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S
ince Pratap Challa, MD, wrote about genetics and glau-
coma for Glaucoma Today in 2003,1 investigators have
expanded previously successful research to identify
more genes associated with this potentially blinding

disease. This article updates the ongoing search for genetic
markers for glaucoma and genes that contribute to the dis-
ease’s onset and progression, discusses the shift from a single-
gene to a complex disease model, and suggests how genomic
testing may help clinicians develop personalized treatments
for their patients in the future. 

IDENTIFYING GENETIC MARKERS
Traditionally, researchers have collaborated with patients,

members of patients’ families, clinicians, and geneticists to
identify genetic markers for diseases. This approach has led
to the identification of 70 genes, chromosomal regions
containing genes (ie, loci), and alleles that either cause glau-
coma or are associated with syndromes encompassing
glaucoma (Table 1). The highly penetrant forms of glauco-
ma associated with these genes include infantile-onset,
juvenile-onset, and syndromic glaucoma as well as a very
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A 68-year-old woman was initially diagnosed with glaucoma

based on the appearance of her neuroretinal rim (left), which vio-

lated the ISNT rule.1 At the time of diagnosis, her IOPs measured

33 mm Hg OU, and her pachymetry was 584 µm OD and 566 µm

OS. The patient was otherwise asymptomatic. 

Although the patient’s IOPs fluctuated between 7 and 13 mm Hg

with medical and surgical treatment, she developed progressive cup-

ping of the optic disc and visual field loss (center and right) over

time.2

A better understanding of how biological (top oval) and envi-

ronmental (bottom oval) factors influence genetic markers that

affect the severity of glaucoma and the patient’s response to treat-

ment might have helped us design a more effective course of thera-

py for this patient. Adopting a complex model of glaucoma could

also lead to customized interventions for different stages of disease

or the development novel treatments based stem cells, gene thera-

py, and nanotechnology. 

1.  Jonas JB, Dichtl A. Evaluation of the retinal nerve fiber layer. Surv Ophthalmol. 1996;40:369-
378.
2.  Weinreb RN, Friedman DS, Fechtner RD, et al. Risk assessment in the management of patients
with ocular hypertension. Am J Ophthalmol. 2004;138:458-467. 

THE COMPLEX DISEASE MODEL OF GLAUCOMA
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small proportion of the high- and normal-pressure glauco-
mas. These forms of the disease, however, account for only
a small fraction of all the glaucomas that occur. 

Studies have also identified loci that affect an individual’s
potential susceptibility to glaucoma2-5 or influence the
severity of the disease.6-8 The “single gene, single disease”
hypothesis assumes that the presence or absence of a
mutation dictates whether a patient will or will not have

disease. This approach, however, fails to identify genetic
variations (risk alleles) that influence an individual’s likeli-
hood of developing glaucoma, the rate of the disease’s pro-
gression, and how patients respond to treatment. Clearly,
we need to shift from a simple monogenic to a complex
multigenic model if we want to understand the genetic
complexity of glaucoma2,9 (see The Complex Disease Model
of Glaucoma).

Chromosome location Gene [Locus] Glaucoma phenotype 

1p36.3-p36.2 PLOD Ehlers-Danlos syndrome VI

1p36.2-p36.1 [GLC3B] Infantile glaucoma, type B

1p34.1 POMGNT1 Muscle-eye-brain disease

1p34.3-p32.3 COL8A2 Posterior polymorphous corneal dystrophy 2, Fuchs endothelial corneal dystrophy

1p21 COL11A1 Marshall syndrome, Stickler syndrome II

1q23-q24 MYOC Juvenile open-angle glaucoma

2p22.2 CYP1B1 Infantile glaucoma, Peter anomaly

2p16.3-p15 [GLC1H] High-tension open-angle glaucoma

2q1-q13 [GLC1B] High-tension open-angle glaucoma

3p22-p21 [GLC1L] Open-angle glaucoma

3q21-q24 [GLC1C] High-tension open-angle glaucoma

3q28-q29 OPA1 Optic nerve atrophy, normal-tension open-angle glaucoma

4p16.3 IDUA Hurler syndrome, mucopolysaccharidosis type IH

4q21 SLC4A4 Renal tubular acidosis, mental retardation, glaucoma

4q25-q26 PITX2 Iridogoniodysgenesis 2 or Rieger type 1, Peter anomaly, ring dermoid of cornea

5q11-q13 ARSB Mucopolysaccharidosis VI

5q12-q14 VCAN Wagner syndrome

5q21.2 WDR36 High- and normal-tension open-angle glaucoma

5q22.1-q32 [GLC1M] Open-angle glaucoma

5q22-q24 [GLC1N] Open-angle glaucoma

6p21.3 COL11A2 Stickler syndrome II, Weissenbacher-Zweymüller syndrome

6p25 FOXC1 Iridogoniodysgenesis 1, Peter anomaly

6q21-q23.2 GJA1 Oculodentodigital dysplasia, microphthalmia 

7q35-q36 (GLC1F) High-tension open-angle glaucoma

7q35-q36 [GPDS1] Pigment dispersion 1

8q22.3 [KTS] Klippel-Trenaunay-Weber syndrome

8q23 [GLC1D] High-tension open-angle glaucoma

9p24.3-p23 GLIS3 Neonatal diabetes mellitus and hypothyroidism, infantile glaucoma 

9q22 [GLC1J] Juvenile-onset open-angle glaucoma 2

9q22.1-q31 PTCH1 Basal cell nevus syndrome

9q33.3 LMX1B Nail-patella syndrome

10p14 OPTN Normal-tension open-angle glaucoma

10p11.22 ZEB1 Posterior polymorphous corneal dystrophy 3

10q24.31 PAX2 Renal-coloboma syndrome, “morning glory” optic nerve

10q24.32 PITX3 Anterior segment dysgenesis

TABLE 1.  GENES AND LOCI ASSOCIATED WITH GLAUCOMA AND GLAUCOMA-RELATED SYNDROMES
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GENETIC AND ENVIRONMENTAL INTERACTIONS IN
GLAUCOMA 

The complex genetic model of glaucoma focuses on
“nature via nurture,”10 the process by which interactions
between biological networks (nature) and the environment
(nurture) influence a disease’s clinical features and risk fac-
tors. These interactions can have variable effects along a dis-
ease’s continuum depending on when they occur during an

individual’s life (ie, embryogenesis, organogenesis, develop-
ment, and senescence).

In complex models of disease, some measurable clinical
risk factors are quantitative traits. A well-known and fre-
quently studied quantitative trait of glaucoma is IOP.11-16

Familial studies have demonstrated a high correlation17 and
concordance18 between IOP within families. In addition,
population studies have shown that IOP is heritable based

Chromosome location Gene [Locus] Glaucoma phenotype 

11p13 PAX6 Aniridia, Peter anomaly

11p15 SBF2 Charcot-Marie-Tooth disease type 4B with juvenile-onset open-angle glaucoma

11p13 [NNO1] Nanophthlamos

11q23.1 MFRP Nanophthalmos

11q23.3 C1QTNF5 Late-onset retinal degeneration and long anterior zonules

11q13.4 LRP5 Osteogenesis imperfecta, ocular form

12q12-q13.2 COL2A1 Stickler syndrome I

13q14 [RIEG2] Rieger 2

13q31-q32 [MCOR] Congenital microcoria

14q23.1 SIX6 Microphthalmia with cataract 2

14q24 POMT2 Walker-Warburg syndrome

14q24.3 VSX2 Microphthalmos

14q32 [MCOP1] Microphthalmos

15q11-q13 [GLC1I] High-tension open-angle glaucoma

15q21.1 FBN1 Weill-Marchesani syndrome, ectopia lentis, Marfan syndrome

15q24-q25 LOXL1 Risk allele for pseudoexfoliation glaucoma19

15q22-q24 [GLC1N] Juvenile-onset open-angle glaucoma

16p13.3 CREBBP Rubinstein syndrome

17q11.2 NF1 Neurofibromatosis 1

18q11-q21 (GPDS2) Pigment dispersion 

18q21.31 RAX Microphthalmos

19p13.3 ADAMTS10 Weill-Marchesani syndrome

19q34.1 POMT1 Walker-Warburg syndrome

19q31-q33 FCMD Walker-Warburg syndrome

19q13.3 FKRP Walker-Warburg syndrome

20p12 [GLC1K] Juvenile-onset open-angle glaucoma 3

20p11.21 VSX1 Posterior polymorphous corneal dystrophy 1

21q22.3 CBS Homocystinuria, ectopia lentis 

22q12.2 NF2 Neurofibromatosis 2

22q12.3-q13.1 LARGE Walker-Warburg syndrome

Xp11.4 NPD Coats’ disease, uveitis, secondary glaucoma

Xp11.4 BCOR Microphthalmia, syndromic 2

Xp22 HCCS Microphthalmia, syndromic 7

Xq25 OCRL Lowe oculocerebrorenal syndrome

Xq28 — Armfield X-linked mental retardation syndrome

TABLE 1.  GENES AND LOCI ASSOCIATED WITH GLAUCOMA AND 
GLAUCOMA-RELATED SYNDROMES (CONTINUED)
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on familial relationships,20-22 and researchers have identified
several loci (by genome-wide association methods)23-26 for
higher IOP. 

The link between genetics and IOP is not simple, however,
because IOP is a complex trait determined by the produc-
tion of aqueous humor, uveoscleral and trabecular outflow,
and episcleral venous pressure. Recently, our colleagues and
demonstrated that individuals who have a higher flow of
aqueous humor in the morning also have a relatively higher
flow at night. These same individuals, however, still maintain
a normal circadian rhythm of decreased flow at night. The
finding of individual concordance has direct implications for
fluctuations in IOP (a known risk factor for glaucomatous 
progression).27

The challenges we researchers must overcome to expand
our knowledge of the genetic basis of glaucoma include 
(1) adopting a complex disease model and (2) designing
and implementing studies that can help us develop person-
alized treatments. 

A greater understanding of glauco-
ma will no doubt lead to new tests28

that will help us diagnose specific
types of the disease and provide
more information about its clinical
course and prognosis. We could also
benefit from tests that identify risk
factors, genetic modifiers, and mark-
ers that affect individuals’ responses
to specific treatments (ie, efficacy
and unwanted side effects). 

APPLIED GENOMICS
Despite the lessons we have

learned from clinical trials11-16 as
well as a growing understanding of
ocular genomics, pharmacology,
and the dynamics of aqueous
humor, glaucoma continues to
blind patients.29,30 We therefore
need to improve our ability to de-
tect and treat the disease31 and to
expand patients’ access to health-
care. Genomics may help us to
achieve these goals by facilitating
the development of personalized
medical treatments. 

For the past few years, oncologists
have used personalized therapy to
improve the early detection and
treatment of certain types of breast
cancer.32 Their success is the direct
result of an interdisciplinary assault

that comprised population-based studies, clinical resources,
and the translation of basic research into clinical strategies.

Ocular medicine is at the cusp of a similar shift toward
personalized therapies. Some novel treatments include anti-
vascular endothelial growth factors,33 gene replacement for
specific inherited dystrophies,34 and the delivery of targeted
growth factors with encapsulated cell technology.35

Approximately 50% of cases of age-related macular de-
generation are attributed to single nucleotide polymor-
phisms in the complement factor H (CFH),36 LOC387715,37

component 2,38 factor B,38 and HTRA139 genes. Investigators
have also identified environmental factors that appear to
offer protection against (eg, the use of specific micronutri-
ents40,41) or contribute to (eg, smoking42,43 and increased
body mass index43) the disease’s progression. Based on these
discoveries, ophthalmologists have begun to recommend
individualized treatments for certain retinal diseases and to
advise patients how they can modify their behavior to

Figure 1. The diagram shows levels of visual impairment along the continuum of glau-

coma, which ranges from undetectable and asymptomatic disease (white back-

ground) to blindness (dark green background).The solid blue line represents the aver-

age progression of infantile glaucoma.This condition can rapidly result in blindness if

patients do not receive treatment early in life.The dashed blue line represents the

average result of surgical treatment for glaucoma (based on greater than a 0.4 deci-

mal equivalent visual acuity outcome [20/50]).44-49 The causes of poor visual outcomes

after surgery include intra- or postoperative complications, multiple failed proce-

dures, and anisometropic amblyopia. Individual patients may be “cured” (no evidence

of long-term glaucomatous progression) by effective surgery on the angle.The solid

green line shows the effect of untreated glaucoma on an average population.The

goal of treatment (represented by the dashed green line) is to delay the disease’s

onset (ie, shift the curve to the right) and decrease its severity (ie, reduce the progres-

sion to advanced visual impairment).
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reduce the effects of specific environmental risks. Much
work remains to be done before we can offer patients simi-
lar treatments for glaucoma. 

WHAT NOW? WHAT NEXT?
Which risk alleles contribute to the common forms of
glaucoma?

This question will be answered by appropriately designed,
genome-wide studies of healthy controls and patients with
glaucoma. Similar population-based studies helped re-
searchers identify the CFH Y402H allele for age-related mac-
ular degeneration.50-51 Individual groups are independently
exploring the link between risk alleles and glaucoma, but no
collaborative, multicenter, clinical studies are currently
underway.

Do genetic modifiers affect the age of onset for various
types of glaucoma? 

At least two studies have identified a gene that influences
the age at which people develop glaucoma. For example,
patients with infantile glaucoma appear to have two mutat-
ed copies of CYP1B1, an autosomal recessive gene associated
with a form of glaucoma that causes high IOP in infants.52

The underlying mechanism of this genetic form of glaucoma
is not presently known. A person who has one defective
copy of CYP1B1 may be more likely to develop juvenile- and
adult-onset open-angle glaucoma at an earlier age than
someone who does not have the mutated gene.4

Do genetic modifiers affect the severity of glaucoma?
The ability to determine if patients carry a specific genetic

modifier would help clinicians identify the individuals who
have the highest risk of developing glaucoma and who
would benefit from earlier intervention. Conversely, careful
monitoring would likely be appropriate for patients who did
not have the marker.

Researchers have found that a mutated tyr gene is associ-
ated with the dysgenesis of ocular drainage structures in
Cyp1b1-/-transgenic mice.53 This finding in a mouse model
is not directly applicable to humans because the same gene
modifier has not been found in Saudi Arabian families who
carry nonpenetrant CYP1B1.54

Do genetic markers influence the outcome of glaucoma
treatments? 

Our current approach to treating glaucoma is based on
the disease’s severity, the presence of comorbidities, the pa-
tient’s compliance with therapy, the efficacy and adverse
effects of drugs, and the cost of treatment. If medical thera-
py is appropriate, then we evaluate whether a patient is a
“responder” or “nonresponder” and monitor him for ad-
verse reactions after an initial trial of the chosen drug. It may

be possible to streamline this process by performing phar-
macogenomic association studies and using the results to
test patients for genetic markers that affect their response to
glaucoma medications.55 The technology that could make
this possible is the genotyping microarray, also known as a
DNA chip. 

In 2005, the FDA cleared a DNA microchip for genotyp-
ing certain cytochrome P450 alleles known to alter the
body’s ability to metabolize drugs.56 Altered drug metabo-
lism directly affects therapeutic drug levels that correlate
with efficacy and toxicity. For example, increased blood lev-
els of absorbed timolol due to decreased metabolism can
lead to cardiac side effects in susceptible individuals.57

Genetic markers may also affect the complex process of
wound healing and thus the outcomes of glaucoma sur-
gery.58 It may be possible to test patients for alleles that
raise their risk of delayed wound healing, increased scar-
ring, or sensitivity to antifibrotic drugs. Markers associat-
ed with wound healing are unlikely to be found on the
same genes as risk alleles for glaucoma.59,60 The identifica-
tion of markers that predict the outcomes of various
treatments could, however, take the empiric guesswork
out of determining the optimal glaucoma treatment for a
given patient59,60 and minimize the complications of glau-
coma surgery.61,62

CONCLUSION
Quigley and Broman project that 60.5 million people

worldwide will have glaucoma in 2010, and they estimate
that the number of affected individuals will increase to 
79.6 million by 2020.30 They also extrapolate that the num-
ber of people with bilateral blindness from glaucoma will
increase from 8.4 million in 2010 to 11.2 million in 2020.30

These numbers necessitate improvements in clinicians’ abili-
ty to diagnose glaucoma as well as the development of
novel treatments to delay the disease’s onset and decrease
its severity (Figure 1). 

Several caveats apply to the research efforts described
herein. Genomic testing platforms must be (1) sensitive and
accurate, (2) applicable to common forms of glaucoma
across different subpopulations, (3) cost effective, and 
(4) able to provide valid predictive information about glau-
coma’s progression, its severity, and the outcomes of treat-
ment.28,63 If we researchers could develop a genomic diag-
nostic panel that met all of these requirements, we could
use its results to develop personalized medical treatment for
glaucoma. The large-scale implementation of such therapy
might decrease the burden of glaucomatous visual impair-
ment on public health. ❏

The authors acknowledge the assistance of David Murrel for
designing the figures in this article. 
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