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Abstract : Glaucoma belongs to a group of diseases that share a common clinical
phenotype characterized primarily by progressive degeneration of the optic nerve.
It is the second major cause of irreversible blindness in the world that affects 67
million people worldwide. There are three major types of glaucoma; Primary Open
Angle Glaucoma (POAG), Primary Congenital Glaucoma (PCG) and Primary
Acute Closed Angle Glaucoma (PACG); and ten loci have been identified for their
inherited forms. Mutations in four genes – Myocilin, Optineurin, WDR36 and
CYP1B1 have been implicated in the pathogenesis of glaucoma. However, the
specific phenotype of glaucoma in an individual is determined by other associated
genes as well as certain risk factors. Precise clinical documentation and
classification of this disease is essential for its proper diagnosis, management and
for understanding its etiology at the molecular level.
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Introduction :
Glaucoma represents a heterogeneous group of optic neuropathies

with complex genetic basis. It is a disease of optic nerve in which nerve
fibers are usually affected, but not always, by abnormally high intraocular
pressure (IOP). The elevated IOP associated with glaucoma is on account
of increased resistance to the outflow of aqueous humor from the eye. The
loss of vision in all forms of glaucoma is due to gradual death of ganglion
cells in neural retina (Shields et al. 1996). According to Quigley (1996),
67 million people are affected worldwide. In India, about 1.5 million people
are believed to be blind due to it (Balasubramanian 2002). It is estimated
that 2-4% of the individuals over the age of 40 will develop glaucoma during
their lifetime, and most of the people having glaucoma are unaware about
it.
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The glaucomas can be broadly divided into two major categories,
primary and secondary, on the basis of etiology. The primary glaucomas can
be further classified into different categories based on anatomy of the
anterior chamber (Open angle, Closed angle), or age of onset (congenital,
juvenile onset, adult onset) (Sarfarazi 1997). The secondary glaucomas
includes various syndromes and ocular conditions e.g., neovascular
glaucoma, pseudoexfoilation glaucoma, iridocorneal endothelial syndrome,
reiger syndrome, iridogoniodysgenesis, pigment dispersion syndrome, nail-
patella syndrome, etc. Some of these ocular conditions arise from a
generalized developmental anomaly of the anterior segment and are known
as developmental glaucoma. However, more precise classification of
glaucoma needs to be done taking into account various etiological and other
contributing risk factors, including genetic.

At present, seven loci for primary open angle glaucoma (POAG) and
three loci for primary congenital glaucoma (PCG) have been identified.
These loci include three genes; Myocilin (MYOC), Optineurin (OPTN), and
WDR36 for POAG and one gene, Cytochrome P4501B1 (CYP1B1), for
PCG (Table 1). The human genome organization (HUGO) (http://
www.gene.ucl.ac.uk/hugo) has designed “GLC” symbol for primary
glaucoma genes. The numbers 1, 2 and 3 are placed after GLC to represent
open angle, angle closure and congenital glaucoma, respectively. Each newly
mapped gene is given a letter, which is assigned in alphabetic order e.g.,
GLC1A is the first locus and GLC1G is the seventh locus to be described
for POAG.

Primary Open Angle Glaucoma (POAG)
Primary open angle glaucoma (POAG) (OMIM 137760) is the most

common type of glaucoma, affecting about 37 million people (Goldberg
2000). It affects 1-2% of all individuals over the age of 40 years and 8-
10% in the above 65 age group (Leske et al. 1999). The prevalence of POAG
in African descendents is three to four times higher than in Caucasian and
Asians (Mason et al. 1989, Wilson & Martone 1996, Racette et al. 2003).
The painless progression of this disease leads to late diagnosis, when
irreversible and appreciable loss of field of vision has already occurred.
POAG shows strong evidence of a complex trait. It usually shows polygenic
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inheritance and is associated with variable severity of phenotype with IOP
ranging from 10 to 70 mmHg and incomplete penetrance (Quigley 1993,
Shields et al. 1996). POAG has been divided into two groups on the basis
of age of onset: juvenile onset open angle glaucoma (JOAG) and adult onset
chronic open angle glaucoma (COAG), but with overlapping clinical
presentations and differences in severity and IOP values (Shields et al. 1996).
The clinical diagnosis of both groups is based on visual field loss,
glaucomatous change of optic nerve and optic nerve damage. JOAG has
onset before the age of 35, with significantly higher IOPs (40-50 mmHg)
that usually do not respond to any treatment and therefore need multiple
surgical interventions (Ellis 1948, Goldwin et al. 1970, Johnson et al. 1993).
Normal Tension Glaucoma (NTG) is another important subtype of POAG
in which typical glaucomatous cupping of optic nerve head and visual field
loss are present, but IOPs are consistently within the statistically normal
population range (= 20mmHg). POAG has complex inheritance pattern as
it does not follow classical Mendalian autosomal recessive or dominant
inheritance in some cases. Sarfarazi (1997) has reported autosomal dominant
inheritance with incomplete penetrance for POAG. Wiggs et al. (1998)
suggested that adult onset POAG is inherited as non-Mendalian trait while
juvenile onset POAG exhibits autosomal dominant inheritance. Yoon et al.
(1999) has reported autosomal recessive mode of inheritance for JOAG.

Mutation in three genes; myocilin, optineurin, WDR36 have been
identified for POAG. Mutations in myocilin have been reported to cause
JOAG and also COAG in 2-5% of cases in various population based studies
(Stone et al. 1997, Alward et al. 2002). Mutations in optineurin are
responsible for mild to moderate form of late onset normal tension glaucoma
(Rezaie et al. 2002). In a recent study by Monemi et al. (2005), mutations
in WDR36 have been reported to be responsible for mild to moderate form
of open angle glaucoma. WDR36 is a novel gene with 23 exons, which
encodes for 951 amino acids and a protein with multiple G-beta WD40
repeats. It is expressed in lens, iris, sclera, ciliary muscles, ciliary body,
trabecular meshwork, retina and optic nerve. However, its role in the
pathogenesis of glaucoma has not been fully characterized.
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Primary Open Angle Glaucoma Genes
MYOC-GLC1A

In 1993, the first locus for JOAG was mapped to chromosome
1q24.3 as GLC1A locus. The trabecular meshwork-inducible glucocorticoid
response gene (TIGR), also known as Myocilin (OMIM 601652) was the
first of the ‘GLC 1’ disease genes to be associated with glaucoma (Sheffield
et al. 1993). This gene was characterized initially as a glucocorticosteriod
induced gene (TIGR) in trabecular meshwork (TM) (Polansky et al. 1997,
Nguyen et al. 1998) and later as a gene expressed in retinal photoreceptors
i.e., Myocilin (MYOC) (Kubota et al. 1997). The MYOC gene located at
1q24.3 spans about 17 kb, contains three exons and encodes for 504 amino
acid long polypeptide. Polansky et al. (1997) reported that myocilin
expression is increased in trabecular meshwork in glaucoma patients, which
might be responsible for outflow obstruction in glaucoma. The over-
expression could be due to environmental stimuli or genetic susceptibility.

More than 60 myocilin mutations and few benign polymorphisms
have been reported to be associated with 2-5% of all POAG cases in various
populations (Table 3). The majority of these mutations are observed in the
third exon of MYOC gene that encodes the olfactomedin-like domain of
the protein (Torrado et al. 2002). MYOC mutations cause glaucoma through
gain of functions in myocilin. The deleterious affect of MYOC mutations
seems to result from synthesis of a normal and mutant MYOC, which allows
demerization of normal and mutant subunits (Wiggs & Vollrath 2001).

Most of the mutations exist in specific racial groups and no single
mutation is shared by all major human populations. Fingert et al. (1999)
and Gong et al. (2004) reported that frequency of MYOC mutations is
almost similar in the major populations i.e., 3.86% in Caucasian probands
with POAG (including normal tension glaucoma), 3.30% in African
descendants, and 4.44% in Asian probands. The most common mutation
(1.65%), Gln368Stop, was present exclusively in European descendents with
one exception in an African American individual (Fingert et al. 1999). The
second most common mutation, Arg46Stop (0.99%), was present only in
Asians. Many mutations have been reported only in specific regions e.g.,
Gln48His mutation in India (Mukhopadhyay et al. 2002) and Cys433Arg
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mutation in Brazil (Vasconcellos et al. 2000). Few mutations in MYOC have
been reported in varying frequencies among different populations e.g.,
Gly252Arg, Gly367Arg and Pro370Leu mutations among Asians and
Caucasians; and Thr293Lys, Thr377Met and Glu352Lys amongst African
and Caucasian populations (Table 3).

Various glaucoma phenotypes are associated not only with different
loci of open angle glaucoma but also with different MYOC mutation e.g.,
Pro370leu mutation is associated with a more aggressive and an earlier onset
form of glaucoma while the relatively common mutation Gln368stop is
associated with a milder, later onset form of POAG (Stone et al. 1997,
Alward et al. 1998, Shimizu et al. 2000, Alward et al. 2002). Certain other
mutations e.g., Tyr437His and Ile477Asn are associated with more
aggressive forms of glaucoma that may be resistant to medical treatment
and need surgical interventions (Alward et al. 2002).

The penetrance of MYOC mutations appears to be age dependent
and many probands with these show incomplete penetrance at the age of
30, with highest penetrance 88% being for Thr377Met and lowest (0%),
for Gln368 Stop mutation. The MYOC mutations associated with early onset
JOAG are highly penetrant, with 90 % of the individuals showing evidence
of disease by 40 years (Wiggs et al. 1998, Vasconcellos et al. 2003). Craig
et al. (2001) has suggested the influence of other susceptibility gene and
environmental factors in the pathogenesis of glaucoma. Yoon et al. (1999)
reported Arg46Stop mutation in homozygous state in POAG patient,
suggesting autosomal recessive inheritance. However, Pang et al. (2002)
reported a case of 77 years old woman homozygous for the Arg46Stop
mutation who had no POAG, while a heterozygote had POAG. These
findings suggests that POAG is a complex trait and various factors such as
age-related  gene expression, accumulation of environmental exposure  with
age , gene by gene and gene by environmental interaction may be necessary
for the expression of disease phenotype (Gong et al. 2004).

POAG has been associated with number of polymorphisms e.g., p53
polymorphism (Arg72Pro) (Lin et al. 2002), apolipoprotein E (allele E)
(Copin et al. 2002), OPA1 (Aung et al. 2002), - 1000G?C (MYOC.mt.1)
(Colomb et al. 2001), -153T?C (Suzuki et al. 2000). Two SNP’s (-83G?A
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and Arg76Lys) have been reported to be in linkage disequilibrium in the
Asian populations (Lam et al. 2000, Mabuchi et al. 2001, Mukhopadhyay
et al. 2002). These SNP’s were not in linkage disequilibrium in non-Asian
populations e.g., Caucasians, African-American, Australian, Canadian
(Alward et al. 1998; Fingert et al. 1999). Some studies have shown
association of increased IOP levels and progression of optic neuropathy in
POAG patients with MYOC.mt.1 SNP in the promoter region of the MYOC
(Colomb et al. 2001, Polansky et al. 2003). However, Alward et al. (2002)
did not observe any association of MYOC.mt.1 with POAG patients.

OPTN -GLC1E
The GLC1E was identified by linkage analysis in large family with

adult onset normal tension glaucoma (NTG) on chromosome 10p14
(Sarfarazi et al. 1998). Rezaie et al. (2002) observed that optineurin (OPTN)
(OMIM 602432) was the second gene implicated in the pathogenesis of
glaucoma. This gene spans ~ 37 kb region and contains 3 non coding exons
and 13 coding exons which codes for a conserved 574 amino acid protein.
Optineurin is expressed in ocular tissues like trabecular meshwork, non-
pigmented ciliary epithelium and retina (Rezaie et al. 2002) as well as in
non-ocular tissues such as brain, heart, skeletal muscles, placenta and liver
(Li et al.1998). OPTN is also identified as tumor necrosis factor-alpha (TNF-
á) inducible protein (FIP-2) (Li et al.1998) and NEMO-related protein (NRP)
(Schwamborn et al. 2000). Sarfarazi & Rezaie (2003) observed that
optineurin plays a neuroprotective role and the mutant form of optineurin
in glaucoma patients may provide inadequate neuroprotection that may lead
to late onset presentation of optic neuropathy.

Mutations in optineurin gene are responsible for 16.7% of hereditary
forms of normal-tension glaucoma in Caucasians (Rezaie et al. 2002). The
most common OPTN mutation, Gln50Lys was identified in 13.5% of
families, mostly with normal tension glaucoma. Another mutation, Met98Lys
was identified in 13.6% of familial and sporadic cases of POAG as
compared to 2.1% of controls, making it a considerable risk associated
genetic factor for glaucoma (Rezaie et al. 2002). Such prevalence rates could
potentially make the Gln50Lys and Met98Lys variants more frequent than
the most common Gln368Stop MYOC mutation found in 1.6% of unrelated
POAG patients. However, subsequent studies reported that Met98Lys
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mutation was not associated with POAG in patients of North American
origin (Wiggs et al. 2003) and normal tension patients of Germany
(Weisschuh et al. 2005). Such prevalence differences may be due to
recruitment strategies, presence/absence of disease history, ethnicity
differences, small sample size or could be population-specific (Alward et
al. 2003, Aung et al. 2003,  Tang et al. 2003, Wiggs et al. 2003, Baird et
al. 2004). Leung et al. (2003) observed new putative mutations and
polymorphisms in the OPTN gene in China and suggested a different
mutation pattern of OPTN in Asians individuals than Caucasians. However,
Tang et al. (2003) found no mutations but some polymorphisms in OPTN
in the Japanese population in POAG patients.

It is not known how mutations functions to produce clinical
representation of glaucoma in the patients. Iwata et al. (2003) have reported
that Glu50Lys mutation abolishes normal interaction of OPTN with RAB8
protein, which is involved in protein endocytosis and exocytosis. They
further observed that another mutation in exon 6 (691-692 ins AG) shifted
the open reading frame and truncated the normal protein by 76%. The
truncated protein affected the normal interaction of optineurin with RAB8,
TFIIIA, and HYPL protein. Another mutation Arg545Gln mutation in exon
16 that is located close to the C2H2 zinc finger motif in OPTN molecule
molecule has been reported to interfere with the normal function of
optineurin (Rezaie et al. 2002).

Other POAG Loci
The second POAG locus, GLC1B, was mapped, on chromosome

2cen-q13 (Stoilova et al. 1996). Most individuals with the GLC1B gene have
late onset and low to moderate tension glaucoma. Mutations in the GLC1B
gene may render the optic nerve abnormally sensitive to IOP or facilitate
optic nerve damage independent of IOP. Wirtz et al. (1997) and Kitsos et
al. (2001) observed that GLC1C, located on chromosome 3q21-24 was
characterized by high pressure and late onset glaucoma with moderate
response to medication. The glaucoma associated with GLC1D, mapped to
8p23 also resembled high-pressure adult onset POAG (Trifan et al. 1998).
GLC1F, the sixth locus for POAG, maped to 7q35-36, was associated with
moderate glaucoma with IOP ranging from 22 to 38 mm Hg (Wirtz et al.
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1999). Monemi et al. (2005) has identified a new adult-onset primary open-
angle glaucoma locus (GLC1G) on 5q22.1. In addition to these loci various
studies have identified potential regions containing glaucoma susceptibility
genes on chromosome 1, 2, 6, 9, 11, 14, 17 and 19 (Wiggs et al. 2000,
Nemesure et al. 2003). Wiggs et al. (2004) have also reported 2 novel loci
for early-onset open angle glaucoma, one on chromosome 9q22 (JOAG2)
and the other on chromosome 20p12 (JOAG3).

Developmental Glaucoma
The developmental glaucomas also result from complex genetic

interactions with the environment. A number of ocular conditions e.g.,
Reiger syndrome, iridogoniodysgenesis, pigment dispersion syndrome, nail-
patella syndrome, etc. arise from a generalized developmental anomaly of
the anterior segment, which leads to glaucoma (Table 2). During the third
trimester of gestation, a developmental arrest of tissues derived from the
neural crest cells leads to the ocular abnormalities in this group of disorders
(Shields et al. 1985). These conditions show variable expression with high
degree of penetrance (Sarfarazi 1997). Each of the involved genes can give
rise to multiple phenotypes, depending on the individual in which they are
expressed, e.g., mutations in one gene, such as PITX2 can give rise to
Axenfeld anomaly, Rieger syndrome or Peter’s anomaly within the same
family (Honkanen et al. 2003).

Primary Congenital Glaucoma (PCG)
Primary congenital glaucoma has onset in neonatal or infantile

period, and is manifested by symptoms of increased intraocular pressure and
corneal edema. These conditions can lead to excessive tearing, photophobia
and an enlargement of the globe, clinically known as bupthalmos. The
incidence of PCG varies across ethnic communities and geographical
boundaries e.g., 1:10,000 in western countries (Francois 1980), 1:2500 in
Middle East (Jaffar 1988) and 1:1250 in Romany population of Slovakia
(Gencik et al. 1982). In India, the prevalence is 1:3300 in the State of Andhra
Pradesh and accounts for 4.2% of all childhood blindness (Dandona et al.
2001). In familial cases, PCG is inherited in autosomal recessive manner.
However, Gencik et al. (1980; 1982) and Bejjani et al. (2000) question
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autosomal recessive mode of inheritance due to observation of factors like
incomplete penetrance, sex bias, etc. Stoilov et al. (1997) has documented
autosomal dominant inheritance in some families.

Genetic linkage studies have revealed that PCG is a genetically
heterogeneous disease and three loci have been identified. GLC3A (OMIM
231300) located at 2p21 (Sarfarazi et al. 1995), GLC3B on 1p36 (OMIM
600975) (Akarsu et al. 1996) and GLC3C on chromosome 14q24.3 (Stoilov
& Sarfarazi 2002b) (Table 1). Stoilov et al. (1998) identified the first gene,
CYP1B1 (Cytochrome P4501B1), located at 2p21 that was directly
implicated in the pathogenesis of PCG. CYP1B1 (OMIM 601771) is a
dioxin inducible member of cytochrome P4501 gene family of drug-
metabolizing enzymes. It participates in the metabolism of regulatory
molecules such as xenobiotics as well as endogenous substrates and
compounds that are important for the proper development and functioning
of the anterior chamber of the eye (Nebert 1991). The CYP1B1 genomic
region spans >12 kb and has 3 exons. Exon 1 represents untranslated regions
while exon 2 and 3 encode for a protein of 543 amino acids.

More than 65 mutations and few polymorphisms have been reported
to be associated with 80% of the PCG cases in populations of different ethnic
backgrounds (Table 4). These include single-base nucleotide substitutions
(transitions and transversions), insertions, duplications, and deletions. Few
mutations that have been observed in the normal population are currently
considered to be DNA polymorphisms. Many of the missense mutations
affect elements of the conserved core structures that are shared by all P450
enzymes (Stoilov et al. 1998, Lewis et al. 2003). Therefore, these mutations
are expected to interfere with the basic cytochrome properties such as
folding, substrate recognition, heme-binding, and interaction with its redox-
partner (Sarfarazi et al. 2003). CYP1B1 mutations have been observed more
frequently in cases with positive familial history, or parental consanguinity.
In familial cases, the frequency of CYP1B1 mutations has been reported to
vary from 100% in Slovakian Gypsies (Plasilova et al. 1999) to 50% in
Brazil (Stoilov et al. 2002a). Among spordiac cases, the frequency of
CYP1B1 mutations varied from 40% in Brazil (Stoilov et al. 2002a) to 20%
in Japan (Mashima et al. 2001). CYP1B1 mutations have been observed in
only 12.5% of the individuals with unilateral disease (Stoilov et al. 2002a).
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Reddy et al. (2004) reported the frequency of CYP1B1 mutations in Indian
population as 37.5%, which is lower than that reported for Saudi Arabian
(95%) (Bejjani et al. 1998), or Slovakian Gypsy (100%) populations
(Plasilova et al. 1999). This could be due to high consanguinity and allelic
homogeneity in Saudi Arabian and Slovakian Gypsy populations
respectively (Bejjani et al. 1998, Plasilova et al. 1999) and the genetic
heterogeneity and ethnic diversity of Indian populations (Reddy et al. 2004).
Mutation in CYP1B1 has also been reported to be associated with Peter’s
anomaly (Vincent et al. 2001). Vincent et al. (2002) have reported digenic
inheritance of CYP1B1 and MYOC mutations, which resulted in more
severe glaucoma phenotype e.g., Gly299Val mutation in MYOC gene in
combination with a CYP1B1 mutation (Arg368His) resulted in early onset
glaucoma (23-38 years). Chakrabarti et al. (2005) have reported Gln48His
(MYOC) mutation in combination with Pro437leu (CYP1B1) and
Arg368His (CYP1B1) mutation resulting in POAG and PCG phenotypes
respectively. They opined that juvenile and congenital glaucoma are allelic
variants and proposed that CYP1B1 may act as a modifier for expression
of the Myocilin gene and that these two genes might act through a common
biochemical pathway.

Primary Acute Closed Angle Glaucoma (PACG)
In PACG, the iris is pushed against the lens, closing off the drainage

angle resulting in immediate rise in the pressure. Population studies indicate
that it is common among Chinese (Congdon et al. 1992) and Greenland
Eskimos (Alsbrik, 1982) and is frequent in middle aged females than males.
Nanophthalmos, an uncommon developmental ocular disorder characterized
by short axial length and high hyperopia, is associated with angle closure
glaucoma. Othman et al. (1998) localized the first nanophthalmos locus
(NNO1) on chromosome 11 in a large autosomal dominant family with 12
members affected with angle closure glaucoma. In a recent study in China
by Aung et al. (2005), mutations in MYOC gene were observed in PACG
cases. They reported few changes in MYOC gene, which included
Arg46Stop and Thr353Ile mutations that have already reported in individuals
with POAG. However, all the sequence alterations identified were also found
in normal Chinese subjects, ruling out the role of MYOC mutations in the
pathogenesis of chronic PACG patients.
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Conclusions
Glaucoma is genetically heterogeneous and is among the leading

causes of blindness. Different types and subtypes of it are recognised by
ophthalmologists but there is great discrepancy when its existing phenotypic
classification is compared with the actual molecular defects. Mutations in
some genes result in wide clinical spectrum of disease ranging from
congenital glaucoma to juvenile glaucoma with severe early-onset to typical
late-onset glaucoma with slow manifestation. There is need to localize,
identify, and characterize more glaucoma causing genes. It would have
considerable importance for the proper classification of glaucoma
particularly for its subdivision into subtypes. Furthermore, the establishment
of genotype–phenotype correlation would lead to clearer understanding of
the mechanisms involved in the causation of glaucoma and ultimately to
better treatment regimens. This would also enable its widespread screening,
especially in the affected families and detection of the non-symptomatic
carriers of the disease. Early intervention in these ‘at risk’ cases would help
in the prevention of damage to the eye.
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