasis on cerebellar
involvement. Semin Neurol 2014;34(3):357-366. [PubMed: 25192513]

Freeze HH. Genetic disorders of glycan degration. In: Varki A, Cummings RD, Esko JD, Freeze
HH, Stanley P, Bertozzi CR, Hart GW, Etzler ME, eds. Essentials of Glycobiology 2nd ed. Cold
Spring Harbor (NY): Cold Spring Harbor Laboratory Press; 2009 [Chapter 41].

Schneider C, King RM, Philipson L. Genes specifically expressed at growth arrest of mammalian
cells. Cell 1988;54(6):787-793. [PubMed: 3409319]

Ju YT, Chang AC, She BR, et al. gas7: a gene expressed preferentially in growtharrested
fibroblasts and terminally differentiated Purkinje neurons affects neurite formation. Proc Natl
Acad Sci U S A 1998;95(19):11423-11428. [PubMed: 9736752]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13

You JJ, Lin-Chao S. Gas7 functions with N-WASP to regulate the neurite outgrowth of
hippocampal neurons. J Biol Chem 2010;285(15):11652-11666. [PubMed: 20150425]

Chao CC, Hung FC, Chao JJ. Gas7 is required for mesenchymal stem cell-derived bone
development. Stem Cells Int 2013;2013:137010. [PubMed: 23840221]

Hung FC, Cheng YC, Sun NK, Chao CC. Identification and functional characterization of
zebrafish Gas7 gene in early development. J Neurosci Res 2013;91(1):51-61. [PubMed:
23086717]

Sharma S, Burdon KP, Chidlow G, et al. Association of genetic variants in the TMCO1 gene with
clinical parameters related to glaucoma and characterization of the protein in the eye. Invest
Ophthalmol Vis Sci 2012;53(8):4917-4925. [PubMed: 22714896]

Saleem RA, Banerjee-Basu S, Murphy TC, Baxevanis A, Walter MA. Essential structural and
functional determinants within the forkhead domain of FOXC1. Nucleic Acids Res 2004;32(14):
4182-4193. [PubMed: 15299087]

Murphy TC, Saleem RA, Footz T, Ritch R, McGillivray B, Walter MA. The wing 2 region of the
FOXC1 forkhead domain is necessary for normal DNA-binding and transactivation functions.
Invest Ophthalmol Vis Sci 2004;45(8):2531-2538. [PubMed: 15277473]

Ephrussi A, Johnston D St. Seeing is believing: the bicoid morphogen gradient matures. Cell
2004;116(2):143-152. [PubMed: 14744427]

Gage PJ, Camper SA. Pituitary homeobox 2, a novel member of the bicoid-related family of
homeobox genes, is a potential regulator of anterior structure formation. Hum Mol Genet
1997;6(3):457-464. [PubMed: 9147650]

Nishina S, Kohsaka S, Yamaguchi Y, et al. PAX6 expression in the developing human eye. Br J
Ophthalmol 1999;83(6):723-727. [PubMed: 10340984]

Tsuchiya Y, Nakajima M, Yokoi T. Cytochrome P450-mediated metabolism of estro-gens and its
regulation in human. Cancer Lett 2005;227:115-124. [PubMed: 16112414]

Choudhary D, Jansson I, Schenkman JB. CYP1B1, a developmental gene with a poten-tial role in
glaucoma therapy. Xenobiotica 2009;39(8):606-615. [PubMed: 19622003]

Inoue T, Ohbayashi T, Fujikawa Y, et al. Latent TGF- binding protein-2 is essential for the
development of ciliary zonule microfibrils. Hum Mol Genet 2014;23(21):5672-5682. [PubMed:
24908666]

Jusiak B, Karandikar UC, Kwak SJ, et al. Regulation of Drosophila eye development by the
transcription factor Sine oculis. PLoS One 2014;9(2):e89695. [PubMed: 24586968]

Anderson AM, Weasner BM, Weasner BP, Kumar JP. Dual transcriptional activities of SIX proteins
define their roles in normal and ectopic eye development. Development 2012;139(5):991-1000.
[PubMed: 22318629]

Wiggs JL, Yaspan BL, Hauser MA, et al. Common variants at 9p21 and 8922 are associated with
increased susceptibility to optic nerve degeneration in glaucoma. PLoS Genet
2012;8(4):1002654. [PubMed: 22570617]

Li N, Zhou Y, Du L, Wei M, Chen X. Overview of Cytochrome P450 1B1 gene mutations in
patients with primary congenital glaucoma. Exp Eye Res 2011;93(5): 572-579. [PubMed:
21854771]

Bejjani BA, Lewis RA, Tomey KF, et al. Mutations in CYP1B1, the gene for cytochrome P4501B1,
are the predominant cause of primary congenital glaucoma in Saudi Arabia. Am J Hum Genet
1998;62(2):325-333. [PubMed: 9463332]

Stoilov I, Akarsu AN, Alozie |, et al. Sequence analysis and homology modeling suggest that
primary congenital glaucoma on 2p21 results from mutations disrupting either the hinge region or
the conserved core structures of cytochrome P4501B1. Am J Hum Genet 1998;62(3):573-584.
[PubMed: 9497261]

Ali M, McKibbin M, Booth A, et al. Null mutations in LTBP2 cause primary congenital glaucoma.
Am J Hum Genet 2009;84(5):664-671. [PubMed: 19361779]

Narooie-Nejad M, Paylakhi SH, Shojaee S, et al. Loss of function mutations in the gene encoding

latent transforming growth factor beta binding protein 2, LTBP2, cause primary congenital
glaucoma. Hum Mol Genet 2009;18(20):3969-3977. [PubMed: 19656777]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Page 14

Hjalt TA, Semina EV. Current molecular understanding of Axenfeld-Rieger syndrome. Expert Rev
Mol Med 2005;7(25):1-17.

Reis LM, Tyler RC, Volkmann Kloss BA, et al. PITX2 and FOXC1 spectrum of mutations in
ocular syndromes. Eur J Hum Genet 2012;20(12):1224-1233. [PubMed: 22569110]

D’haene B, Meire F, Claerhout I, et al. Expanding the spectrum of FOXC1 and PITX2 mutations
and copy humber changes in patients with anterior segment malformations. Invest Ophthalmol Vis
Sci 2011;52(1):324-333. [PubMed: 20881294]

Lowry RB, Gould DB, Walter MA, Savage PR. Absence of PITX2, BARX1, and FOXC1
mutations in De Hauwere syndrome (Axenfeld-Rieger anomaly, hydrocephaly, hearing loss): a 25-
year follow up. Am J Med Genet A 2007;143A(11):1227-1230. [PubMed: 17486624]

Semina EV, Reiter R, Leysens NJ, et al. Cloning and characterization of a novel bicoid-related
homeobox transcription factor gene, RIEG, involved in Rieger syndrome. Nat Genet 1996;14(4):
392-399. [PubMed: 8944018]

Alward WL, Semina EV, Kalenak JW, et al. Autosomal dominant iris hypoplasia is caused by a
mutation in the Rieger syndrome (RIEG/PITX2) gene. Am J Ophthalmol 1998;125(1):98-100.
[PubMed: 9437321]

Kulak SC, Kozlowski K, Semina EV, Pearce WG, Walter MA. Mutation in the RIEG1 gene in
patients with iridogoniodysgenesis syndrome. Hum Mol Genet 1998;7(7): 1113-1117. [PubMed:
9618168]

Lee HJ, Colby KA. A review of the clinical and genetic aspects of aniridia. Semin Ophthalmol
2013;28(5-6):306—-312. [PubMed: 24138039]

Prosser J, van Heyningen V. PAX6 mutations reviewed. Hum Mutat 1998;11(2): 93-108. [PubMed:
9482572]

Sale MM, Craig JE, Charlesworth JC, et al. Broad phenotypic variability in a single pedigree with
a novel 1410delC mutation in the PST domain of the PAX6 gene. Hum Mutat 2002;20(4):322.
Désir J, Sznajer Y, Depasse F, et al. LTBP2 null mutations in an autosomal recessive ocular
syndrome with megalocornea, spherophakia, and secondary glaucoma. Eur J Hum Genet
2010;18(7):761-767. [PubMed: 20179738]

Kumar A, Duvvari MR, Prabhakaran VVC, Shetty JS, Murthy GJ, Blanton SH. A homozygous
mutation in LTBP2 causes isolated microspherophakia. Hum Genet 2010;128(4):365-371.
[PubMed: 20617341]

Haji-Seyed-Javadi R, Jelodari-Mamaghani S, Paylakhi SH, et al. LTBP2 mutations cause Weill-
Marchesani and Weill-Marchesani-like syndrome and affect disruptions in the extracellular matrix.
Hum Mutat 2012;33(8):1182-1187. [PubMed: 22539340]

Aldahmesh MA, Khan AO, Hijazi H, Alkuraya FS. Homozygous truncation of SIX6 causes
complex microphthalmia in humans. Clin Genet 2013;84(2):198-199. [PubMed: 23167593]

Donegan RK, Hill SE, Freeman DM, et al. Structural basis for misfolding in myocilinassociated
glaucoma. Hum Mol Genet 2014;24(8):2111-2124. [PubMed: 25524706]

Allen KF, Gaier E, Wiggs JL. Genetics of primary inherited disorders of the optic nerve: clinical
implications. Cold Spring Harb Perspect Med 2015; [In press].

Hogewind BF, Mukhopadhyay A, Theelen T, Hollander Al, Hoyng CB. Variable clinical spectrum
of the myocilin GIn368X mutation in a Dutch family with primary open angle glaucoma. Curr Eye
Res 2010;35(1):31-36. [PubMed: 20021252]

Wiggs JL, Howell GR, Linkroum K, et al. Variations in COL15A1 and COL18AL1 influence age of
onset of primary open angle glaucoma. Clin Genet 2013;84(2): 167-174. [PubMed: 23621901]
Chen Y, Lin Y, Vithana EN, et al. Common variants near ABCA1 and in PMM2 are associated
with primary open-angle glaucoma. Nat Genet 2014;46(10):1115-1119. [PubMed: 25173107]
Thorleifsson G, Walters GB, Hewitt AW, et al. Common variants near CAV1 and CAV2 are
associated with primary open-angle glaucoma. Nat Genet 2010;42(10): 906-909. [PubMed:
20835238]

Wiggs JL, Kang JH, Yaspan BL, et al. Common variants near CAV1 and CAV?2 are associated with
primary open-angle glaucoma in Caucasians from the USA. Hum Mol Genet 2011;20(23):4707-
4713. [PubMed: 21873608]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

Page 15

Kato T, Meguro A, Nomura E, et al. Association study of genetic variants on chromosome 7931
with susceptibility to normal tension glaucoma in a Japanese population. Eye (Lond) 2013;27(8):
979-983. [PubMed: 23743525]

Ozel AB, Moroi SE, Reed DM, et al. Genome-wide association study and metaanalysis of
intraocular pressure. Hum Genet 2014;133(1):41-57. [PubMed: 24002674]

Chen F, Klein AP, Klein BE, et al. Exome array analysis identifies CAV1/CAV?2 as a susceptibility
locus for intraocular pressure. Invest Ophthalmol Vis Sci 2014;56(1): 544-551. [PubMed:
25525164]

Burdon KP, Macgregor S, Hewitt AW, et al. Genome-wide association study identifies
susceptibility loci for open angle glaucoma at TMCO1 and CDKN2B-AS1. Nat Genet 2011;43(6):
574-578. [PubMed: 21532571]

Hysi PG, Cheng CY, Springelkamp H, et al. Genome-wide analysis of multi-ancestry cohorts
identifies new loci influencing intraocular pressure and susceptibility to glaucoma. Nat Genet
2014;46(10):1126-1130. [PubMed: 25173106]

LuY, Vitart V, Burdon KP, et al. Genome-wide association analyses identify multiple loci
associated with central corneal thickness and keratoconus. Nat Genet 2013;45(2): 155-163.
[PubMed: 23291589]

van Koolwijk LM, Ramdas WD, Ikram MK, et al. Common genetic determinants of intraocular
pressure and primary open-angle glaucoma. PLoS Genet 2012;8(5): e1002611. [PubMed:
22570627]

Ramdas WD, van Koolwijk LM, Ikram MK, et al. A genome-wide association study of optic disc
parameters. PLoS Genet 2010;6(6):e1000978. [PubMed: 20548946]

Li Z, Allingham RR, Nakano M. A common variant near TGFBR3 is associated with primary open
angle glaucoma. Hum Mol Genet 2015 4;10 pii: ddv128. [Epub ahead of print].

Rezaie T, Child A, Hitchings R, et al. Adult-onset primary open-angle glaucoma caused by
mutations in optineurin. Science 2002;295(5557):1077-1079. [PubMed: 11834836]

Aung T, Rezaie T, Okada K, et al. Clinical features and course of patients with glaucoma with the
E50K mutation in the optineurin gene. Invest Ophthalmol Vis Sci 2005;46(8):2816-2822.
[PubMed: 16043855]

Hauser MA, Sena DF, Flor J, et al. Distribution of optineurin sequence variations in an ethnically
diverse population of low-tension glaucoma patients from the United States. J Glaucoma
2006;15(5):358-363. [PubMed: 16988596]

Pasquale LR, Loomis SJ, Kang JH, et al. CDKN2B-AS1 genotype-glaucoma feature correlations in
primary open-angle glaucoma patients from the United States. Am J Ophthalmol 2013;155(2):
342-353.e5. [PubMed: 23111177]

Burdon KP, Crawford A, Casson RJ, et al. Glaucoma risk alleles at CDKN2B-AS1 are associated
with lower intraocular pressure, normal-tension glaucoma, and advanced glaucoma.
Ophthalmology 2012;119(8):1539-1545. [PubMed: 22521085]

Thorleifsson G, Magnusson KP, Sulem P, et al. Common sequence variants in the LOXL1 gene
confer susceptibility to exfoliation glaucoma. Science 2007;317(5843): 1397-1400. [PubMed:
17690259]

Kwartler CS, Chen J, Thakur D, et al. Overexpression of smooth muscle myosin heavy chain leads
to activation of the unfolded protein response and autophagic turnover of thick filament-associated
proteins in vascular smooth muscle cells. J Biol Chem 2014;289(20):14075-14088. [PubMed:
24711452]

Schrdder M, Kaufman RJ. The mammalian unfolded protein response. Annu Rev Biochem
2005;74:739-789. [PubMed: 15952902]

Torres M, Matamala JM, Duran-Aniotz C, Cornejo VH, Foley A, Hetz C. ER stress signaling and
neurodegeneration: at the intersection between Alzheimer’s disease and prion-related disorders.
Virus Res 2014 pii: S0168-1702(14)00523-1. [EPub ahead of print].

Papazachariou L, Demosthenous P, Pieri M, et al. Frequency of COL4A3/COL4A4 mutations
amongst families segregating glomerular microscopic hematuria and evidence for activation of the
unfolded protein response. Focal and segmental glomerulosclerosis is a frequent development
during ageing. PL0S One 2014;9(12):e115015. [PubMed: 25514610]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

96.

97.

98.

99.

Page 16

Zhang SX, Ma JH, Bhatta M, Fliesler SJ, Wang JJ. The unfolded protein response in retinal
vascular diseases: implications and therapeutic potential beyond protein folding. Prog Retin Eye
Res 2015;45:111-131. [PubMed: 25529848]

Wiggs JL, Vollrath D. Molecular and clinical evaluation of a patient hemizygous for TIGR/MYOC.
Arch Ophthalmol 2001;119(11):1674-1678. [PubMed: 11709019]

Kim BS, Savinova OV, Reedy MV, et al. Targeted disruption of the Myocilin gene (Myoc) suggests
that human glaucoma-causing mutations are gain of function. Mol Cell Biol 2001;21(22):7707-
7713. [PubMed: 11604506]

Pang CP, Leung YF, Fan B, et al. TIGR/MYOC gene sequence alterations in individuals with and
without primary open-angle glaucoma. Invest Ophthalmol Vis Sci 2002;43(10):3231-3235.
[PubMed: 12356829]

100. Zhou Z, Vollrath D. A cellular assay distinguishes normal and mutant TIGR/myocilin protein.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Hum Mol Genet 1999;8(12):2221-2228. [PubMed: 10545602]

Lee B, Rhead W, Diaz GA, et al. Phase 2 comparison of a novel ammonia scavenging agent with
sodium phenylbutyrate in patients with urea cycle disorders: safety, pharmacokinetics and
ammonia control. Mol Genet Metab 2010;100(3):221-228. [PubMed: 20382058]

Chatterjee A, Villarreal G Jr, Rhee DJ. Matricellular proteins in the trabecular meshwork: review
and update. J Ocul Pharmacol Ther 2014;30(6):447-463. [PubMed: 24901502]

Khan AO, Aldahmesh MA, Alkuraya FS. Congenital megalocornea with zonular weakness and
childhood lens-related secondary glaucoma—a distinct phenotype caused by recessive LTBP2
mutations. Mol Vis 2011;17:2570-2579 [Epub 2011 Oct 4]. [PubMed: 22025892]

Hirani R, Hanssen E, Gibson MA. LTBP-2 specifically interacts with the aminoterminal region of
fibrillin-1 and competes with LTBP-1 for binding to this microfibrillar protein. Matrix Biol
2007;26(4):213-223. [PubMed: 17293099]

Ritch R Perspective on exfoliation syndrome. J Glaucoma 2001;10(5 Suppl 1): S33-S35.
[PubMed: 11890270]

Fan BJ, Pasquale LR, Rhee D, Li T, Haines JL, Wiggs JL. LOXL1 promoter haplotypes are
associated with exfoliation syndrome in a U.S. Caucasian population. Invest Ophthalmol Vis Sci
2011;52(5):2372-2378. [PubMed: 21212179]

Kim S, Kim Y. Variations in LOXL1 associated with exfoliation glaucoma do not affect amine
oxidase activity. Mol Vis 2012;18:265-270. [PubMed: 22328822]

Wiggs JL, Pasquale LR. Expression and regulation of LOXL1 and elastin-related genes in eyes
with exfoliation syndrome. J Glaucoma 2014;23(8 Suppl 1):S62-S63. [PubMed: 25275910]

Wiggs JL, Pawlyk B, Connolly E, et al. Disruption of the blood-aqueous barrier and lens
abnormalities in mice lacking lysyl oxidase-like 1 (LOXL1). Invest Ophthalmol Vis Sci
2014,55(2):856-864. [PubMed: 24425853]

Fuchshofer R, Tamm ER. The role of TGF- in the pathogenesis of primary open-angle
glaucoma. Cell Tissue Res 2012;347(1):279-290. [PubMed: 22101332]

McDowell CM, Tebow HE, Wordinger RJ, Clark AF. Smad3 is necessary for transforming growth
factor-beta2 induced ocular hypertension in mice. Exp Eye Res 2013;116:419-423. [PubMed:
24184030]

Junglas B, Kuespert S, Seleem AA, et al. Connective tissue growth factor causes glaucoma by
modifying the actin cytoskeleton of the trabecular meshwork. Am J Pathol 2012;180(6):2386—
2403. [PubMed: 22542845]

Wordinger RJ, Sharma T, Clark AF. The role of TGF-p2 and bone morphogenetic proteins in the
trabecular meshwork and glaucoma. J Ocul Pharmacol Ther 2014;30(2-3):154-162. [PubMed:
24517218]

114. Lukas TJ, Miao H, Chen L, et al. Susceptibility to glaucoma: differential comparison of the

astrocyte transcriptome from glaucomatous African American and Caucasian American donors.
Genome Biol 2008;9(7):R111. [PubMed: 18613964]

115. Greene LA, Liu DX, Troy CM, Biswas SC. Cell cycle molecules define a pathway required for

neuron death in development and disease. Biochim Biophys Acta 2007;1772(4):392-401.
[PubMed: 17229557]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Page 17

Rajaraman P, Melin BS, Wang Z, et al. Genome-wide association study of glioma and meta-
analysis. Hum Genet 2012;131(12):1877-1888. [PubMed: 22886559]

Ng SK, Casson RJ, Burdon KP, Craig JE. Chromosome 9p21 primary open-angle glaucoma
susceptibility locus: a review. Clin Experiment Ophthalmol 2014;42(1):25-32. [PubMed:
24112133]

Kang JH, Wiggs JL, Pasquale LR. A nested case control study of plasma ICAM-1, E-selectin and
TNF receptor 2 levels, and incident primary open-angle glaucoma. Invest Ophthalmol Vis Sci
2013;54(3):1797-1804. [PubMed: 23412091]

Roh M, Zhang Y, Murakami Y, et al. Etanercept, a widely used inhibitor of tumor necrosis factor-
a (TNF-a), prevents retinal ganglion cell loss in a rat model of glaucoma. PL0oS One
2012;7(7):e40065. [PubMed: 22802951]

Iguchi Y, Katsuno M, Ikenaka K, Ishigaki S, Sobue G. Amyotrophic lateral sclerosis: an update
on recent genetic insights. J Neurol 2013;260(11):2917-2927. [PubMed: 24085347]

Ying H, Yue BY. Cellular and molecular biology of optineurin. Int Rev Cell Mol Biol
2012;294:223-258. [PubMed: 22364875]

Yang Z, Klionsky DJ. Mammalian autophagy: core molecular machinery and signaling regulation.
Curr Opin Cell Biol 2010;22(2):124-131. [PubMed: 20034776]

Piras A, Gianetto D, Conte D, Bosone A, Vercelli A. Activation of autophagy in a rat model of
retinal ischemia following high intraocular pressure. PLoS One 2011;6(7): e22514. [PubMed:
21799881]

Park HY, Kim JH, Park CK. Activation of autophagy induces retinal ganglion cell death in a
chronic hypertensive glaucoma model. Cell Death Dis 2012;3:290. [PubMed: 22476098]
Minegishi Y, lejima D, Kobayashi H, et al. Enhanced optineurin ES0K-TBK1 interaction evokes
protein insolubility and initiates familial primary open-angle glaucoma. Hum Mol Genet
2013;22(17):3559-3567. [PubMed: 23669351]

Tucker BA, Solivan-Timpe F, Roos BR, et al. Duplication of TBK1 stimulates autophagy in iPSC-
derived retinal cells from a patient with normal tension glaucoma. J Stem Cell Res Ther
2014;3(5):161. [PubMed: 24883232]

Howell GR, Macalinao DG, Sousa GL, et al. Molecular clustering identifies complement and
endothelin induction as early events in a mouse model of glaucoma. J Clin Invest 2011;121(4):
1429-1444. [PubMed: 21383504]

Yeghiazaryan K, Flammer J, Wunderlich K, Schild HH, Orgul S, Golubnitschaja O. An enhanced
expression of ABC 1 transporter in circulating leukocytes as a potential molecular marker for the
diagnostics of glaucoma. Amino Acids 2005;28(2):207-211. [PubMed: 15723241]

Stein JD, Newman-Casey PA, Talwar N, Nan B, Richards JE, Musch DC. The relationship
between statin use and open-angle glaucoma. Ophthalmology 2012;119(10): 2074-2081.
[PubMed: 22727176]

Cavet ME, Vittitow JL, Impagnatiello F, Ongini E, Bastia E. Nitric oxide (NO): an emerging
target for the treatment of glaucoma. Invest Ophthalmol Vis Sci 2014;55(8):5005-5015.
[PubMed: 25125670]

Dismuke WM, Liang J, Overby DR, Stamer WD. Concentration-related effects of nitric oxide and
endothelin-1 on human trabecular meshwork cell contractility. Exp Eye Res 2014;120:28-35.
[PubMed: 24374036]

Perkumas KM, Stamer WD. Protein markers and differentiation in culture for Schlemm?’s canal
endothelial cells. Exp Eye Res 2012;96(1):82-87. [PubMed: 22210126]

Toda N, Nakanishi-Toda M. Nitric oxide: ocular blood flow, glaucoma, and diabetic retinopathy.
Prog Retin Eye Res 2007;26(3):205-238. [PubMed: 17337232]

Kang JH, Wiggs JL, Haines J, Abdrabou W, Pasquale LR. Reproductive factors and NOS3 variant
interactions in primary open-angle glaucoma. Mol Vis 2011;17: 2544-2551. [PubMed:
22025889]

Loomis SJ, Kang JH, Weinreb RN, et al. Association of CAV1/CAV2 genomic variants with
primary open-angle glaucoma overall and by gender and pattern of visual field loss.
Ophthalmology 2014;121(2):508-516. [PubMed: 24572674]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

Page 18

136. Vargas-Pinto R, Lai J, Gong H, Ethier CR, Johnson M. Finite element analysis of the pressure-

induced deformation of Schlemm’s canal endothelial cells. Biomech Model Mechanobiol 2014
[EPub ahead of print].

137. Gotoh A, Hidaka M, Hirose K, Uchida T. Gas7b (growth arrest specific protein 7b) regulates

neuronal cell morphology by enhancing microtubule and actin filament assembly. J Biol Chem
2013;288(48):34699-34706. [PubMed: 24151073]

138. Alanay Y, Erglner B, Utine E, et al. TMCOL deficiency causes autosomal recessive

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

cerebrofaciothoracic dysplasia. Am J Med Genet A 2014;164A(2):291-304. [PubMed:
24194475]

Pehlivan D, Karaca E, Aydin H, et al. Whole-exome sequencing links TMCO1 defect syndrome
with cerebro-facio-thoracic dysplasia. Eur J Hum Genet 2014;22(9): 1145-1148. [PubMed:
24424126]

lwamuro S, Saeki M, Kato S. Multi-ubiquitination of a nascent membrane protein produced in a
rabbit reticulocyte lysate. J Biochem 1999;126:48-53. [PubMed: 10393320]

Zhang Z, Mo D, Cong P, et al. Molecular cloning, expression patterns and subcellular localization
of porcine TMCOL1 gene. Mol Biol Rep 2010;37(3):1611-1618. 10.1007/s11033-009-9573-8
[Epub 2009 May 16]. [PubMed: 19449125]

Jackson BC, Carpenter C, Nebert DW, Vasiliou V. Update of human and mouse forkhead box
(FOX) gene families. Hum Genomics 2010;4(5):345-352. [PubMed: 20650821]

Acharya M, Huang L, Fleisch VVC, Allison WT, Walter MA. A complex regulatory network of
transcription factors critical for ocular development and disease. Hum Mol Genet 2011;20(8):
1610-1624. [PubMed: 21282189]

Berry FB, Lines MA, Oas JM, et al. Functional interactions between FOXC1 and PITX2 underlie
the sensitivity to FOXC1 gene dose in Axenfeld-Rieger syndrome and anterior segment
dysgenesis. Hum Mol Genet 2006;15(6):905-919. [PubMed: 16449236]

Kelberman D, Islam L, Holder SE, et al. Digenic inheritance of mutations in FOXC1 and PITX2:
correlating transcription factor function and Axenfeld-Rieger disease severity. Hum Mutat
2011;32(10):1144-1152. 10.1002/humu.21550 [Epub 2011 Sep 8]. [PubMed: 21837767]

Du RF, Huang H, Fan LL, Li XP, Xia K, Xiang R. A novel mutation of FOXC1 (R127L) in an
Axenfeld-Rieger syndrome family with glaucoma and multiple congenital heart diseases.
Ophthalmic Genet 2014;10:1-5.

Drouin J, Lamolet B, Lamonerie T, Lancto™t C, Tremblay JJ. The PTX family of homeodomain
transcription factors during pituitary developments. Mol Cell Endocrinol 1998;140(1-2):31-36.
[PubMed: 9722165]

Wang J, Bai Y, Li N, et al. Pitx2-microRNA pathway that delimits sinoatrial node development
and inhibits predisposition to atrial fibrillation. Proc Natl Acad Sci USA 2014;111(25):9181—
9186. [PubMed: 24927531]

Volkmann BA, Zinkevich NS, Mustonen A, et al. Potential novel mechanism for Axenfeld-Rieger
syndrome: deletion of a distant region containing regulatory elements of PITX2. Invest
Ophthalmol Vis Sci 2011;52(3):1450-1459. [PubMed: 20881290]

Kioussi C, Briata P, Baek SH, et al. Identification of a Wnt/Dvl/beta-Catenin — >Pitx2 pathway
mediating cell-type-specific proliferation during development. Cell 2002;111(5):673-685.
[PubMed: 12464179]

Smith RS, Zabaleta A, Kume T, et al. Haploinsufficiency of the transcription factors FOXC1 and
FOXC2 results in aberrant ocular development. Hum Mol Genet 2000;9(7):1021-1032.
[PubMed: 10767326]

Crolla JA, van Heyningen V. Frequent chromosome aberrations revealed by molecular cytogenetic
studies in patients with aniridia. Am J Hum Genet 2002;71(5):1138-1149. [PubMed: 12386836]

153. van Heyningen V, Hoovers JM, de Kraker J, Crolla JA. Raised risk of Wilms tumour in patients

with aniridia and submicroscopic WT1 deletion. J Med Genet 2007;44(12): 787-790. [PubMed:
17630404]

154. Sowers MR, Wilson AL, Kardia SR, Chu J, McConnell DS. CYP1A1 and CYP1B1

polymorphisms and their association with estradiol and estrogen metabolites in women who are

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggs

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Page 19

premenopausal and perimenopausal. Am J Med 2006;119(9 Suppl 1):S44-S51. [PubMed:
16949388]

Choudhary D, Jansson I, Stoilov I, Sarfarazi M, Schenkman JB. Metabolism of retinoids and
arachidonic acid by human and mouse cytochrome P450 1b1. Drug Metab Dispos 2004;32(8):
840-847. [PubMed: 15258110]

Pasquale LR, Loomis SJ, Weinreb RN, et al. Estrogen pathway polymorphisms in relation to
primary open angle glaucoma: an analysis accounting for gender from the United States. Mol Vis
2013;19:1471-1481. [PubMed: 23869166]

Lopez-Garrido MP, Medina-Trillo C, Morales-Fernandez L, et al. Null CYP1B1 genotypes in
primary congenital and nondominant juvenile glaucoma. Ophthalmology 2013;120(4):716-723.
[PubMed: 23218183]

Su CC, Liu YF, Li SY, Yang JJ, Yen YC. Mutations in the CYP1B1 gene may contribute to
juvenile-onset open-angle glaucoma. Eye (Lond) 2012;26(10):1369-1377. [PubMed: 22878448]
Abu-Amero KK, Morales J, Aljasim LA, Edward DP. CYP1B1 mutations are a major contributor
to juvenile-onset open angle glaucoma in Saudi Arabia. Ophthalmic Genet 2013 [Epub ahead of
print].

Khan AO, Al-Abdi L, Mohamed JY, Aldahmesh MA, Alkuraya FS. Familial juvenile glaucoma
with underlying homozygous p.G61E CYP1B1 mutations. J AAPOS 2011;15(2):198-209.
[PubMed: 21596299]

Lépez-Garrido MP, Blanco-Marchite C, Sdnchez-Sanchez F, et al. Functional analysis of CYP1B1
mutations and association of heterozygous hypomorphic alleles with primary open-angle
glaucoma. Clin Genet 2010;77(1):70-78. [PubMed: 19793111]

Wiggs JL, Langguth A, Allen KF. Carrier frequency of CYP1B1 mutations in the United States.
Trans Am Ophthalmol Soc 2014;112:94-102. [PubMed: 25646030]

Gallardo ME, Lopez-Rios J, Fernaud-Espinosa I, et al. Genomic cloning and characterization of
the human homeobox gene SIX6 reveals a cluster of SIX genes in chromosome 14 and associates
SIX6 hemizygosity with bilateral anophthalmia and pituitary anomalies. Genomics 1999;61(1):
82-91. [PubMed: 10512683]

Cheng C, Allingham RR, Aung T, et al. Association of common SIX6 polymorphisms with
peripapillary retinal nerve fiber layer thickness: the Singapore Chinese eye study. Invest
Ophthalmol Vis Sci 2014;56:478-483. [PubMed: 25537207]

Carnes MU, Liu YP, Allingham RR, et al. Discovery and functional annotation of SIX6 variants
in primary open-angle glaucoma. PLoS Genet 2014;10(5):€1004372. [PubMed: 24875647]
Iglesias Al, Springelkamp H, van der Linde H, et al. Exome sequencing and functional analyses
suggest that SIX6 is a gene involved in an altered proliferation-differentiation balance early in
life and optic nerve degeneration at old age. Hum Mol Genet 2014;23(5):1320-1332. [PubMed:
24150847]

Thurman RE, Rynes E, Humbert R, et al. The accessible chromatin landscape of the human
genome. Nature 2012;489(7414):75-82. [PubMed: 22955617]

Jonas JB, Wang N. Cerebrospinal fluid pressure and glaucoma. J Ophthalmic Vis Res 2013;8(3):
257-263. [PubMed: 24349669]

Ramdas WD, van Koolwijk LM, Cree AJ, et al. Clinical implications of old and new genes for
open-angle glaucoma. Ophthalmology 2011;118(12):2389-2397. [PubMed: 21872936]

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2019 July 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wiggs

Effect size

High

Low

Figurel.

Page 20

|
MYOC I—)POAG :
— I
OPTN | LOXL1
TBK1 —>NTG | T
FOXC1 Ant. : Exfoliation
PITX2 |>Seg. 1
PAX6 b
CYP1B1 |
LTBP2 —>Cong. :
———————————— —i—--—————-.———————
! CDKN2BAS
, TMCO1
1| PLEKHA7 SIX6
'| coL11A1 |l CAV1/CAV2
. 1 ABCA1
: Angle Closure AFAP1
, FNDC3B
| GAS7
|| COKN2BAS || GMDS
| 8q22 PMM2
| TGFBR3
| v
: NTG
I
I
Rare Common
Frequency

—POAG

Frequency and effect size of gene variants in glaucoma. Mutations in genes causing early-
onset Mendelian forms of glaucoma are rare but have large biological effects (M YOC,
OPTN, TBK1, FOXCI1, PITXZ2, PAX6, CYP1B1, L TBPI). Variants in genes influencing the
susceptibility to adult-onset forms of glaucoma with complex inheritance are generally
relatively common and individually have small biological effects (COKNZ2BAS, TMCOI,
SIX6, CAV1/CAVZ2, ABCA1, AFAPI, FNDC3B, GAS7, PLEKHA7, GMDS, PMM?Z,
TGFBR3, COL11A1, 8g22). COL15A1and COL18A1, modifiers of early-onset glaucoma,
have intermediate frequency and effect size (not shown in this figure). Variants in LOXL1

contributing to exfoliation syndrome are common but also have large biological effects.
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Figure 2.
CDKNZBAS and cell cycle progression. CDKN2BAS (Cyclin dependent kinase inhibitor 2B

antisense) is a long noncoding antisense RNA that regulates expression of COKNZB (cyclin
dependent kinase inhibitor 2B), coding for an inhibitor of CDK4 (cyclin-dependent kinase 4)
necessary for cell cycle progression.19-21
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Biological Processor System Gene Protein Key References

Endoplasmic reticulum stress, unfolded protein myoc Myaocilin 4,5

response

Extracellular matrix, cell junctions, and cell adhesion LTBP2 Latent TGF-binding protein 2 6-9
LOXLI Lysyl oxidase like 1 10
FNDC3B Fibronectin type 111 domain containing 3B 11
AFAPI Actin filament-associated protein 1 12
PLEKHA7 Pleckstrin homology domain-containing protein 7 13
COL11A1 Collagen type XI, alphal 14,15
COL15A1 Collagen type XV, alphal 16-18
COL18A1 Collagen XVIII, alphal 16-18

TGF beta signaling CDKNZBAS  Cyclin-dependent kinase inhibitor 2B antisense 19-21
TGFBR3 TGFbeta receptor 3

TNF-alpha signaling OPTN Optineurin 22,23
TBK1 Tank-binding kinase 1 24,25

Regulation of autophagy OPTN Optineurin 26
TBK1 Tank-binding kinase 1 27

Lipid metabolism ABCA1 ATP-binding cassette, subfamily A (ABC1) 28,29

member 1

eNOS signaling and Caveolae CAVI/CAVZ2 Caveolins 1 and 2 30,31

Fructose and Mannose Metabolism GMDS GDP-mannose 4.6 dehydratase 32,33
PMM2 Phosphomannomutase

Regulation of cell division GAS7 Growth arrest-specific 7 34-38
TMCO1 Transmembrane and coiled-coil domains-1 39
CDKNZBAS Cyclin-dependent kinase inhibitor 2B antisense 19-21

Regulation of ocular development FOXC1 Forkhead box C1 40,41
PITX2 Paired-like homeodomain 2 42,43
PAX6 Paired box 6 44
CYP1B1 Cytochrome P450, family 1, subfamily B, 45,46

polypeptide 1

LTBPZ Latent TGF-binding protein 2 47
SIX6 SIX homeobox 6 48,49

Cerebrospinal fluid pressure 8q22 NA 50
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Table 2
Glaucoma Genes and Diseases
Disease Gene Protein Key References
Congenital glaucoma CYPI1B1 Cytochrome P450, family 1, subfamily B, polypeptide 1 ~ 51-53
LTBP2 Latent TGF-binding protein 2 54,55
Anterior segment dysgenesis, Rieger syndrome ~ FOXC1 Forkhead box C1 56-59
PITX2 Paired-like homeodomain 2 60-62
Aniridia PAX6 Paired box 6 63-65
Microsperophakia, Weill Marchasani LTBP2 Latent TGF-binding protein 2 66-68
Microphthalmia and cataract SIX6 SIX homeobox 6 69
Juvenile-onset primary open-angle glaucoma myoc Myocilin 5,70-72
COL15A1 Collagen type XV, alphal 73
COL18A1 Collagen XVIII, alphal 73
Adult-onset primary open-angle glaucoma ABCA1 ATP-binding cassette, subfamily A (ABC1) member 1 12,74
AFAPI Actin filament-associated protein 1 12
CAVI/CAVZ2 Caveolins 1 and 2 75-79
CDKNZBAS  Cyclin-dependent kinase inhibitor 2B antisense 80
FNDC3B Fibronectin type 111 domain containing 3B 81,82
GAS7 Growth arrest-specific 7 78,83
GMDS GDP-mannose 4,6 dehydratase 12
PMM?2 Phosphomannomutase 74
SIX6 SIX homeobox 6 50,84
TGFBR3 TGFbeta receptor 3 85
TMCO1 Transmembrane and coiled-coil domains-1 80
Familial normal-tension glaucoma OPTN Optineurin 86-88
TBK1 Tank-binding kinase 1 25
Adult-onset normal-tension glaucoma 8q22 NA 50
CDKNZBAS  Cyclin-dependent kinase inhibitor 2B antisense 50,89,90
Angle-closure glaucoma COL11A1 Collagen type XI, alphal 14
PLEKHA7 Pleckstrin homology domain-containing protein 7 14
Exfoliation syndrome LOXL1 Lysyl oxidase like 1 91
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