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Gene-Finding Strategy in Glaucoma
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Abstract

Glaucoma is a group of complex eye disorders characterized by increased intraocular pressure, optic nerve damage, and ultimately,
optic nerve cupping, ending in irreversible blindness. The age of onset and the anatomy of the anterior chamber indicate that
glaucoma consists of the categories of primary open-angle glaucoma, primary congenital glaucoma, and primary angle closure
glaucoma. To date, many loci have shown to be associated with different types of glaucoma; however, the underlying cause of the
disease remains ambiguous. Two main approaches exist to find new loci and genes associated with the disease: linkage analysis,
which is applicable for large pedigrees with multiple affected and healthy individuals, and a genome-wide association study for
large cohorts of sporadic cases. Careful patient selection is the first step in these kinds of genetic research. All subjects selected
should be examined to identify the known gene mutations for the specific type of glaucoma. Subjects with no mutations in known
genes are possible subjects of a genome-wide association study or linkage analysis.
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1. Glaucoma

Glaucoma consists of a set of eye disorders character-
ized by increased intraocular pressure (IOP), optic nerve
damage and ultimately, optic nerve cupping. Without
early and effective treatment, glaucoma causes irreversible
blindness (1-3). It is the second leading cause of blindness
globally. Recent estimations put the number of glaucoma
victims at about 70 million globally, with a 10% rate of
blindness (4). Glaucoma is a complex disease with hetero-
geneous symptoms and an unidentified etiology (5). Glau-
coma can be classified based on etiology (primary or sec-
ondary), the anatomy of the anterior chamber (open or
closed angle), and age of onset (newborn, youth, or adult).
The three main categories are primary open angle glau-
coma (POAG), primary congenital glaucoma (PCG), and pri-
mary angle closure glaucoma (PACG). Another group with
normal IOP, normal tension glaucoma (NTG), has been con-
sidered (1, 6).

There are many established risk factors for glaucoma,
including high IOP, optic nerve cupping, age, race, fam-
ily history, thin central corneal thickness (CCT), myopia,
smoking, hypothyroidism, systolic hypertension, and dia-
betes (6-10). The role of ethnicity and family history in the
development of glaucoma and its inheritability suggests
the contribution of genetic factors to this disease (5). Inves-

tigations have revealed the role of multiple loci in the es-
tablishment of glaucoma (2); however, the genetic basis for
glaucoma has not been determined with certainty. Some
individuals are affected by only one mutation and others
by two or more mutations on different genes and show dif-
ferences in the mode of inheritance (5). Finding out the in-
dividual endophenotypes alongside the genetic structure
of the disease could be an important strategy for determin-
ing the etiology of glaucoma (5).

2. Genetics of Glaucoma

Glaucoma is a heterogeneous group of diseases with
different patterns of symptoms and genetic bases. In first-
degree relatives of individuals affected by glaucoma, the
risk of developing the disease is much greater. The etiology
of glaucoma is unknown; thus, there are no direct clues
to find the genetic basis of the disease. The role of envi-
ronmental factors in glaucoma, the phenotypes of those
affected, the diversity of effective treatment approaches in
patients, and the diversity of family histories add to the
complexity of the disease. The detection of several loci for
glaucoma, different Mendelian inheritance patterns, and
incomplete penetrance of the disease are also the other fac-
tors that add to the complexity of glaucoma. As in other re-
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ports on digenic inheritance in complex diseases, this has
been reported in glaucoma. Each class of glaucoma has
been identified using different causative genes and genetic
patterns.

3. Primary Open Angle Glaucoma

POAG (OMIM 137760) is the major form of glaucoma (3).
It currently affects more than 70 million people worldwide
(11), estimated to affect about 111.8 million by 2040 (10).
POAG is classified as juvenile open-angle glaucoma (JOAG),
with an onset primarily in young adults above three years
of age and adult-onset POAG, with an onset of over 40 years
of age (12). The disease also can be divided into two types
according to the IOP: high-tension glaucoma (HTG) and
normal-tension glaucoma (NTG) (13).

Although glaucoma is characterized as complex, in
most cases, POAG is inherited through the autosomal dom-
inant mode of inheritance, which suggests the involve-
ment of single-gene mutations in the pathogenesis of the
disease (8, 10, 14). Linkage analysis (LA) and association
studies of large families have mapped several susceptible
loci for POAG (GLC1A-P) (14-16). Among these, only three
genes are known to contribute to POAG: MYOC (myocilin at
GLC1A; OMIM 601652) (17), OPTN (optineurin at GLC1E and
OMIM 602432) (18), and WDR36 (WD repeat domain 36 at
GLC1G; OMIM 609669) (19), causing less than 10% of the dis-
ease (20).

The mechanism of myocilin function in relation to the
disease is unclear. Disease-associated mutations of the
MYOC gene are primarily responsible for JOAG and early
onset of the adult form of the disease. These patients suf-
fer from high IOP. Besides high IOP, family history is consid-
ered a risk factor for POAG, with a relative risk of 9.2 in pop-
ulations with positive family histories (21). Finding out the
relative risk could be very valuable in predicting the status
of the disease in a population.

Any approach to detect early signs of glaucoma is cru-
cial to prevent irreversible damage by the disease. There
is evidence that the disease-causing mutation of the MYOC
gene causes misfolding of the MYOC protein, which leads
to the accumulation of the protein in the intracellular en-
vironment. The transportation of the protein faces many
obstacles (20).

Another gene proposed for POAG is WDR36. It is be-
lieved to be associated/or the causative agent of the disease
in many studies (13), but conflicts exist about the role of
this gene in the pathogenesis of POAG. It recently has been
suggested that WDR36, although is a susceptibility factor
for POAG, is not primarily responsible for it.

In a study of families with NTG, the association of the
OPTN gene with POAG was discovered. It has been sug-

gested in some studies that this gene is involved in nerve
protection and mutations that cause a disorder in the pro-
tein produced by this gene are involved in optic nerve dam-
age in glaucoma (22). Mutations in OPTN are responsible
for less than 1.5% of all types of glaucoma; however, the
role of OPTN mutation in the development of POAG re-
quires further investigation. The TBK1 (TANK-binding ki-
nase 1) (23), NTF4 (neurotrophin-4) (24, 25) and GSTM1 (glu-
tathione S-transferase mu 1) (26, 27) genes are involved in
the pathogenesis of POAG but have not been studied in
many populations.

Mutations in all of these genes account for less than
10% of the POAG patients in several populations (15, 26). A
study in Iran found that 17.4% of the JOAG patients carried
heterozygote MYOC mutations (28), but these mutations
were found in less than 1% of the POAG patients in south-
eastern Iran (data not published). The role of MYOC mu-
tations in PCG has observed only in a few studies (23, 24,
29) in association with genes such as common variants of
the CAV1/CAV2 gene region (20, 30), CDKN2BAS, TMCO1, and
SIX1/SIX6 genes (30).

4. Primary Congenital Glaucoma

Primary congenital glaucoma (OMIM 231300; infantile
glaucoma) is a rare form of glaucoma that affects children
under three years of age (31-33), mostly in the autosomal re-
cessive mode of inheritance in familial cases (30). The dis-
ease has been observed as being sporadic in many cases.
PCG is a developmental disorder of the trabecular mesh-
work and anterior chamber angle, which draws back the
aqueous outflow and creates a significant increase in in-
traocular pressure at birth and early childhood. Other
symptoms of the disease are enlargement of the eyeball
(buphthalmos), edema of the cornea, enlarged diameter of
the cornea (megalocornea), opacification, fracture of the
Descemet membrane, iris atrophy, and anomalies of the
anterior chamber. These ultimately result in optic nerve
damage and loss of vision (34). Blepharospasm, photopho-
bia, and epiphora are the primary symptoms of the dis-
ease. It has been reported that the incidence of the disease
shows geographic variability, with higher ratios in popu-
lations having a higher rate of consanguineous marriages
(32).

PCG, like other forms of glaucoma, has heterogeneity
in its genetic basis. Of the four main loci found by link-
age studies for PCG (1, 2, 26, 35, 36), only two contribute
to PCG, including CYP1B1 (cytochrome P450 1B1) (35) and
LTBP2 (latent transforming growth factor binding protein
2) (34, 37). CYP1B1 (NM_000104.3) is located on chromo-
some 2p22-p21 in the GLC3A locus (OMIM 231300) and con-
tains three exons and two introns. The protein encoded by
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this gene is 534 amino acids in length with a putative open
reading frame of 1632 base pairs (34). It has been shown
that the coding sequence of CYP1B1 contains exons 2 and 3.
In fact, exon 1 is noncoding (38). It has been suggested that
the gene product may involve in the metabolic pathway of
signaling molecules, which is critical to the development
of the iridocorneal angle, but this theory has not been con-
firmed (33, 39).

The gene is highly expressed in ocular tissues and is
known as the predominant cause of PCG in different pop-
ulations (4, 34). Reports indicate that several CYP1B1 muta-
tions in different societies have been associated with dif-
ferent phenotypes of the disease (mild, moderate, and se-
vere). In the first study conducted in Iran, CYP1B1 muta-
tions were responsible for PCG in 70% (40) and for JOAG
in 17.4% (28) of patients but were not responsible for POAG
and JOAG in southeastern Iran (41). CYP1B1 mutations show
incomplete penetrance in the Iranian population (32). A
few studies have revealed the role of CYP1B1 mutations in
JOAG (28, 42), suggesting a relationship between the CYP1B1
and MYOC proteins (26) although the results in different
populations varied significantly.

Besides the genetic basis of the disease, epigenetics
and environmental factors have played a significant role in
the development of the disease (39). LTBP2 (NM_000428.2)
is located on chromosome 14q24 in the GLC3D locus. It
is expressed in the trabecular meshwork of the eye and
involved in ciliary zonule microfibrils (2, 15). Null muta-
tions in this gene have been reported in PCG patients from
Iran, Pakistan, and Romania, but not in other populations.
Many studies have revealed the association of LTBP2 muta-
tions with secondary glaucoma, but the precise role of this
gene in PCG is not clear (33). Mutations in this gene may be
involved in PACG (27).

In the two remaining loci associated with PCG, GLC3B
(gene ID: 2728, OMIM #600975; 1p36.2-p36.1 (26) and GLC3C
(gene ID: 399565, OMIM #613085; l4q24.2-q24.3) (2), no gene
has been found. There is evidence that other genes may be
involved in the onset of PCG. Reports from India have sug-
gested a role for theMYOCgene (OMIM #601652) (13, 43) and
FOXC1 gene (OMIM #601090) (44) in a few patients affected
by PCG.

5. Primary Angle Closure Glaucoma

The presence of mechanical obstructions in the trabec-
ular meshwork causes angle closure in the anterior cham-
ber of the eye (45). PACG, as the second major form of glau-
coma, affects 10% of the adults over 60 years of age with
a greater frequency in men and a complex mode of inher-
itance. As for other forms of glaucoma, there is evidence
that one or more genes contribute to PACG (6). Although

several genetic loci have been introduced as genetic factors
of PACG, the only gene known as a causative agent of PACG
is NNO1 (nanophthalmos 1) (36). Some variants have a posi-
tive association with PACG but do not cause the disease (6,
16, 46). Associations with PLEKHA7 (rs11024102) and COL11A1
(rs3753841) have been reported in some populations from
genome-wide association studies (GWASs) (31, 45). These
associations have been confirmed by other researchers
(47, 48). It is believed these two genes are related to the
acute form of PACG (48). Through GWASs, several polymor-
phisms have been revealed on the candidate genes associ-
ated with PACG and they can be exemplified by single nu-
cleotide polymorphisms (SNPs) on eNOS (endothelial ni-
tric oxide synthase) (49), ABCC5 (ATP binding cassette sub-
family C member 5) (50), MFRP (membrane type frizzled-
related protein), HSP70 (heat-shock protein 70) (49), and
MMP9 (matrix metalloproteinase-9) genes (48). Because
the etiology of PACG remains unknown, there is a need for
more studies.

Many other genes are associated with several kinds of
glaucoma and associated diseases. These include TBK1 and
OPTN for NTG (51), PITX2, PAX6, and FOXC1 for developmen-
tal glaucoma (Axenfeld-Rieger syndrome, aniridia) (16, 46)
and LOXL1 for exfoliation syndrome (34).

6. The Path fromGene to Disease

Finding out the role of genetic factors in the develop-
ment of a complex multifactorial disease helps to find the
pathogenic pathway of the disease (6). In addition, if ge-
netic factors are considered as biomarkers, they could be
used for disease diagnosis and/or prognosis (6). LA and
GWASs are the main approaches to find the correlation be-
tween a candidate gene and a common or complex disor-
der (7). Using extensive knowledge about genetic mark-
ers and automatic genotyping techniques has it possible
to provide genetic and physical maps (52). In both LA and
GWAS methods, genetic variants have been investigated in
a population to find its association with a phenotype (or
trait).

A genetic variant is in a linkage disequilibrium (LD)
with a trait where it has a functional effect on it or it
is linked to the disease-causing gene (2, 4). In such
approaches, known DNA markers (scattered along the
genome), like SNPs and microsatellites, have been evalu-
ated in many individuals in different generations in fam-
ily cases or in many affected individuals in sporadic cases.
Wherever the markers are a part of a functional gene or
in an LD with it, they will co-segregate with the trait in
the studied subjects. It means that all affected individu-
als in these evaluations show a unique genotype pattern
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of markers in a specific region of the genome (a locus), but
healthy controls do not.

The basic theory is that all affected individuals in a
pedigree have received the disease-causing allele or alle-
les (like markers that are in an LD with that gene) from a
common ancestor. Loci with such markers are the first esti-
mates for the loci-containing genes associated with the dis-
ease. Parametric or non-parametric LD screens the entire
genome to localize the genes responsible for a trait (24). It
should be conducted for large pedigrees with a number of
affected and non-affected individuals. These pedigrees are
valuable but are uncommon and inaccessible in most cases
(53). Incomplete penetrance, population stratification, lo-
cus heterogeneity, and phenocopy can distort the results.

Because of the limits to linkage studies to find large
pedigrees, most studies have shifted toward GWAS. The
first GWAS was published in 2002 and found a candidate
locus on chromosome 6p21 associated with susceptibility
to myocardial infarction (54). This approach scans the en-
tire genome for genetic variants (or polymorphisms) be-
tween affected individuals and healthy controls. A positive
association is considered when the frequency of specific
genetic variants is greater in the affected individuals than
in the control group. This means that there is an associa-
tion between this region of the genome (which contains
the disease-causing gene) and the disease.

The accuracy of GWAS has improved with the use of
DNA chips having more than a million SNPs (4, 6). As op-
posed to linkage studies in which there is a need for large
pedigrees, GWASs are conducted mostly in a large cohort.
The two main types of cohorts are the independent popu-
lation (case-control study) in sporadic cases and the famil-
ial cases, even those with small pedigrees (7). In all the ap-
proaches, GWAS requires a large number of samples, which
increases costs (2, 33).

7. Patient Selection and Analysis of Genes to Find a
Strategy for Glaucoma

There should be a detailed plan for all types of GWAS or
LA. Careful patient selection is the first step in such genetic
research; thus, there is a need for definition and classifica-
tion of glaucomatous patients. As each type of glaucoma
has a specific genetic basis, all patients should be clinically
examined to determine the exact type of glaucoma. Pa-
tients with any other type of disease should be excluded
from the study. Next, the mode of inheritance should be
ascertained. This is most difficult for sporadic cases. Large
pedigrees with multiple affected and healthy individuals
are suitable for LA. In parametric LA, susceptibility factors
should be determined. These include gene frequency, pen-
etrance, and mode of inheritance. Because having access

to such information is not always possible, non-parametric
linkage methods are used instead. In this regard, affected
individuals and their relatives are the subjects of LA to find
the chromosomal area that is common to affected subjects.
The best example of this approach is the affected sib-pair
analysis. In all the pedigrees analyzed by these methods,
informative meiosis is a necessity (39, 53).

As large pedigrees are not commonly available, most
strategies focus on sporadic cases. In sporadic cases that
are suitable for association studies, there is a need for a
large cohort of affected and healthy samples to conduct
a case-control study. In the LA method, microsatellites
and SNPs are both suitable as markers while GWAS applies
dense SNP arrays. This is because GWAS is conducted on un-
related people of a population who supposedly have a com-
mon ancestor with a susceptibility factor (15, 23, 33).

All patients selected should be examined to identify
known gene mutations related to the type of glaucoma.
After screening, remaining patients with no mutations in
known genes will become the subjects of GWAS or LA. The
CYP1B1 and MYOC genes should be screened first to find the
genetic basis of glaucoma in each population.

Both LA and GWAS are difficult and error-prone and
should be performed with high precision. If the sam-
ples are informative, the disease-associated locus should
be identified using these approaches. Each locus contains
many genes, the amount (or locus size) of which depends
on how informative are the pedigrees or is determined by
chance. All the genes should be evaluated by DNA sequenc-
ing, which is expensive and time-consuming. Once disease-
related genes are found, the results should be verified. In
other words, mutations in the candidate gene should be
present in all patients, but not in the healthy individuals.
To finalize the procedure, the function of the candidate
gene should be analyzed. The expression of the candidate
gene is evaluated in the related tissues and it should be in
conformity with the glaucoma phenotype (37). At this step,
the function of the mutated gene should be monitored, ei-
ther in silico (55) or in laboratory animals (33). The pathway
from the disease to the gene is a multi-step procedure that
must be undertaken with great care.
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