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Abstract
Purpose Juvenile onset primary open angle glaucoma (JOAG) is a rare disorder associated with high IOP and progressive
optic neuropathy in patients diagnosed before the age of 40 years. While in some populations it has primarily an autosomal
dominant pattern of inheritance, in others it occurs in a primarily sporadic form. The main aim of the study was to assess the
relative prevalence of Myocilin (MYOC) mutations in familial versus sporadic cases of JOAG.
Methods We screened 92 unrelated (sporadic) JOAG patients, and 22 affected families (70 affected members and 36
unaffected) for variations in the MYOC gene. We also analyzed the clinical features associated with these variations.
Results Three coding sequence variants were identified as mutations causing JOAG. Four families segregated distinct
mutations at Gly367Arg, and two families at Gln337Arg, while only two sporadic JOAG cases harbored MYOC mutations
(Gly367Arg and Gln48His). The frequency of MYOC mutations in familial cases (27%) was significantly higher than in
sporadic JOAG cases (2%); p= 0.001. A 90% penetrance for the Gly367Arg variant was seen by the age of 40 years in our
patients. Characteristic allele signatures, indicative of specific founder effects, were not observed for the Gly367Arg
mutation that was looked for in 12 patients among 2 geographically close families, which harbored this mutation.
Conclusion Our data demonstrated that genetic screening for MYOC mutations should be focused toward cases with familial
rather than sporadically occurring JOAG.

Introduction

Juvenile onset open angle glaucoma (JOAG) is primary
open angle glaucoma with an age of onset before 40 years.
It is relatively uncommon with prevalence between 0.7 and
3.3% among glaucoma patients [1, 2]. These patients pre-
sent with high intraocular pressure (IOP) and deep steep
cupping of the optic nerve head and are likely to suffer great

visual disability if left undiagnosed and untreated [3]. While
it was considered to be inherited in an autosomal dominant
fashion [4–7], recent studies have shown pedigrees with an
autosomal recessive pattern as well as sporadic occurrence
of the disease [8, 9]. In a previous study, we found that
majority of JOAG patients do not have a familial associa-
tion [10]. The prevalence of Myocilin (MYOC) mutation has
been shown to be higher among JOAG patients than other
types of primary glaucoma [11–15]. Apart from the fact that
detection of MYOC mutations among patients is helpful in
screening family members and thus being able to detect the
disease at an earlier stage in some [16], recent experimental
work has shown the efficacy of therapeutic targets specifi-
cally among Myocilin glaucoma [17]. Most of MYOC
mutations however have been documented among families
where many members were affected with glaucoma [4, 14].
However, there are two reports of MYOC de novo mutation
occurring in sporadic JOAG [9, 18]. It is not established
from current literature whether genetic screening of non-
familial JOAG patients is advisable. Hence the important
question arises, whether nonfamilial JOAG patients should
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be screened for MYOC mutations. In order to answer this
question, it is important to assess the prevalence of MYOC
mutations among familial and sporadic JOAG patients in
the same population. In this study, we compared the pre-
valence of MYOC mutations among JOAG cases that were
familial (with at least 2 other first degree family members
other than the proband affected with glaucoma) with those,
without any other family member having glaucoma
(sporadic).

Methods

This study included JOAG patients who were being fol-
lowed up at our center (Dr R.P. Centre for Ophthalmic
Sciences, AIIMS, New Delhi; a tertiary eye care center in
North India) and whose first degree relatives, above 10
years of age, were available for examination. Ophthalmic
investigations and medical histories were recorded for all
family members and patients enrolled for the study. These
patients were evaluated by Senior glaucomatologists
involved in their care. The study followed the tenets of
Declaration of Helsinki and was approved by our Institu-
tional Ethics committee. An informed consent was obtained
from all participants in the study. A special consent for a
genetic evaluation was obtained from all patients whose
blood was withdrawn for analysis. Sporadic cases were
defined as the ones in which no family member, other than
the proband had glaucoma as determined by examining all
first degree relatives (above the age of 10 years) over three
generations. Familial cases were considered to be those who
had at least two other first degree relatives, other than the
proband, diagnosed with glaucoma.

JOAG was diagnosed as POAG occurring before the age
of 40 years. The following criteria were used for ascer-
taining the presence of POAG amongst the probands:
Increased IOP > 22 mmHg on at least two occasions in the
presence of glaucomatous neuropathy in at least one eye
ascertained using the Scanning laser ophthalmoscopy with
or without visual field loss consistent with optic nerve
damage along with wide open angles on gonioscopy in both
eyes. Central corneal thickness (CCT) was assessed for all
patients and IOP readings were corrected for the CCT. The
optic nerve head topography was analyzed using a confocal
scanning laser ophthalmoscope; Heidelberg Retinal Tomo-
graph II (Heidelberg Engineering, Germany). The optic disc
was considered to be glaucomatous in the presence of
localized or generalized retinal nerve fiber layer defect with
thinning of neuro-retinal rim or with the presence of a
documented decrease in neuro-retinal rim. A glaucomatous
scotoma on perimetry was considered in the presence of at
least a cluster of three or more non edged points with a
p < 5% sensitivity with at least one having a sensitivity that

occurs in fewer than 1% population on pattern deviation
probability plot, the points being in the expected location
for glaucomatous defect, a pattern standard deviation that
occurs in <5% of normal reliable fields or the glaucoma
hemi field test indicating abnormality [19]. Ocular hyper-
tensives (OHT) were patients defined as having documented
increased IOP > 22 mmHg (corrected for the CCT) on more
than two occasions in the absence of a glaucomatous optic
neuropathy.

Exclusion criteria were those with history of steroid use,
presence of any retinal or neurological pathology, evidence
of secondary causes of raised IOP (pigment dispersion,
pseudo exfoliation, or trauma), those with any pathology
detected on gonioscopy such as angle recession, pigmen-
tation of the angle greater than grade 3 or peripheral anterior
synechiae, those with corneal diameter > 12 mm and those
who had had any ocular surgery other than for glaucoma
before presentation. Patients, none of whose first degree
relatives were available for examination were excluded.

DNA preparation and Sanger sequencing

Five milliliter blood of the patients and family members was
collected in ethylene diamine tetra acetate vial and genomic
DNA was isolated from leukocytes by Miller’s salting out
method [20]. All the three coding exons of MYOC were
amplified by polymerase chain reaction (PCR) using primers
flanking coding region described previously; with slight
modification for exon2 primers (5′TGCCACCACATCC
AGCTAAT3′F and CTCTGCTCCCAGGGAAGTTA3′R)
[21]. The PCR amplifications were performed using 100 ng
DNA in BioRad Thermal Cycler (Thermo Scientific, Wal-
tham, MA). PCR cycle condition consisted of an initial
denaturation step at 94 °C for 5 min followed by 34 cycles of
denaturation at 95 °C for 30 s and 62 °C for 30 s annealing
which was followed by extension at 72 °C for 25 s and final
elongation at 72 °C for 5 min. Subsequently PCR products
were diluted in five volumes of PB buffer (Qiagen, Mis-
sissauga ON), transferred on a Whattman GF/C filter plate,
washed twice with 80% ethanol/20 mM Tris (pH 7.5) and
eluted in 50 ml of water. A second PCR using forward pri-
mer was performed using the purified PCR product as
template on Applied Biosystems Gene Amp PCR System
9700 machines to incorporate the sequencing dyes. Ampli-
fication conditions included 25 cycles of denaturation (95 °C
for 10 s) and annealing (55 °C for 5 s), followed by one last
step of elongation (59 °C for 2 min). PCR products were
purified by the ABI ethanol–EDTA precipitation protocol,
collected using a Beckman-Coulter Allegra 6R centrifuge,
and resuspended in a 50% HiDi-formamide solution. Sam-
ples were then run on Applied Biosystems Prism 3700 DNA
Analyzer automated sequencers. Sequence data were ana-
lyzed using the Unipro UGENE programs.
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Haplotype analysis was performed in two pedigrees
positive for Gly367Arg mutation. Genomic DNA of pro-
band and family members was used for determining the
haplotype. Haplotypes were derived by fragment analysis
using two short tandem repeat (STR) polymorphic markers
(D1S2815 and D1S2790) that closely flank the MYOC gene
and an intragenic marker c.1020G > A (rs534806873).
The forward primers of the STRs, D1S2815, and D1S2790
were labeled with HEX or FAM fluorophores at the 5′ end
as described previously [5, 22]. The STRs PCR products
were genotyped by automated electrophoresis in the ABI
PRISM 3500 DNA Analyzer (Applied Biosystems, Foster
City, CA, USA) and the base pairs was assessed using the
Geneious version 10.0 software, followed by a comparison
of the allele size of each STR between the two families.

Age-related penetrance of the mutations was calculated
considering three ages: 20, 30, and 40 years, as a ratio of
mutation-carrying subjects who were diagnosed less than
the specified age, divided by the total number of people
diagnosed less than the specified age and all mutation car-
riers older than this who were not diagnosed with the dis-
ease by that respective age [23].

Statistical analysis

Statistical Package for Social Sciences (SPSS ver.20
Chicago, IL, USA) was used for analysing the data.
Significance of difference in age of onset and IOP among
different groups of patients was determined by the
Mann–Whitney U test where the data distribution did not
follow the pattern of normality and an independent t test to
compare normally distributed data. A Chi square was used to
compare categorical variables and p value was considered
significant for a p < 0.05.

Results

The study included 22 families and 92 sporadic JOAG
patients of a North Indian cohort. The demographic and
clinical details of the subjects are given in Table 1.

Of all the subjects (n= 106) examined among the 22
JOAG families, 70 (66%) were affected and 36 (34%) were
unaffected. All the study subjects were included for
screening of all three exons of MYOC gene. We found a
heterozygous transition at c.1099G > A (p.Gly367Arg) in

20 affected members belonging to 4 JOAG families (Fig. 1).
A pathogenic variant Gln337Arg in homozygous condition
was also found in six patients among two other families
(Fig. 2). Among the 92 sporadic JOAG cases, Gly367Arg
mutation was observed in one patient (1.1%) and Gln48His
variant in another JOAG patient (1.1%). However, the DNA
of relatives of these patients was not available for screening
these mutations among family members. Considering the
probands in our study, 6 among familial (out of 22) and 2
among the sporadic (out of 92) harbored MYOC mutation
(χ2= 13.5; p < 0.001).

Apart from the mutations, we detected three poly-
morphisms in the coding region, c.227G > A;p.Arg76
Lys (rs2234926),c.366C > T;p.Gly122Gly (rs145354114),
c.1020G >A; p.Glu340Glu (rs534806873) and one in intron
two region IVS2 730+ 35G > A (rs2032555) Table 2. This
(rs2032555) polymorphism was present in all of our
sporadic patients except one who had wild genotype.
Except for p.Glu340Glu that was observed in two familial
patients, all polymorphisms were observed only among
sporadic JOAG patients.

Among the familial JOAG (n= 22), there were no sig-
nificant differences among the probands with myocilin muta-
tion (n= 6) and without mutation (n= 16) for median age of
onset (27 years versus 26 years, p= 0.92; Mann–Whitney
U test) as well as the average highest untreated IOP (38.6 ±
6.1mmHg versus 30.2 ± 7mmHg; p= 0.12; independent
t test).

Considering the Gly367Arg as the most commonly seen
mutation in this study, we evaluated the phenotypic features
of the diseased individuals carrying this mutation in the four
families; the average age of onset (26.1 ± 7.8 years), the
highest untreated IOP (43.6 ± 9.1 mmHg), the worst eye
Mean Deviation (−21 ± 12.8 Db) and the worst eye vertical
cup disc ratio (0.75 ± 0.2).

Age-related penetrance in relation to glaucoma/OHT of
the Gly367Arg in our study group was found to be 75%
(6/8) at 20 years, 85% (11/13) at 30 years and 91% (20/22)
at 40 years of age. Two of the four families harboring the
Gly367Arg mutation were found to belong from a similar
geographic location (Azamgarh, Uttar Pradesh, India)
within a 50-mile radius. To look for a founder effect of the
Gly367Arg mutation among these two families we con-
ducted a haplotype analysis. Haplotype analysis was based
on the genotype data obtained from 12 members of 2
families for two STR polymorphic markers (D1S2815 and

Table 1 Clinical parameters of
the familial (probands) and
sporadic JOAG patients.

Parameters Familial (n= 22) Sporadic (n= 92) p value

Mean age (years) at diagnosis ± SD 29.6 ± 10.96 26.81 ± 9.60 0.22

Mean highest untreated IOP (mmHg) ± SD 34.27 ± 12.33 37.68 ± 11.94 0.34

MYOC Mutation carriers among probands 6 (27.3%) 2 (2.2%) 0.001
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D1S2790) and an intragenic SNP marker c.1020G >A
(Fig. 3). The allele sizes of STR markers in the affected
members were (218, 222 bp) for D1S2815 and (240 and
242 bp) for D1S2790 (Fig. 3). In both families, the disease

haplotype was different in terms of the allele size of the
STRs suggesting that the mutation possibly occurred inde-
pendently and the mutant gene in both the families might
have originated from different ancestors.

Fig. 2 Pedigree of one of the
two families with homozygous
Gln337Arg mutation. a Blood
samples of subjects from A to E
were available for the study.
Those shaded in black were
diseased (glaucoma/Ocular
hypertension).Those denoted
with the asterisk had the
mutation. Age of disease onset is
denoted for each in years
[brackets]. b Chromatogram
showing the homozygous
Gln337Arg mutation in exon 3
of MYOCc.1010A > G caused an
amino acid change from
Glutamine to Arginine at
codon 337.

Fig. 1 Pedigree of one of the four families with heterozygous
Gly367Arg mutation. a Blood samples of subjects from A to I were
available for the study. Those shaded in black were diseased (glau-
coma/Ocular hypertension). Those denoted with the asterisk had the

mutation. Age of disease onset is denoted for each in years [brackets].
b Chromatogram showing the heterozygous Gly367Arg mutation in
exon 3, of MYOC.c.1099G >A caused an amino acid change from
Glycine to Arginine at codon 367.
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Discussion

In a previous study, we reported a much higher prevalence
of sporadic forms of JOAG in our population [10]. In the
same study, a segregation analysis pointed to the fact that
JOAG may not be a monogenic disease. Since MYOC has
been shown to be the most widely prevalent gene muta-
tion identified among JOAG patients, and since its pre-
valence has not been evaluated among the sporadic forms
of JOAG, in this study we compared the prevalence of
MYOC mutations in a well phenotyped, and a relatively
large series of both familial and sporadic JOAG patients.
Screening of the MYOC gene has been reported in dif-
ferent ethnicities which support presymptomatic mole-
cular diagnosis in the respective pedigrees for specific
genetic variations [24–26]. Genetic screening in select
cases of familial JOAG has been shown to be a powerful
tool to improve the diagnostic accuracy and determine

best treatment methods [27]. Screening for genetic
mutations in early onset glaucoma patients is important as
it may determine their choices in many aspects of their
future life [28]. However, screening all JOAG patients
may be limited due to financial constraints among geo-
graphic locations where resources are limited along with
the fact that genetic heterogeneity/incomplete penetrance/
linkage disequilibrium can put a hindrance in identifying a
cause and effect relationship [29–31]. This study found
sporadic JOAG patients to have significantly lower pre-
valence of MYOC mutations in comparison to familial
cases. Given the low prevalence of disease causing MYOC
mutations among sporadically occurring JOAG patients,
at least in this population, we would not consider
screening for it. However, even the majority of familial
JOAG cases lacked the MYOC mutation pointing toward
other loci even among the autosomal dominant JOAG,
that need to be investigated.

Table 2 The Myocilin sequence variants in the familial and sporadic JOAG patients in the present study.

rs number Nucleotide/codon change Familial
(F)/sporadic (S)

Pathogenicity Allele frequency
(Worldwide Population)a

Allele frequencyb

(Indian)

rs74315335 c.1010A > G,
p.Gln337Arg

F Pathogenic – –

rs74315334 c.1099G > A,
p.Gly367Arg

F, S Pathogenic – Southern Indian G= 1,
A= 0 [33]

rs74315339 c.144G > T, Gln48His S Pathogenic Global G= 0.997, T= 0.003
African G= 1, T= 0
European G= 1, T= 0
American G= 1, T= 0
South Asian G= 0.99,
T= 0.01

Eastern Indian G= 1,
T= 0 [44]
Southern Indian G= 1,
T= 0 [47]

rs145354114 c.366 C > T, p.Gly122Gly S Polymorphism Global C= 0.999, T= 0.001
African C= 1, T= 0
European C= 1, T= 0
American C= 1, T= 0
South Asian C= 1, T= 0

Southern Indian C= 1,
T= 0 [33]

rs534806873 c.1020G > A,
p.Glu340Glu

F Polymorphism Global G= 1, A= 0
African G= 0.999, A= 0.001
European G= 1, A= 0
American G= 1, A= 0
South Asian G= 1, A= 0

–

rs2234926 c.227G > A, p.Arg76Lys S Polymorphism Global G= 0.86, A= 0.14
African G= 0.993, A= 0.007
European G= 0.859, A=
0.141
American G= 0.90, A= 0.10
South Asian =0.61, A= 0.39

Eastern Indian G= 0.60,
A= 0.40 [44]

rs2032555 IVS2 730+ 35G > A S Polymorphism Global G= 0.215, A= 0.785
African G= 0.113, A= 0.887
European G= 0.285,
A= 0.715
American G= 0.35, A= 0.65
South Asian G= 0.20,
A= 0.80

Southern Indian
G= 0.18, A= 0.82 [53]

aAllele frequency data obtained from dbSNP.
bAllele frequency data from various studies among the Indian population.
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Nevertheless, the observed frequency of 27% in our
familial JOAG was higher than the frequency observed in
the largest study of 25 North American origin JOAG
families with only 8% of them harboring MYOC mutations
[32]. Shimuzu however, reported a higher prevalence of
MYOC mutations (33%) in a smaller series (three out of
nine) of Japanese families of JOAG patients [15].

Among our set of JOAG patients, the Gly367Arg
mutation was most commonly detected mutation. Except
one JOAG patient from Southern India [33], none of the
other studied POAG/JOAG patients have been shown to
carry the Gly367Arg mutation from this part of the world.
Most studies have shown an association of Gly367Arg
mutation with earlier onset of POAG [34–36]. The mean

Fig. 3 Pedigrees of 2 families having a common geographic loca-
tion. The Haplotype analysis of 12 members of the 2 families (a, b)
with a Gly367Arg mutation Haplotypes are shown in the order of

D1S2815 (1q24.4), rs534806873;c.1020G >A (intragenic), and
D1S2790 (1q24.3). Disease haplotype is indicated in gray box.
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age of diagnosis in Gly367Arg carriers was found to be 34
years in Quebec, 36 years in Japanese, and 32 years in
Indian JOAG patients [33, 37, 38]. The maximal IOP ran-
ged from 30 to 50 mmHg [33, 34, 37] among patients with
Gly367Arg mutation [36, 38]. In a German population,
Gly367Arg was specific to familial JOAG patients as the
mutation was completely absent in sporadic POAG patients
and normal healthy controls [39]. Because of the higher
prevalence and relatively high penetrance of Gly367Arg
mutation among families, it is worthwhile screening all
family members whenever a JOAG patient is found to carry
this mutation. We did however observe this mutation in one
(1.1%) of the sporadically occurring JOAG patients. We did
not have the DNA of the family members of this patient to
ascertain the occurrence of this mutation in other members
of the family.

Gly367Arg is localized in the C-terminal part of the
protein which is a major component of the extracellular
matrix of the olfactomedin domain of MYOC that is linked
to early onset, inherited forms of open angle glaucoma [13].
The wild type MYOC is normally secreted in to the trabe-
cular extracellular matrix but recent evidence supports a
toxic gain of function for MYOC mutations [13, 40, 41].
The mutations especially in the C-terminal part could
interfere with the uptake or metabolism of protein, leading
to misfolding and accumulation of protein in the endo-
plasmic reticulum and its impaired cellular trafficking
thereby obstructing aqueous outflow [42, 43].

Our study suggests Gly367Arg mutation to be more
commonly associated with JOAG in North Indian families.
Few mutations are geographic or ethnicity specific;
Cys433Arg mutation of exon 3 is related to JOAG in Bra-
zilian families with autosomal dominant inheritance [26].
The other widely prevalent and recurrent MYOC pathogenic
mutations; Pro370Leu and Gln368Stop with varying fre-
quency/phenotype in POAG patients, were found to be
absent in our series [5, 39, 44, 45]. Penetrance of Gly367Arg
in our familial cases was 90% by 40 years of age which was
higher than the earlier report in a Swiss family [34]. Even
though MYOC mutations account for the most common
genetic cause of autosomal dominant JOAG, all the muta-
tions reported till now have shown incomplete penetrance
[34, 36]. In our study, also we found two unaffected indi-
viduals with the Gly367Arg mutation. The unaffected indi-
viduals with the Gly367Arg mutation had no other genetic
variations in MYOC coding exons. It is likely that these
individuals could develop the disease at a later time in life
and hence need to be closely monitored.

The other mutation, Gln48His unique to the Indian
population, first described by Chakrabarti et al., who found
it to be the most prevalent among their patients, was how-
ever identified in only one of our sporadic JOAG patient
[46, 47]. Either the penetrance of this mutation is low as

none of the family members of this case had glaucoma or it
occurs as a de novo mutation. Sripriya et al. [47] described
an adult onset POAG case with no family history of glau-
coma harboring the Gln48His mutation. We did not have
access to the DNA of the family members of this patient;
hence it is difficult to say conclusively if it was a de novo
mutation in our patient.

The Gln337Arg is another rare mutation that was detected
in two families in our series and has only once been reported
previously in a large JOAG family from Scotland. It is
speculated that the mutation interferes with conformation of
myocilin protein, thus being pathogenic [48].

The current study also identified commonly found poly-
morphisms observed in other populations. Glu340Glu
(rs534806873) polymorphism was found in 18% among the
familial group. The Arg76Lysrs (rs2234926) polymorphism
was present in 39% of our sporadic JOAG patients as com-
pared with the higher frequency among (73.2%) POAG
patients from Eastern India and 25% in Southern India
[44, 47]. This polymorphism was found in POAG patient
population across the world with varied frequency ranging
from 2 to 11% [49–51]. We found one sporadic JOAG patient
with synonymous variation Gly122Gly (rs145354114). The
Gly122Gly polymorphism observed in our study has been
reported previously by Alward [4] as a non-disease causing
polymorphism though Kangavalli reported this variation to be
present in a POAG patient from Southern India but not in the
healthy controls [4, 33]. The frequency of this polymorphism
was 1–2% in all the reported POAG patient populations
[5, 33, 50, 52]. The intronic variant (rs2032555) we found in
our sporadic JOAG patients was reported earlier in glaucoma
patients from Southern India, South Africa, and Iran
[8, 21, 53] as a polymorphism. Although a functional role of
this variation was not established, Pandaranayake et al. sug-
gested that such polymorphisms in theMYOC genomic region
which cause synonymous codon changes or that occurring in
the intron regions can possibly lead to altered MYOC protein
products through altered intron–exon splicing [53].

One of the limitations of the study was that we were
unable to test the family members of the sporadic cases
who also could have harbored the MYOC mutations and
could possibly have developed glaucoma in future thus
making these cases being actually familial type of JOAG.
However, the strength of the study was a large number of
unrelated sporadic cases and unrelated families of JOAG
in a similar ethnic population that were available for
screening for the MYOC gene. The low frequency of
mutations in the most commonly related genes namely
MYOC and CYP1B1 [54] among sporadic JOAG patients
is suggestive of genetic heterogeneity at least in this
population and further genetic studies should focus on
this subset of patients to understand the role of other
unidentified loci.
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Summary

What was known before

● Myocilin and Juvenile onset open angle glaucoma
(JOAG): Myocilin mutations are associated with JOAG.

● Prevalence of Myocilin mutations in JOAG: it was
known that the prevalence of Myocilin mutations is
higher among familial forms of JOAG and hence they
need to be screened for Myocilin.

What this study adds

● This study shows that among the sporadically occurring
JOAG the prevalence of Myocilin mutations is low.
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