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Introduction

Juvenile open-angle glaucoma (JOAG) is primary open-angle
glaucoma (POAG) with age of onset before 40 years, associ-
ated with high intraocular pressure (IOP), advanced glau-
comatous optic neuropathy, and severe visual disability, if
left untreated. Myocilin (MYOC) mutations have been asso-
ciated with this form of glaucoma. Rarely, latent transform-
ing growth factor-β-binding protein 2 (LTBP2) mutations
have also been associated with JOAG and adult-onset open-
angle glaucoma.1,2 In the past two decades, genetic loci
associated with primary congenital glaucoma (PCG), JOAG,
and POAG have been found to be overlapping.3 The fact that
some individuals with MYOC mutations never develop the
disease and others without MYOC mutation, in a family with
MYOC mutation, develop the disease, points toward the
possible influence of other genetic variants in affected
individuals, suggestingmultiallelic inheritance.3–9 An earlier
study by Vincent et al showed occurrence of a digenic
inheritance (DI) of CYP1B1 and MYOC in a JOAG family of
East Indian descent.10 Next-generation sequencing techno-
logies havehelped in identifying cosegregation of pathogenic
variants, thus providing greater evidence for multiallelic
inheritance. In this report, we identified a JOAG family
with both MYOC and LTBP2 gene mutations.

Case Report

The JOAG family presented in this report is of North Indian
descent. The study was approved by institute ethics commit-
tee of the All India Institute of Medical Sciences, New Delhi,
India, and was conducted following the Declaration of Hel-
sinki. Informed consent was obtained from all investigated
individuals. Two milliliter of blood was collected in an EDTA
vial from the familymembers available andDNAwas isolated
by salting out method. Using 1 µg genomic DNA, whole
exome sequencing was performed in proband and her
parents using SureSelectXT2 Human All Exon v5þUTRs
(Agilent Technologies; Santa Clara, California, United States)
on an Illumina HiSeq 2000 System with 100-bp paired-end
sequencing. The paired reads were aligned to GR.ch37 refer-
ence genome and the GATK Software (https://www.broad-
institute.org/gatk/) was used for base quality calibration. The
variant analysis was performed using GATK-3.6 toolkit with
Unified Genotyper. The variant call files generated were
analyzed using Golden Helix VarSeq Software v.1.2.1 (Boze-
man; Montana, United States). False-positive detection of
variants wereminimized by keeping the cutoff read depth as
15 and variants were annotated with information from
Ensembl (http://www.ensembl.org), 1000 Genomes Project
(http://www.1000genomes.org/), RefSeq (http://www.ncbi.
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Abstract Juvenile open-angle glaucoma (JOAG) is an uncommon subset of primary glaucoma
with an onset before the age of 40 years. In this case report, we describe the
cosegregation of MYOC, p.Pro370Leu and LTBP2, p.Pro432Leu mutations in a family
with JOAG. The family with autosomal dominant JOAG belonged to Northern India. The
samples of proband and her parents were evaluated by whole exome sequencing.
Sanger sequencing was conducted in all the study participants to check the mutations
identified. Both MYOC and LTBP2 mutations were found to cosegregate in affected
individuals leading to a severe JOAG phenotype, thereby suggesting a digenic inheri-
tance of MYOC with LTBP2 in this family.
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nlm.nih.gov/RefSeq/), and ExAC browser (http://exac.broad-
institute.org/). To remove the common variants, minor allele
frequency was kept as less than 1% or unknown.

The analysis focused on previously known genes for JOAG,
PCG, and adult-onset POAG, namely, MYOC, CYP1B1, LTBP2,
FOXC1, PITX2, TEK, COL15A1, OPTN, and TMCO1. For validating
the genetic variants, Sanger sequencing with both forward and
reverse primers on the amplified templatewas performed. The
functional impact of variants was analyzed using tools such as
PROVEAN, DEOGEN2, FATHMM-MKL, Polyphen, and SIFT. Pro-
tein–protein interactions (PPI) and RNA coexpression were
checked by an online resource tool, namely, STRING (Search
Tool for the Retrieval of Interacting Genes, version 11.2). The
confidence score limit set for the PPI network generation
was�0.4 and a cutoff value of p�0.01 was considered for
significance of prediction/interaction. For RNA coexpression, a
score above�0.15 was regarded as robust evidence.

All the affected individuals had onset of glaucoma or ocular
hypertension (OHT) before the age of 15 years (►Fig. 1). The
father had been diagnosed with glaucoma at a young age, the
proband presented to us with advanced glaucomatous optic
neuropathy while her younger sister and younger brother
were detected, by us to have OHT, when we screened the
siblings. The father had poor vision in both eyes, and the
proband had a vision of only 3/60 in one eye due to advanced
glaucomatous optic neuropathy while the other eye had
advanced glaucomatous optic neuropathy but maintained a
central visual acuity of 6/6. The affected sister and younger
brother of proband had 6/6 vision in both eyes. The clinical
characteristics of the affectedmembers are given in►Table 1.

None of the members had enlarged corneal diameters that
would suggest a congenital glaucoma. Iris and lens morpholo-
gy were normal and goniophotograph showed wide open
angles. The proband showed advanced glaucomatous optic
neuropathy in both eyes (►Fig. 2). Her perimetry was evalu-
ated only in the left eye, which showed severe visual field loss.
The siblings with OHT had normal thickness of their retinal
nerve fiber layer on ocular coherence tomography.

We identified a MYOC variant (chr1:171605471G>

AGRch37; NM_000261.2:c.1109C> T; p.Pro370Leu) and
LTBP2 variant (chr14:75018994G>A GRch37; NM_000428.3:
c.1295C> T; p.Pro432Leu) in the proband and affected father.
Both these variants are nonsynonymous, missense, and are
highly conserved in the evolutionary process. The Genomic
Evolutionary Rate Profiling (GERPþþ) rejected substitutions
scores were 4.55 and 2.68 for the MYOC and LTBP2 variants,
respectively, indicative of a significant evolutionary constraint
at these sites. The score values of the deleterious effect ofMYOC
and LTBP2 variants were: SIFT (0.05, 0.15), Polyphen (1, 0.011),
PROVEAN(�8.44,�2.96),DEOGEN2(0.92, 0.55), andFATHMM-
MKL (0.80, 0.67), respectively.

Themutationswere coinherited by the proband’s younger
brother and sister whowere detected to haveOHT (►Fig. 1A).
Sanger sequencing confirmedMYOC, p.Pro370Leu and LTBP2,
p.Pro432Leu heterozygous variations (►Fig. 1B, 1C). Both
variants were absent in three other unaffected siblings and
mother of proband. However, in one unaffected sibling, only
LTBP2, p.Pro432Leu mutation was observed. The IOP of the
carrier with the LTBP2 variant was 12mm Hg in both eyes
and his cup disc ratio was 0.3 in both eyes.

Fig. 1 Pedigree of JOAG family, with MYOC (Pro370Leu) and LTBP2 (Pro432Leu) mutations. (A) Affected status is shaded, black is for JOAG and
gray for ocular hypertension. M and L below each symbol indicatesMYOC and LTBP2, respectively.þ/� indicates heterozygous mutation and�/�
indicates homozygous wild genotype. Y indicates age in years at the time of study. Age indicated in square brackets with red colored italics
denotes age of onset, while the age in black color indicates the age at the time of the study. (B) Chromatogram showing change at c.1109C> Tof
MYOC causing heterozygous p.Pro370Leu mutation. (C) Chromatogram showing change at c.1295C >T of LTBP2 causing heterozygous
p.Pro432Leu mutation. (D) Heat map of coexpression of MYOC and LTBP2 in Homo sapiens.
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For PPI network generation, both genes were imported to
STRING tool, to identify the network of interaction among
them based on databases of experimental and predicted
protein interaction. The PPI network view summarizes the
network based on text mining, experiments, databases,
coexpression, neighborhood gene fusion, and co-occurrence.
Each of these interactions is assigned a score between 0 and 1
which is the probability that the interaction really exists
given the available evidence. In our analysis, the PPI enrich-
ment, p-value was 0.002 for a combined interaction score of
0.68 for MYOC and LTBP2. In the PPI network generated for
MYOC and LTBP2, the interaction sources that contributed to
the combined interaction/prediction score were from text
mining and RNA coexpression. Based on this, we concluded a

tangible PPI between the two genes. The RNA coexpression
score of 0.08, however, indicated a weak evidence of coex-
pression of the two genes (►Fig. 1D).

Discussion

Our study describes cosegregation of MYOC, p.Pro370Leu
and LTBP2, p.Pro432Leu pathogenic variants in a family with
JOAG. Both these mutations have been associated to be
disease causing in POAG.1,11 The allele-specific penetrance
forMYOC, p.Pro370Leu is known to be more than 75% by the
age of 25 years which is higher than other reported MYOC
mutations.12 The MYOC, p.Pro370Leu mutation has been
described among JOAG families.13,14 In the family described

Table 1 Clinical characteristics of the affected members in the family

Clinical parameters Father Proband Sister Brother

Visual acuity: RE, LE 1/60, 6/12 3/60, 6/6 6/6, 6/6 6/6, 6/6

Highest untreated IOP: RE, LE (mm Hg) 40, 38 44, 32 26, 26 32, 36

Central corneal thickness: RE, LE (µ) 550, 550 470, 500 520, 500 560, 580

Axial length: RE, LE (mm) 23.3, 23.6 24.8, 24.7 21.9, 22 24, 23.9

Cup disc ratio: RE, LE Near total cup BE Near total cup BE 0.3:1, 0.3:1 0.4:1, 0.4:1

Mean deviation: RE, LE (dB) NP, �28.5 NP, �27.8 Not done Not done

Treatment BE trabeculectomy BE trabeculectomy Medical Medical

Abbreviations: BE, both eyes; IOP, intraocular pressure; LE, left eye; NP, not possible; RE, right eye.

Fig. 2 Anterior segment, optic disc photograph, and visual field of proband. (A) Anterior segment photograph of the proband along with
goniophotograph showing wide open angles. (B) Optic disc photograph of the proband showing near total glaucomatous optic neuropathy in
both eyes. (C) Visual field of the left eye of the proband showing severe visual field loss.
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here, the penetrancewas almost 100% by the age of 15 years.
The much earlier penetrance and greater severity, points to
the role of LTBP2 in causing an increased pathogenicity of
MYOC, p.Pro370Leu mutation. The LTBP2, p.Pro432Leu vari-
ant was found to be deleterious by PROVEAN, DEOGEN2,
and FATHMM-MKL but not by the SIFT and Polyphen
scores. The DEOGEN2 and FATHMM-MKL values score
better as indices of deleteriousness compared with SIFT
and Polyphen.15,16

Both MYOC and LTBP2 genes have been shown to be
coexpressing in trabecular meshwork (TM).17 MYOC in TM
plays an important role in regulation of IOP. The mutant
MYOC aggregates in TM, which could deregulate the physio-
logical function of TM, leading to IOP rise in the eye. The
precise mechanism of LTBP2 contributing to glaucoma path-
ogenesis is not known, but it is presumed that the presence of
defective LTBP2 in the ciliary body can alter the elasticity of
Schlemm’s canal and scleral spur (the aqueous humor drain-
age facilitating pathways) which in turn raises the IOP. A
STRING analysis showed the two genes: LTBP2 and MYOC, to
have an indirect interaction through other genes, though
evidence of a direct interaction was not observed. While the
values for PPI were indicative of a protein level interaction
between the two genes, the RNA coexpression was weak
given the value of 0.08. However, even if the score value is
low (as was between theMYOC and LTBP2 genes), there is no
way to rule out a nonoverlapping type of evidence for RNA
coexpression.

While the primary disease association of biallelic LTBP2
variants is microspherophakia and/or ectopia lentis, LTBP2
mutations have been associated with wide range of pheno-
types including PCG and recessively inherited JOAG.2,17–19

Ours is the second report of an LTBP2 mutation in JOAG. An
unaffected sibling, in this family, also carried LTBP2, p.
Pro432Leumutation, but he did not haveMYOC, p.Pro370Leu
variant. In his case, probably both variants were required for
disease manifestation or there is a possibility of later devel-
opment of glaucoma in this sibling. It is also possible that
MYOC, p.Pro370Leu may have the “dominator” effect, while
LTBP2, p.Pro432Leu may be having a “regulatory” effect.

DIgenic diseases DAtabase (DIDA), the first comprehen-
sive resource for digenic diseases which includes 44
digenic diseases currently involving 213 digenic combina-
tions, suggests that for two genetic variants to cause DI, it
is essential to determine whether there is some relation-
ship between genes in terms of direct or indirect interac-
tion, coexpression, pathway membership, or similar
function. In DIDA, almost 41% cases showed either one
or two types of evidence/relationship favoring DI.20 In this
family, heterozygous mutations were present in the two
genes, already known as glaucoma loci, with both genes
having interaction with already known glaucoma genes.
Since this is only a single small family, in which a statistical
evidence of linkage of phenotype with genotype cannot be
ascertained, we can only hypothesize the existence of DI
and suggest both MYOC and LTBP2 genes could be screened
for mutations, especially involving a severe JOAG pheno-
type. We believe that MYOC–LTBP2 interactions need to be

addressed in larger samples of mutant carriers which may
further provide clinical insight into the causal relationship
among the variants in these genes, as also looking at the
protein interactions of these two variants at a molecular
level.
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