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Inherited disorders of the optic nerve significantly impact vision in children and adults. The
optic nerve disorders most commonly encountered clinically are glaucoma and primary
optic neuropathy including Leber’s hereditary optic neuropathy (LHON) and autosomal
dominant or Kjer’s optic atrophy. Current knowledge of the genetics of optic neuropathy
and glaucoma makes it possible to test for mutations in disease-causing genes allowing for
presymptomatic testing and risk assessment, and recent advances have revealed important
disease mechanisms that may suggest potential therapeutic targets. In this perspective, we
describe the current approaches and limitations to genetic testing for these disorders and
provide an update on the development of gene-based therapies.

Inherited diseases of the optic nerve, includ-
ing glaucoma and optic neuropathy, are im-

portant causes of blindness in children and
adults. The inherited optic neuropathies most
frequently encountered clinically are Leber’s he-
reditary optic neuropathy (LHON) and auto-
somal dominant (or Kjer) optic neuropathy
(Neuhann and Rautenstrauss 2013).

Glaucoma is a complex disorder that in-
cludes neurodegeneration of the optic nerve as
a defining clinical feature. Elevated intraocular
pressure (IOP) is an important risk factor for
glaucomatous optic nerve degeneration, how-
ever, �33% of affected individuals have normal
tension glaucoma (NTG) defined by progressive
retinal ganglion cell loss despite IOP measure-
ments in the normal range (,21 mmHg) (Fan
and Wiggs 2010). Phenotypically, NTG can

share clinical features with the inherited optic
neuropathies. Glaucoma with onset before age
40 (early-onset) can be inherited as Mendelian
autosomal recessive or autosomal dominant
traits, whereas adult onset disease has complex
inheritance (Wang and Wiggs 2014).

Current knowledge of the genetics of optic
neuropathy and glaucoma makes it possible
to test for mutations in disease-causing genes
allowing for presymptomatic testing and risk
assessment. Recent advances have revealed im-
portant disease mechanisms that may suggest
potential therapeutic targets. In this perspec-
tive, we review the current recommendations,
approaches, and limitations of genetic testing
for glaucoma and optic neuropathy, and sum-
marize progress toward novel gene-based and
neuroprotective therapies.
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GENETIC TESTING FOR GLAUCOMA

For many glaucoma patients reducing IOP
through medical or surgical treatment can slow
disease progression. Genetic testing can iden-
tify patients at risk for glaucoma so that pre-
symptomatic surveillance and treatment plans
can be developed. Currently, glaucoma genetic
testing is most beneficial for patients with dis-
ease onset before age 40 (early-onset glauco-
ma). Mutations causing early-onset glaucoma
are rare and have large biological effects, where-
as DNA variants contributing to adult-onset
glaucoma are common and individually have
small effects (Fig. 1). Types of early-onset glau-
coma caused by rare mutations with large ef-
fects are congenital glaucoma, developmental
glaucoma, juvenile open-angle glaucoma, and
familial normal tension glaucoma. Common
variants with small individual effect sizes con-
tribute to adult-onset primary open angle glau-
coma, angle closure glaucoma, and exfoliation
glaucoma.

Early-Onset Glaucoma Genetic Testing

Eight genes are currently known to cause early-
onset (before age 40) glaucoma with autosomal
recessive (AR) or autosomal dominant (AD) in-
heritance (Wang and Wiggs 2014). Approxi-
mately 20% of patients ascertained with early-
onset glaucoma through tertiary care facilities
will have mutations in one of the genes known
to cause early-onset glaucoma (Fig. 2) (Sena

et al. 2004; Lim et al. 2013). Of these, mutations
in FOXC1 are most common followed by MYOC,
CYP1B1, PAX6, and PITX2. Mutations are rarely
identified in OPTN, TBK1 or LTBP2, even in the
tertiary care setting (Hauser et al. 2006; Huang
et al. 2014; Ritch et al. 2014). Although the over-
all clinical sensitivity for genetic testing for
this group of genes is �20%, testing for dis-
ease-causing mutations in patients and family
members has several important benefits includ-
ing: informed genetic counseling; presymptom-
atic risk assessment; and development of appro-
priate treatment and surveillance plans. Each of
these will be discussed in the sections below.

Informed Genetic Counseling

Mutations in early-onset glaucoma genes can
cause AD or AR disease: CYP1B1 and LTBP2
cause AR disease, whereas mutations in
FOXC1, PITX2, PAX6, MYOC, and OPTN all
cause glaucoma inherited as a dominant trait
(Wang and Wiggs 2014). Phenotypically, dis-
ease caused by mutations in these genes can
have similar clinical features making it difficult
to make a genetic diagnosis by clinical examina-
tion alone. For example, patients with CYP1B1
mutations can present with severe glaucoma
that develops during the first three years of life
(congenital glaucoma); however, recent stud-
ies have shown that some CYP1B1 mutations
cause disease that is not clinically evident until
the second decade of life ( juvenile glaucoma)
(Abu-Amero et al. 2013; Millá et al. 2013). The
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Figure 1. Characteristics of mutations causing early-onset glaucoma compared with genetic variants associated
with adult-onset glaucoma. The frequency of the variant is listed on the x-axis and the magnitude of the
biological effect (i.e., odds ratio or relative risk) is represented by the values on the y-axis.
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CYP1B1-related juvenile glaucoma is inherited
as a recessive trait and clinically may not be
distinguished from dominantly inherited ju-
venile or developmental glaucoma caused by
mutations in MYOC, FOXC1, PITX2, or PAX6.
Establishing the molecular diagnosis for these
patients will clarify the inheritance pattern
making informed genetic counseling and risk
assessment possible.

Mutations in both LTBP2 and CYP1B1 can
cause autosomal recessive congenital glaucoma
(onset before the age of 3). In the United States,
the incidence of congenital glaucoma is esti-
mated to be approximately 1/10,000 (Fung
et al. 2013). CYP1B1 mutations are found in
�20% of patients, whereas LTBP2 mutations
are very rare (Lim et al. 2013). Interestingly, in
the United States the CYP1B1 mutation carrier
frequency is three to five times higher than the
incidence of congenital glaucoma would predict
using Hardy-Weinberg distribution (Wiggs et al.
2014). The most prevalent CYP1B1 mutations
in the United States carriers are missense alleles
which may contribute to less severe early-onset
disease (Wiggs et al. 2014). These results suggest
that CYP1B1-related glaucoma may be more

common than expected and that patients with
juvenile and developmental glaucoma should be
tested for CYP1B1 mutations, in addition to pa-
tients with severe congenital glaucoma.

Presymptomatic Risk Assessment

A family history of glaucoma is an important
risk factor for disease development (Kooner
et al. 2014), however, risk assessment based on
family history alone is not precise. Genetic test-
ing makes it possible to accurately identify mu-
tation carriers with significantly increased risk
for disease because of the high penetrance of
mutations in early-onset glaucoma genes. The
identification of individuals at risk for glauco-
ma makes it possible to begin treatment before
the onset of irreversible optic nerve disease, thus
providing the best opportunity to maintain use-
ful sight.

Surveillance and Treatment Plans

For patients identified as early-onset glaucoma
mutation carriers, defining the molecular diag-
nosis can impact therapeutic decisions. For ex-

OPTNPAX6PITX2FOXC1

LTBP2

CYP1B1

MYOC

None (80%)

Figure 2. Distribution of mutations in early-onset glaucoma genes in a cohort of glaucoma patients with onset
before age 40. Mutations in early-onset glaucoma genes are presented as a fraction of 220 patients evaluated
through the genetic testing service at the Massachusetts Eye and Ear Infirmary. Eighty percent of patients with
early-onset glaucoma do not have a mutation in a known gene.
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ample, several MYOC mutations (Pro370Leu,
Tyr437His) (Liu and Vollrath 2004) cause severe
early-onset disease that usually requires sur-
gery for treatment, whereas the most common
MYOC mutation (GLN368X) can cause much
milder disease that can be managed with topi-
cal medications (Allingham et al. 1998; Hoge-
wind et al. 2010). Patients with less severe
MYOC mutations can have earlier onset of dis-
ease if they also carry common modifying var-
iants in COL15A1 and COL18A1 (Wiggs et al.
2013), suggesting that testing should be per-
formed for both the primary mutations as well
as modifier alleles.

Additionally, several early-onset glaucoma
gene mutations can also cause systemic mani-
festations requiring further clinical attention.
Patients with early-onset glaucoma related to
Anridia caused by deletion of PAX6 may also
be at risk for Wilm’s tumor and should have
a screening renal ultrasound (Hingorani et al.
2012). Patients with mutations in FOXC1 or
PITX2 can also have cardiac abnormalities
(Gripp et al. 2013; Wang et al. 2013) and hearing
loss (D’haene et al. 2011).

GENETIC TESTING FOR ADULT-ONSET
GLAUCOMA

Nine genes have been statistically associated
with adult-onset glaucoma (disease onset after
the age of 40) (Wang and Wiggs 2014). Al-
though these associations are robust, genetic
testing for adult-onset disease has several chal-
lenges. First, individual variants have a small
effect on the overall disease risk and likely do
not have a significant clinical impact unless they
are in the context of other genetic and/or envi-
ronmental risk factors. Second, the variants cur-
rently associated with adult onset disease are
common and although the distribution among
affected and unaffected individuals is signifi-
cant, individually the sensitivity and specificity
is not sufficient for a clinically useful test. For
example, variants in the LOXL1 genomic region
are significantly associated with pseudoexfolia-
tion glaucoma and are found in �99% of af-
fected patients, however, they are also found in
60%–80% of unaffected individuals (Fan et al.

2011). The development of gene panels, single
nucleotide polymorphism (SNP) scores, and
combinations of gene and environmental risk
factors may yield useful gene-based tests for
adult-onset glaucomas, however, these tests
need to be validated in the clinical setting and
should be correlated with clinical outcomes.

CURRENT RECOMMENDATIONS FOR
GLAUCOMA GENETIC TESTING

Genetic testing is clinically useful for glaucoma
patients with disease onset before age 40. Up to
20% of these patients will have a mutation in
one of the genes currently known to cause early-
onset disease. This recommendation is consis-
tent with the policy advocated by the Genetic
Testing Task Force for the American Academy of
Ophthalmology (Stone et al. 2012). If a muta-
tion in the affected patient is found, further
testing of members can be performed. In one
study of Australian patients, testing of individ-
uals with a family history of glaucoma and with
onset up to age 50 was useful if the disease was
advanced (Souzeau et al. 2013). Testing for pa-
tients with onset after age 50 is not currently
useful clinically, but as more genetic and envi-
ronmental risk factors are discovered compre-
hensive risk panel tests can be developed and
validated.

GENETIC TESTING FOR PRIMARY OPTIC
NEUROPATHY

Approximately 30%–50% of patients with pri-
mary optic atrophy will have mutations in OPA1
or mitochondrial DNA (LHON) (Fig. 3) (Yu-
Wai-Man et al. 2011). OPA1 mutations cause
dominantly inherited optic atrophy that usually
is bilateral and develops during the first or sec-
ond decade of life. Three point mutations in the
mitochondrial ND4 gene are responsible for
�90% of LHON (Mackey et al. 1996). These
mutations are maternally inherited and can
have an asymmetric presentation. The mito-
chondrial DNA haplogroup appears to contrib-
ute to disease pathogenicity with haplogroup
J of particular importance (Howell et al. 2003;
Sadun et al. 2004). Rarely, mutations in OPA3
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cause recessive optic atrophy that is commonly
associated with cataracts and other neurological
abnormalities (Ferré et al. 2009). Genetic testing
for mutations in OPA1, OPA3, and mitochon-
drial DNA has important benefits for patients
and family members including informed genet-
ic counseling and risk assessment, avoidance of
environmental exposures that may contribute
to disease severity and identification of individ-
uals who could be eligible for emerging gene-
based clinical therapy.

Informed Genetic Counseling and Risk
Assessment

The clinical features of the primary optic neu-
ropathies are sufficiently similar that clinical ex-
amination cannot reliably differentiate individ-
uals with dominantly inherited disease caused
by mutations in OPA1, maternally inherited
disease caused by mitochondrial DNA muta-
tions, or recessively inherited disease in patients
with OPA3 mutations. By identifying the dis-
ease-causing mutation, genetic testing can ac-
curately define the inheritance pattern and sub-
sequent disease risk for family members. In
addition, genetic testing can measure mito-
chondrial heteroplasmy, which is an important
feature of mitochondrial disease pathogenicity
(Wallace and Chalkia 2013).

Avoidance of Environmental Risk Factors

Studies have suggested that patients with mito-
chondrial DNA mutations causing LHON may
have worse disease if exposed to excessive alco-
hol consumption, smoking, or have poor nutri-
tion (Sadun et al. 2003; Kirkman et al. 2009).
Patients carrying disease-causing mitochondri-
al DNA mutations may benefit from avoiding
these risk factors. Additionally, there is some
evidence to suggest that males with LHON
may develop more severe disease than females
owing to a putative protective effect of the X
chromosome (Shankar et al. 2008).

Identify Individuals with Mitochondrial DNA
Mutations Who May be Eligible for Gene-
Based Clinical Therapy

Patients with selected mitochondrial DNA mu-
tations may be eligible for gene-based therapies.
A clinical trial evaluating the safety of adeno-
associated virus (AAV) delivery of mitochondri-
al DNA to patients with Leber’s hereditary optic
atrophy is underway (Cwerman-Thibault et al.
2014; Koilkonda et al. 2014; Lam et al. 2014).
Future gene-based therapies may be available
for patients with mitochondrial DNA muta-
tions as well as other genetic forms of primary
optic atrophy.

m.11778G>A (LHON)

OPA1 mutations

None (56%)

Figure 3. Distribution of mutation in mitochondrial DNA or OPA1 in a cohort of primary optic atrophy
patients. Mutations in mitochondrial DNA or OPA1 are presented as a fraction of 64 patients evaluated through
the genetic testing service at the Massachusetts Eye and Ear Infirmary. Fifty-six percent of patients with primary
optic atrophy do not have a mutation in mitochondrial DNA, OPA1, or OPA3.
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APPROACHES TO GENETIC TESTING FOR
OPTIC ATROPHY (GLAUCOMA AND
PRIMARY OPTIC NEUROPATHY)

The group of genes currently known to cause
early-onset glaucoma and primary optic atro-
phy could be tested by sequentially screening
individual genes, however, because of the exten-
sive phenotypic overlap among these conditions
a panel test that simultaneously tests for muta-
tions in all known genes is preferred. Because
the primary open angle glaucoma normal-ten-
sion subgroup can have a clinical presentation
similar to patients with primary optic atrophy,
it is useful to include OPA1, OPA3, and the mi-
tochondrial genome as well as the eight genes
known to cause early-onset forms of glauco-
ma in the test. Panel testing can be accomplished
using selective exon capture for all coding/
genomic regions of interest followed by next
generation sequencing. A streamlined bioinfor-
matic analysis is necessary to rapidly identify
disease-causing mutations. Bioinformatic ap-
proaches are also required to identify the mito-
chondrial DNA heteroplasmy as well as the un-
derlying mitochondrial DNA haplogroup that
can impact the disease pathogenicity (Bann-
warth et al. 2013). Another benefit of the gene
panel approach is the opportunity to discover
combinations of disease-causing mutations that
may be overlooked using sequential screening.

Evaluation of copy number variation
(CNVs, large genomic deletions and duplica-
tions) is necessary for comprehensive genetic
testing. For the glaucoma and optic atrophy
genes, genomic deletions and duplications,
which would not be identified by DNA se-
quencing methods, are known to cause disease.
In particular, both deletions and duplications of
FOXC1 and OPA1 are relatively common dis-
ease-causing mutations (Chanda et al. 2008;
Fuhrmann et al. 2009; Almind et al. 2011). De-
letions and duplications may also impact regu-
latory elements that would not be targeted as
part of the sequencing approaches (McBride
et al. 2011; Volkmann et al. 2011). CNVs can
be detected using a variety of approaches, in-
cluding MLPA (Multiplex ligation-dependent
probe amplification) (Redeker et al. 2008), array

CGH (array Comparative Genomic Hybridiza-
tion) (Delahaye et al. 2012), and quantitative
PCR (Wang et al. 2001).

LIMITATIONS FOR GENETIC TESTING FOR
OPTIC NEUROPATHIES (EARLY-ONSET
GLAUCOMA AND PRIMARY OPTIC
ATROPHY)

The low clinical sensitivity is a major limitation
of current genetic testing for early-onset glau-
coma and primary optic atrophy (20% and
50%, respectively). The discovery of more dis-
ease-causing genes will improve the overall sen-
sitivity of genetic testing for these disorders.
Recent advances in genomic technologies, in-
cluding whole exome and whole genome se-
quencing are making it possible to efficiently
identify novel disease genes.

Another important limitation is the lack
of clinical correlations and outcomes for dis-
ease-related mutations and variants. Early-on-
set glaucoma and primary optic atrophy can
show considerable variable expressivity, both
within and among affected families, which can
complicate the clinical utility of the genetic di-
agnostic test. More research is needed to under-
stand the molecular events that contribute to
the spectrum of disease caused by early-onset
glaucoma and primary optic atrophy genes.

For adult-onset glaucomas, clinical corre-
lations and outcomes associated with specific
genetic variants are also lacking. More complete
risk panels (including both genetic and envi-
ronmental factors) need to be developed and
tested for disease risk prediction. Additionally,
for adult-onset disease, specific risk factors
could be correlated with selected clinical fea-
tures such as IOP level, optic nerve disease sus-
ceptibility, and other glaucoma-related clinical
features such as thin central corneal thickness.

OPPORTUNITIES FOR NOVEL THERAPIES

The identification of disease-causing genes is an
important first step toward the development of
gene-based therapies, which may involve gene
replacement, gene inactivation or may use small
molecules or other chemicals to modulate the
mutation pathogenicity. Some opportunities
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for gene-based therapies for selected early-onset
glaucoma and optic neuropathy genes are dis-
cussed in the following sections.

MYOC

Compelling evidence suggests that MYOC mu-
tations cause a misfolded protein response that
leads to endoplasmic reticulum stress and sub-
sequent cellular dysfunction (Anholt and Car-
bone 2013). Interestingly, sodium phenyl bu-
trate, a small molecule known to modulate the
misfolded protein response can reduce IOP in
a transgenic mouse with the MYOC mutation
(Zode et al. 2011, 2012). This result supports
the hypothesis that the misfolded protein re-
sponse contributes to disease development and
suggests that treatment approaches could in-
volve reducing MYOC expression, inactivating
the mutant mRNA using siRNA or other ap-
proaches such as CRISPR.

CYP1B1

Loss of CYP1B1 function results in early onset
glaucoma. Patients with CYP1B1-related dis-
ease can show variable expressivity resulting in
a range of disease phenotypes extending from
severe congenital glaucoma to disease onset in
later teenage years (Suri et al. 2009). In general,
null alleles cause the most severe disease, where-
as missense alleles can result in milder disease
with later onset (López-Garrido et al. 2013).
Phenotypically, CYP1B1-related glaucoma is
caused, at least in part, by abnormal develop-
ment of critical structures in the ocular anterior
segment (Hollander et al. 2006). However, in
patients with later onset disease ocular develop-
ment may not be severely impaired and other
processes related to reduced protein activity
may be responsible for disease. For these pa-
tients, gene-based therapies could restore suffi-
cient protein function that glaucoma develop-
ment could be delayed and even eliminated.

ND4 Leber’s Hereditary Optic Neuropathy
(LHON)

More than 90% of patients affected by LHON
have a point mutation in the mitochondrial

ND4 gene that codes for a critical subunit of
respiratory chain complex I (Farrar et al.
2013). A gene-based treatment trial is current-
ly in progress to test the safety and efficacy of
delivery of a nuclear ND4 gene that could re-
store this critical protein to impaired mitochon-
dria (Cwerman-Thibault et al. 2014; Lam et al.
2014). Mitochondrial defects may also be a fac-
tor in the development of adult-onset glauco-
ma (Jeoung et al. 2014) and the development of
mitochondrial DNA therapies could potential-
ly be beneficial for selected glaucoma patients.
Additionally, gene-based therapies could be tar-
geted in the future to other mitochondrial DNA
mutations affecting other genes can also cause
and/or contribute to optic neuropathies.

Neuroprotective Therapies

Therapies capable of protecting or repairing
optic nerve function will provide the best op-
portunities to maintain and preserve sight in
patients affected with inherited optic neuropa-
thies. Genes associated with common forms of
glaucoma, and especially the subgroup of pri-
mary open angle glaucoma with optic nerve de-
generation without elevation of IOP (normal-
tension glaucoma) could be targets for gene-
based neuroprotective therapies. For example,
CDKN2BAS has been associated with primary
open angle glaucoma (POAG), normal-tension
glaucoma (NTG), and optic nerve CDR (Wiggs
et al. 2012). This gene codes for an antisense
RNA that regulates the expression of other pro-
teins involved in cell cycle progression. The ro-
bust association between CDKN2BAS variants
and optic nerve disease in glaucoma suggests
that modulating CDKN2BAS expression, per-
haps through a gene-based approach, could be
neuroprotective.

Cell-based therapies, particularly the use of
glial cells and mesenchymal stem cells, could
protect against neurodegeneration and may
also be capable of repairing optic nerve dam-
age (Johnson and Martin 2013). Stem cells
produce a variety of nerve growth factors that
may have the ability to preserve and repair gan-
glion cell function. A clinical trial evaluating
deliveryof ciliary neurotrophic factor (CNTF), a
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nerve growth factor that may have neuroprotec-
tive effects in glaucoma (Pease et al. 2009; John-
son et al. 2011), is currently ongoing (NCT014
08472). The results of these and other studies
could lead to the development of novel thera-
pies capable of preventing optic nerve degen-
eration in both glaucoma and primary optic
atrophy.

CONCLUDING REMARKS

Glaucoma and primary optic atrophy are the
most common inherited optic neuropathies
encountered in a clinical setting and are impor-
tant causes of blindness throughout the world.
Genetic studies have revealed important genes
responsible for these conditions and genetic
testing for mutations in known genes can be
beneficial. For early-onset glaucoma, genetic
testing is most useful for patients with disease
onset before age 40. The overall clinical sensitiv-
ity of genetic testing for both early-onset glau-
coma and primary optic atrophy will improve
as new genes responsible for these conditions
are discovered. For some optic nerve disorders,
genetic information is defining approaches to
novel gene-based therapies. Cell-based thera-
pies and replacement of neurotrophic factors
may also lead to novel neuroprotective treat-
ment.
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