®

Check for
updates

Glaucoma Genetics in Pakistan

18

Humaira Ayub, Maleeha Azam, Shazia Micheal,
Muhammad Imran Khan, Farah Akhtar,

Chiea Chuen Khor, Tin Aung,

Anneke den Hollander, and Raheel Qamar

Abstract

Glaucoma, a multifactorial ocular disease, is
clinically and genetically heterogeneous. It is
the second leading cause of blindness in
elderly population worldwide. Because of the
complex nature of glaucoma, the genetic spec-
trum has not been established globally. In
Pakistan, both the familial and the sporadic
forms of the disease are common, which is
attributed to higher percentage of consanguin-
ity in the Pakistani population. Till the year
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2008, there were no reports from Pakistan
about the genetic factors causing glaucoma. In
order to identify the glaucoma genetic spec-
trum in the Pakistani population, we geneti-
cally screened individuals with glaucoma that
included the common clinical subclasses; pri-
mary congenital glaucoma (PCG), primary
open angle glaucoma (POAG), primary angle
closure glaucoma (PACG), and pseudo-
exfoliation glaucoma (PEXG). We conducted
linkage analysis of the glaucoma families,
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case-control association analysis of the spo-
radic glaucoma cases using previously
reported single nucleotide polymorphisms
(SNPs), and also carried out genome wide
association studies (GWAS). These studies
have allowed us to discover novel glaucoma
causing genes and risk-associated SNPs in the
Pakistani population. The identification of
novel glaucoma genes reveals novel molecular
mechanisms involved in glaucoma pathogen-
esis. However, the clinical heterogeneity in
the Pakistani glaucoma population suggests
the need for further exploration of the molecu-
lar/genetic causes of the disease.

Keywords

Glaucoma - GWAS - SNPs - CYPIBI - Novel
genes/loci

18.1 Introduction

Glaucoma is a group of neurodegenerative ocular
diseases, which is caused by optic nerve damage
either in one eye or both, leading to visual field
defect and eventually blindness.

Glaucoma is a multifactorial disease, caused
by interplay of genetic and environmental factors.
The complex nature of the disease is either due
to heterogeneity where different genes result in
the same clinical subtype or the same genes lead
to variable clinical conditions. Phenocopies have
also been observed that are caused by environ-
mental factors. The presence of modifier element
also makes the condition complex where muta-
tion carriers remain asymptomatic. Deviation
from the Mendelian mode of inheritance is com-
mon in glaucoma [1-4]. Due to all these differ-
ent factors analyzing glaucoma genetically is
difficult, however, familial clustering as well as
association studies have been helpful in identifi-
cation of pathogenic mutations as well as rare and
common polymorphic genetic variants that have
shown higher percentages in affected individuals
as compared to healthy (unaffected) control pop-

ulation [5]. Having a multifaceted etiology, cer-
tain genes are pertinent to glaucoma progression
globally as well as in a population-specific man-
ner. In Pakistan, the higher prevalence is not only
due to the lack of awareness and management
of the disease but also the clinical heterogeneity
where different subclasses have familial form and
sporadic occurrence, which affect people of all
ages. Our genetic screening of glaucoma, which
included primary congenital glaucoma (PCG),
primary open angle glaucoma (POAG), primary
angle closure glaucoma (PACG), and pseudo-
exfoliation glaucoma (PEXG), involved replica-
tion studies, which revealed glaucoma-associated
single nucleotide polymorphisms (SNPs) in the
Pakistani population, exome sequencing resulted
in novel gene identification. While global screen-
ing of glaucoma including the Pakistani cohort,
led to the discovery of glaucoma-associated
novel loci. All the studies performed until now
have indicated genetics as one of the major com-
ponents involved in familial and sporadic glau-
coma onset in Pakistan.

18.2 Global Perspective

Glaucoma displays variable occurrence rate
among different populations worldwide, simi-
larly its genetic etiology exhibits heterogeneity
and therefore remains largely unknown not only
globally but also in different populations includ-
ing Pakistan. Glaucoma is estimated to affect
worldwide 79.6 million by 2020 [6] and 111.8
million by 2040 [7], three-fourth of whom will
suffer from POAG [6]. Females are more prone to
develop the disease, encompassing 70% of PACG
patients, 55% of POAG, and 59% of other types
of glaucoma. The ethnicity differences reveal that
Africans have the highest occurrence rate, where
POAG is observed to be more common, followed
by Asians, where the Chinese population has a
higher incidence of PACG patients, while normal
tension glaucoma (NTG) subtype is more com-
mon among the Japanese [8].

Previously familial studies resulted in identifi-
cation of 18 glaucoma loci (GLC1A to GLCIN,
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GLC3A to GLC3D). The mutated genes included
optineurin (OPTN), myocillin (MYOC), neu-
rotrophin 4 (NTF4), and WD repeat domain
36 (WDR36) [9, 10]. Among the subclinical
classes, PCG is more common in infants, usu-
ally occurring in sporadic manner in outbred
populations, however, it is inherited recessively
in inbred population [11, 12]. To date, four loci
(GLC3A, GLC3B, GLC3C, and GLC3D) have
been linked to PCG, with two identified genes
GLC3A (CYPIBI) and GLC3D (Latent trans-
forming growth factor beta binding protein;
LTBP2) [13, 14]. Among the reported genes,
cytochrome P450 (CYPIBI) has been found to
be associated with PCG in different populations
globally [9]. Through GWAS and case-control
association studies in different cohorts, around
20 genes have been reported for POAG [9], while
9 genes have been found to be associated with
PACG [15, 16]. More than 70 point mutations
in MYOC have been found to be associated with
POAG (predominantly 3-5% being associated
with juvenile open angle glaucoma (JOAG)) [17]
worldwide. Despite the identification of a num-
ber of genes, the complete genetic etiology of
glaucoma remains undefined.

18.3 Epidemiology

A comprehensive report on glaucoma prevalence
in Pakistan is still lacking, though small hospital-
based studies have been conducted they do not
provide a complete epidemiological overview of
the Pakistani glaucoma patients. Therefore, there
remains a gap in the determination of epidemio-
logical basis of glaucoma of the Pakistani popula-
tion. World health organization (WHO) national
survey of blindness conducted between 1987 and
1990 showed that the prevalence of blindness var-
ied from 2.0 to 4.3% in the Pakistani population,
where glaucoma was found to be responsible for
3.9% blindness cases [18], which rose to 7.1%
by the year 2007 [19]. However, another study
has shown that 1.8 million people in Pakistan are
affected by glaucoma among them one million
are legally blind. Although it has a high preva-

lence, glaucoma is the major cause of treatable
blindness in Pakistan second to cataract [19].

In Pakistan, POAG is the most frequent glau-
coma subtype [20], especially in adults who are
70 years and older [19]. Moreover, PACG is more
common among females and POAG among the
males [21]. Congenital glaucoma accounts for
up to 18% of childhood blindness and is believed
to occur in 1 among 2000 births in the Middle
East and 1 in 10,000 births in Western countries
[22]. The higher occurrence of glaucoma in the
Middle East is attributed to higher percentage of
consanguineous marriages, which is even higher
in South Asian countries including Pakistan [23].

18.4 Etiology

The etiology of glaucoma is complex with
involvement of a combination of factors resulting
in a similar pathological outcomes. The major
risk factor of high prevalence of isolated primary
glaucoma in Pakistan is old age [24]. Besides
that, based on the recent genetic studies, the role
of genetic susceptibility is becoming apparent.
The major cause of familial glaucoma in Pakistan
is consanguinity that results in many diseased
recessive families, though dominant glaucoma
families have also been identified worldwide [25],
we also observed few dominant conditions in our
studied cohort. Pakistan has one of the highest
rates of consanguinity, because of which the
ratio of PCG is higher followed by JOAG. Due
to excessive inbreeding, clinical extremes have
been observed in Pakistani patients. Among the
environmental factors, exposure to sun also plays
a role in disease manifestation as the people in
the rural areas are usually farmers and are exces-
sively exposed to sunlight. The major reason of
occurrence of secondary form of glaucoma in
Pakistan is use of steroid, for keratoconjuctivites,
and allergies as well as self-medication for eye
problems. The second most common cause of
secondary glaucoma found in the Pakistani popu-
lation is bilateral penetrating keratoplasty [26].
Besides, diabetes, cataract, and other diseases
may also lead to secondary form of neovascular
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glaucoma [27]. Due to a lack of awareness, delay
in diagnosis, and treatment facilities in Pakistan,
patients lose eyesight thus worsening their condi-
tion [28]. In addition, there are a number of sys-
temic disorders called as glaucoma syndromes,
which involve ocular abnormalities as a second-
ary feature [29]. These include Marfan’s syn-
drome, Alfred Reiger’s syndrome, Nail-patella
syndrome, and Pigment Dispersion syndrome.

Though glaucoma induced blindness is pre-
ventable, numerous studies have demonstrated
that access to glaucoma care facilities and non-
compliance to therapy are still the major issues
to be addressed in Pakistan. Several interrelated
factors may contribute to noncompliance, includ-
ing illiteracy in patients, self-medication, and
poor socioeconomic status, which may be one
of the reasons behind discontinuation of medi-
cines resulting in progression of glaucoma to end
stage. All these factors must be investigated in
a glaucoma patient’s noncompliance to medical
treatment [30].

18.5 Experimental

In order to study the glaucoma genetic spectrum
in the Pakistani population, we genetically ana-
lyzed familial and sporadic glaucoma, includ-
ing the major clinical subclasses PCG, POAG,
PACG, and PEXG. The genetic screening was
started in 2008 and is still ongoing. In addition
to that, all the glaucoma genetic findings by
other groups working on Pakistani patients were
also collated with our data in the current study
to better understand the genetic etiology of the
Pakistani population.

18.5.1 Identification of Novel Genes,
Loci, and Novel Mutations
in Known Genes
18.5.1.1 Homozygosity Mapping
and Exome Sequencing
Glaucoma families were screened by exclu-
sion mapping using Sanger sequencing, in these

families, glaucoma was the primary cause of
vision loss and also a secondary clinical feature
in syndromic families. Using this technique few
novel mutations in known genes were identified.
The unsolved families were further analyzed
by whole exome sequencing and homozygosity
mapping after microarray analysis of selected
family members, this resulted in identification of
a few novel genes/loci (Table 18.1).

18.5.1.2 Genome Wide Association
Studies

For the association studies, multiple techniques
were used such as genome wide association stud-
ies (GWAS) [31, 32] that led to identification of
novel loci (Table 18.2). Replication studies of
selected SNPs based on their previous associa-
tion with various populations were done through
TaqMan/KASPAR assays, this highlighted the
previously identified glaucoma associated SNPs
role in the Pakistani population (Table 18.2).

18.6 Genetic Aspects

18.6.1 Familial Glaucoma Genetics
in Pakistan

CYP1B1 Associated

Glaucoma Families

Due to consanguinity in Pakistan, there is a
frequent transmission of mutations through the
generations resulting in a higher prevalence of
genetic diseases. Many genes are expected to
be involved in the progression of familial glau-
coma in the Pakistani population, therefore the
exact genetic cause remains undefined [33].
The GLC3A locus on chromosome 2 has been
reported to be the most significant contribu-
tor to recessive PCG in the Pakistani popula-
tion [34, 35]. CYPIBI is the gene that resides
in the GLC3A locus and is one of the major
causes of glaucoma [(PCG (34.6%) and POAG
(3.3%)] in the Pakistani population (Fig. 18.1).
The founder mutation p.Arg390His in CYPIBI,
is the most frequent CYP/B] mutation not only
in the Pakistani population (45%; Fig. 18.1) but

18.6.1.1
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Table 18.1 Genes and their identified mutations causative of familial glaucoma in the Pakistani population

Gene
(MIM 1D)
CYPIBI
(MIM
601771)

LTBP2
(MIM
602091)

MYOC
(MIM
601652)
PXDN
(MIM
605158)
PRPFS
(MIM
607300)
FOXCI
(MIM
601090)
PAX6
(MIM
607108)

Mutation (protein variation)
p-Leul77Arg

p.Leu487Pro

p-Asp374Glu

p-Arg390His*

p.Arg355*

p.Glu229Lys

p-Ala288Pro

p-Asp242Ala
p-Arg290Profs*37
p-Asp316Val

p-Alal15Pro
¢.868_869insC

p-Gly36Asp
p-Gly67-Ala70del
p-Trp434Arg

p.-Arg444Gln

p-Tyr81Asn

p-Arg368His
p.Trp246Leufs81* + p.Glu299Lys
p.Pro442GInfs15%*

p-GIn37*

p.-Arg469Trp
p-Thr404Serfs30*
c.1044-1G>C

p.Gly61Asp

p-Pro437Leu

p-Pro350Thr + p.Val364Met
p.Leul3*

p-Arg299X p.Alal38Profs*278, p.

GIn111X p.Glu415Argfs*596
p-Argl645Glu
p-Asp1345Glyfs*6

p-Thr377Arg

p.Gly1166Arg

p.Prol3Leu and p.Met25Thr

p-Ala31_Ala33del

p-Tyr75*

Chromosomal
Phenotype location
PCG 2p22.2
PCG
PCG
PCG+POAG
PCG
POAG
PCG
PCG
PCG
POAG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG
PCG

PCG
PCG
PCG
PCG 14q24.3
PCG
PCG
PCG
PCG
PCG

JOAG 1q24.3

PCG 2p25.3

POAG

7931.2

PCG 6p25.3

Axenfeld-Rieger
syndrome

11p13

References

[37]
[37]
[37]

[35,38-42]

[38, 40]
[38—40]
[38]
[38]
[38]
[38]
[39]
[39]
[39]
[39]
[35]
[35]
[35]

[35, 40, 41]

[35, 41]
[35]
[35]
[35]
[35]
[40]

[42]
[42]
[42]
[44]

[45]

[47]

[45]

[46]

[49]

[49]

(continued)
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Table 18.1 (continued)

Gene Chromosomal

(MIM ID) Mutation (protein variation) Phenotype location References

FBNI Marfan’s 15g21.1 [50]

(MIM: Syndrome

154700)

MYOI18A p-Arg691Cys JOAG 17q11.2 Ayub et al.

(MIM: [unpublished data]

610067)

ENOX1 p-Met571le 13q14.11

(MIM:

610914)

COLY9A2 p-Pro354Leu 1p34.2

(MIM:

120260)

NCOA7 p-Val242Met Late onset POAG  6q22.31-q22.32  Ayub et al.

(MIM: [unpublished data]

609752)

PHKGI p-Thr42Met JOAG Tpll.2 Ayub et al.

(MIM:172470) [unpublished data]

Novel Locus PCG 14q24.2-24.3 [48]

Novel Locus PCG 7q34 Ayub et al.
[unpublished data]

“** Stop codon, Under mutation section “+” indicates occurrence of two mutations in a single family, Under the pheno-
type section “+” indicates the coexistence of mentioned phenotypes in the family

2Founder mutation of Pakistani population

is also frequently reported in Saudi and South
Korean populations [36]. The first report of
the involvement of CYPIB]I in glaucoma fami-
lies of Pakistani origin was in 2008 with iden-
tification of three novel missense mutations
(p-Leul77Arg, p.Leud487Pro, and p.Asp374Glu)
in the gene [37]. Exclusion mapping that we per-
formed in our cohort of 40 glaucoma families
(12 PCG and 28 POAG) revealed one known and
three novel homozygous mutations in CYPIBI
in four PCG families (p.Arg355%, p.Ala288Pro,
p-Asp242Ala, and p.Arg290Profs*37). The
p-Arg390His is the most frequent mutation that
we identified in our cohort [38]. In addition in a
panel of POAG families, a novel heterozygous
missense mutation (c.947A>T; p.Asp316Val)
was identified along with a known mutation
(p-Glu229Lys). The latter was also found in
three other POAG families [38].

A study conducted by Sheikh et al. [39] on
a panel of 20 PCG families that were screened
by short tandem repeat (STR) markers spanning
CYPIBI, revealed linkage of half of the panel
(ten families) homozygously to CYPIBI region.

Six mutations were identified in the CYPIBI
linked families, with p.Arg390His being the
most frequent mutation. Rauf et al. [35] iden-
tified two novel mutations p.W246Lfs81* and
p.P442Qfs15* in CYPIBI in PCG families
whereas nine recurrent mutations in their panel
of 23 PCG families were identified where the
founder p.Arg390His mutation was found to
be segregating in 13/23 families. In another
study by Afzal et al. [40] on a panel of 38
PCG families, ten families showed linkage to
CYPIBI with the identification of one novel
mutation (c.1044-1G>C) in the 3’ splice site
in one family, while three other had recurrent
mutations. Bashir et al. [41] recently identi-
fied a novel (c.736dupT, p.W246LfsX81*) and
recurrent mutations in the CYPIBI in five out
of six PCG families in their panel. In a recent
study, direct sequencing of 11 PCG families for
CYPIBI resulted in identification of mutation
in seven families, this included a novel muta-
tion p.P437L, compound heterozygous variants
p-P350T and p.V364M as well as two known
mutations p.R390H and p.P437L [42].
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Table 18.2 Sporadic glaucoma associated novel genes and loci through genome wide association studies and replica-

tion studies

Gene
CHAT (MIM:254210)

POMP (MIM:
601952)

TMEM]136

(MIM:  614465)
AGPATI (MIM:
603099)

RBMS3 (MIM:
605786)

near SEMA6GA

ASBI0 (MIM:
602432)

TMCO1 (MIM:
213980)

ATOH7

(MIM: 221900)

CAVI (MIM:
606721)

BIRC6 (MIM:
605638)

XRCCI1 (MIM:
617633)

XPD (MIM:
278730)

LOXLI (MIM:
177650)

MTHFR (MIM:
181500)

NOS3 (MIM:
104300)

HSP70 (MIM:
140550)

COLIIAI (MIM:
228520)

GST (MIM:
138350)

SNP ID
rs1258267

1rs7329408
rs11827818
rs3130283
rs12490863
$10072088
rs2253592

1s4656461

rs1900004
rs4236601
rs2754511
1s25487

rs13181

rs1048661
rs3825942
rs1801133

27bp intron 4
VNTR

rs1043618

rs3753841
Ml

Tl

Glaucoma
subtype
PACG
PEXG
PEXG
PEXG
PEXG
PEXG
POAG
POAG*
PACG
PEXG*®
PACG?
POAG
PEXG
POAG
POAG
PEXG
PEXG
PACG
POAG
PACG
PEXG
POAG

PACG
PEXG

PEXG
PEXG

PEXG

OR (95%CI) p-Value
1.22 (1.58-3.98)
4.99 x 10°16
1.13 (1.07-1.19)
1.61 x 107

1.15 (1.08-1.22)
435x 10

1.24 (1.14—1.34)
227 % 107

1.12 (1.05-1.20)
0.00053
0.88(0.81-0.96)
0.0024

P =0.047

0.57(0.38-0.89)
0.003

0.52 (0.30-0.88)
0.009

0.54 (0.32-0.92) 0.01
0.69(0.48-1.00) 0.03

2.46 (1.01-6.24) 0.02
0.42 (0.22-0.81) 0.05

2.65(1.44-4.85),

p <0.005)

1.89 (1.23-2.9),

p =0.005)

2.98 (1.94-4.57)
0.0001

6.83 (2.94-16.67)
0.00001

1.09 (0.64—1.84)
0.001

1.74 (1.10-2.75) 0.01
2.09 (1.23-3.55)
0.001

1.68 (1.01-2.7) 0.04
2.68 (1.79-4.01) 2.22
6709

1.91(1.18-3.10)
0.002

2.87 (1.75-4.71) 2.5

6707

0.44 (0.19-1.0) 0.05

20.77 (2.45-460.38)
0.001

4.47 (1.96-10.29)
0.001

References
[31]

[32]

[51]

[52]

[52]
[52]
[59]
[53]
[53]
[54]
[54]
[58]
[55], Ayub et al.

[unpublished data]

[55], Ayub et al.
[unpublished data]

Ayub et al. [unpublished
data]
[60]

[60]

(continued)
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Table 18.2 (continued)

Glaucoma
Gene SNP ID subtype OR (95%CI) p-Value References
TNFa (MIM: G-308A PEXG* 0.24 (0.12-0.51) [56]
157300) <0.001
MYOC (MIM: rs74315341 197.01 p =0.04 [33]
137750) rs879255525 199.25 p =0.016 [33]
MMPI (MIM: rs1799750 POAG 2.14 (1.10-4.15) [57]
226600) 0.001
MMP7 (MIM: rs17576 PACG 1.34 (0.73-2.47) 0.35 [57]
178990)
CYPIBI (MIM: 1s2567206 PEXG* 0.44 Ayub et al. [unpublished
231300) (0.25-0.77)/0.0002 data]
4Protective role
1 4q27-:1.§;24.3 oA
pLeulTTArg
Novel Loci (1.7%) p.Leund$TPro
P-Asp3TdGln
p-Ala2¥EPro
pASp242Al
p-Arg290Profs*37
P Asp316Val
ALl 5P
P.GlviGAsp
P GlyiT-AlaTodel
Unsolved (51%) p-Proi3TLen
p-Pro3s0Thr
. Val364Met
CIH4-1G=C
P Prod42GInfs15°
"‘:"l:‘l’:“ p-Arg368His (5.8)
Glaucoma Syndromes (3% PRPES (1%) p Trpd34Arg
p-ThrdidSerfs30"
il PATEHCIn
PAX6 (1.7%) MYOC, ENOXI, pIyrSlasa pipt e
COLYA2, PHKGI P Clnie:

Fig. 18.1 Frequency of genes associated with PCG,
POAG, and glaucoma syndromes in the Pakistani popula-
tion in a cohort of 182 families. CYPIBI is the major
cause of PCG and POAG. Frequency of the CYPIBI glau-

Though involvement of CYP1B] is apparent in
PCG in Pakistan, interestingly, our group identi-
fied homozygous CYPIBI mutation p.Arg390His
in a large consanguineous family that had het-
erogeneous clinical presentation. The members
were affected with POAG (both Juvenile and late
onset) as well as PCG [38]. Similarly, a homo-
zygous mutation ¢.182G>A, p.G61E in CYPIBI
was also found to be responsible for both Juvenile
onset POAG (27 years) as well as PCG in another
consanguineous Pakistani family [43]. We also

coma causing mutations also represented, which accounts
for 37.9% of families carrying CYPIBI mutations in the
Pakistani Population (data compiled from studies [35,
3742, 44-50])

identified a novel heterozygous missense muta-
tion (p.Asp316Val) in a late-onset POAG family
thus extending the mutation spectrum of CYPIBI
in Pakistani glaucoma families [38].

Data pooling from the studies done on glau-
coma families of Pakistani origin revealed that
since 2008 till date nearly 182 families have been
genetically screened, where mutations in CYPIB1
were found in 37.9% of the families (Fig. 18.1),
most of these families were screened by direct
CYPIBI sequencing, in the remaining families
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(51%) there might be a deep intronic variant
in CYPIBI causative of the disease or involve-
ment of some other gene or some nongenic part.
Therefore, there is a possibility of novel gene dis-
covery in the unsolved PCG families.

18.6.2 Other Genes Involved
in Familial Glaucoma

Second most frequently mutated gene (3.3%) in
the PCG families was LTBP2 (latent transforming
growth factor beta binding protein, Fig. 18.1). To
date, 6 mutations in LTBP2 have been identified
to cause PCG in Pakistan; Ali et al. [44] iden-
tified a homozygous nonsense mutation in exon
4 (c.895C >T; p.Arg299X), a homozygous
single base pair deletion in exon 1 (c.412delG;
p-Alal38Profs*278), a homozygous nonsense
variant in exon 1 (c.331C>T; p.GInl11X) and
a homozygous 14-base pair deletion in exon 6
(c.1243-1256 del; p.Glu415Argfs*596) [44]. In
our cohort, a missense mutation (c.4934G>A;
p.Arg1645Glu) and a novel frameshift mutation
(c.4031_4032insA; p.Aspl345Glyfs*6) were
also identified in LTBP2 after whole exome
sequencing of PCG Pakistani families [45].
Another family in our cohort was linked to PXDN
with a novel missense mutation (c.3496G>A;
p-Gly1166Arg) [45]. PRPFS that was previously
identified to cause retinitis pigmentosa was found
to be causative of POAG in Pakistani families,
where two nonsynonymous variants p.Prol3Leu
and p.Met25Thr were identified to be segregating
with the POAG phenotype [46]. Another gene,
MYOC, has also been reported to cause glaucoma
in Pakistan with the identification of a heterozy-
gous mutation (p.Thr377Arg) in a family with
severe glaucoma phenotype [47].

The locus 14q24.2-24.3 was found segregat-
ing in two consanguineous Pakistani families in
a study conducted in 2008 [48]. In another study
[Ayub et al. unpublished data], homozygos-
ity mapping revealed a novel locus 7q34 to be
present homozygously in the affected members
of a small PCG family. Though targeted exome
sequencing was performed of the 2 MB locus, no
plausible disease-associated gene was identified

thus indicating the possible involvement of deep
intronic mutation or nongenic region or some
other gene outside of this region.

We also obtained interesting results with
whole exome sequencing of POAG families
[Ayub et al. unpublished]. In a large consan-
guineous dominant POAG family, we identified
three variants in three novel genes (MYOIS8A:
c.2071G>A; p.Arg691Cys, ENOXI: c.171C>T;
p-Met571le, COL9A2: c.1061C>T; p.Pro354Leu)
segregating with the disease. The presence of all
the variants resulted in the early onset of the dis-
ease (discussed in clinical part). Whereas another
variant (NCOA7: c¢.724C>T; p.Val242Met)
segregated in a different loop of the same fam-
ily, in this branch the three variants did not
exist together and the affected persons had late
onset of the disease. In another consanguine-
ous Pakistani family with juvenile-onset POAG,
inherited dominantly, whole exome sequencing
identified a variant (c.125C>T p.Thr42Met) in
the PHKGI to be segregating heterozygously
[Ayub et al. unpublished data].

18.6.3 Genetics of Glaucoma
Syndromes

Genes have also been identified in various glau-
coma syndromes in the Pakistani population.
We conducted a study of 14 Pakistani fami-
lies presented with Axenfeld Rieger Syndrome
along with presentation of Glaucoma as one
of the complications of the syndrome. A novel
homozygous deletion (c.92_100del; p.Ala31_
Ala33del) was identified in the FOXCI segre-
gating in a family with congenital glaucoma
presentation [49]. Another family carried a de
novo mutation c¢.225C>A; p.Tyr75% in PAX6
causative of glaucoma in syndromic form. The
mutation was not present among the parents
of the proband [49]. We also identified a novel
heterozygous missense mutation c¢.2368T>A;
p. Cys790Ser in FBNI in a Marfan’s syndrome
family of Pakistani origin [50].

The familial form of PACG is rare, though in
our panel of glaucoma families, we identified two
small families that were screened for plausible
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genes, but no known or novel variants were iden-
tified in these families [Ayub et al. unpublished
data], thus indicating involvement of novel genes
in PACG families.

18.6.4 Genetics of Sporadic
Glaucoma

In order to determine a comprehensive genetic
overview of glaucoma in the Pakistani popula-
tion, our group conducted a number of case-
control association studies that resulted in
identification of pathogenic as well as protective
SNPs in the Pakistani population (Fig. 18.2).
GWAS conducted for the identification of genetic
risk factors of sporadic glaucoma subtype PACG
in worldwide and Pakistani PACG patients
resulted in the identification of five novel loci,
EPDRI (rs3816415) CHAT (rs1258267), GLIS3
(rs736893), FERMT2 (1rs7494379), and DPM2—
FAMI102A (rs3739821) to be causative of PACG
globally, however, in the Pakistani population
only CHAT (rs1258267) was significantly asso-
ciated [31]. While another GWAS of sporadic
PEXG [32], revealed novel loci; 13q12 (POMP),

a ~ PEXG b
AGPATI**, BIRC6*
CYPIBI* GST. LOXLI
POMP**, RBAJS3.""*
SEMAGA** TNFa,
TMEM136%*

POAG

ASBI0 CAVI
MMPI, MYOC
XPD, XRCCI

* Protective role
** GWAS identified novel genes

Fig. 18.2 (a) Genotype and phenotype correlations
among the PCG families linked to the three genes
CYPIBI1, PXDN, LTBP2 in the Pakistani population. (b)

Axial lengths 19.7 mm & 17.3
mm, horizontal comeal diameter
115 mm & 10 mm

11923.3 (TMEM136), 6p21 (AGPATI), 3p24
(RBMS3), and 5923 (near SEMAGA) along with
a rare protective allele at LOXLI (p.Phe407)
[32]. Replication association studies revealed
variants in ASB10 to be associated with POAG
[51], TMCOI (rs4656461) with POAG, PACG
as well as PEXG, ATOH7 (rs1900004) with
PACG, and CAVI (rs4236601) with POAG
[52]. Polymorphisms rs25487 in XRCCI and
rs13181 in XPD were found to increase the risk
of POAG in males [53], while LOXLI SNPs
rs1048661 and rs3825942 did not show any gen-
der bias and were found to be only associated
with PEXG [54], while a 27-bp intron 4 VNTR
polymorphism in NOS3 and HSP70 rs1043618
polymorphism were found to be associated with
POAG and PACG [55], as well as with PEXG
[Ayub et al. unpublished]. SNP rs3753841 in
COLIIAI was also found to be significantly
associated with PACG [Ayub et al. unpublished
data]. TNFa polymorphism G-308A was asso-
ciated with PEXG [56], while rs74315341 and
the novel SNP rs879255525 in MYOC increase
the risk of POAG in the Pakistani population
[33]. MMPI polymorphism rs1799750 was
found associated with POAG, MMP9 polymor-

CYPIEI
Low vision, No light

perception, Megalocornea,
Edema, Nystagmus, Peripheral
iris defect, Aniridia, Anterior
and posterior synechia, Optic
Dise Neuropathy. Pigmentary
fundus mottling macula

Genes, associated with three subtypes of Glaucoma:
PEXG, POAG, and PACG, in the Pakistani Population
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phism rs17576 with PACG [57]. MTHFR C677T
polymorphism was found to be associated with
PCAG but not POAG [58]. Whereas the BIRC6
polymorphism 1rs2754511 was found to play
a protective role in PEXG [59], and CYPIBI
(P450) polymorphism rs2567206 also played
a protective role in PEXG [Ayub et al. unpub-
lished]. Moreover, GSTT! and GSTMI null
genotypes were also found to be associated with
PEXG in the Pakistani cohort [60].

There were few SNPs such as rs11720822 in
PDIAS [59], 1s11258194 in OPTN, P21 polymor-
phism rs1801270, P450 c.-2805T>C (POAG and
PACG only), CYPIBI polymorphism rs2567206,
rs1015213 in PCMTDI, 111024102 polymor-
phism in PLEKHA that were not found to be
associated with glaucoma in Pakistani popula-
tion, despite their disease association in other
ethnicities worldwide [Ayub et al. unpublished].

Polymorphic genetic variations in different
genes that were observed to play a genetic role
in sporadic glaucoma in the Pakistani population
are listed in Table 18.2.

18.7 Pathology and Clinical
Features

Different forms of glaucoma share some com-
mon clinical features that include changes in
cup-to-disc ratio (CDR), thinning of retinal nerve
fiber, which happens due to the loss of optic
nerve and RGCs. The visual field loss initiates
in the periphery until only the central vision is
left [27]. Various forms of glaucoma exist in
Pakistan, the most common clinical presenta-
tion among the children is PCG while POAG is
common in adults. Based on the genetic findings
there exists a genotype—phenotype correlation in
different forms of glaucoma in Pakistan.

18.7.1 Genotype-Phenotype
Correlation

Like genetic heterogeneity, the clinical presen-
tation of glaucoma was also observed to be het-

erogeneous in the Pakistani glaucoma patients
(Fig. 18.2b). In familial glaucoma subjects,
Waryah et al. [42] observed varying degrees of
onset and severity of disease in their studied fam-
ilies, where most of the families had early disease
onset. In our cohort, a large family of POAG with
a dominant mode of inheritance, had differences
in the age of onset of the disease among various
affected individuals among the sub-branches of
the family. One sub-branch displayed early onset
of the disease with an average age of 25 years
while the other sub-branch had late disease onset
with mean age of 50 years. The patients had
severe phenotype with raised IOP, pain in eyes
and forehead region and tunnel vision. The symp-
toms were severe in one of the patients with early
onset of the disease; the affected girl had onset in
the first decade of life with severe clinical symp-
toms and rapid loss of vision [Ayub et al. unpub-
lished]. Another dominant late-onset POAG
family had blurring of vision and persistent head-
ache at the beginning of the disease. They had
high intraocular pressure (IOP), retinal nerve
fiber layer (RNFL) thinning, and appearance of
clinical symptoms in fourth to fifth decade of life.
However, a child (7 years at the time of sampling)
in the family had loss of vision with excessively
raised IOP and deep cupping, with appearance of
clinical symptoms in the first decade of life. The
child was also observed to be homozygous for the
identified segregating mutation in PHKG while
other affected individuals in this family were
heterozygous [Ayub et al. unpublished data].
The families that were linked to CYPIBI had
varying clinical phenotypes, one of them with a
mutation (p.Arg390His) in CYP/BI had family
members affected with PCG, JOAG, and late-
onset POAG as well. “The patient having PCG
had megalocornea, hazy cornea, edema, raised
IOP (32 mmHg) and nystagmus, whereas the
patients with late-onset POAG in the same fam-
ily had poor vision, a phthisical left eye, nystag-
mus and optic disc neuropathy with a pigmentary
mottling of the fundus in the macula of her right
eye. The individual with JOAG onset had phthisi-
cal left eye, a peripheral iris defect, aniridia and
anterior and posterior synechia, and a high IOP
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(44 mmHg) of the right eye, while another indi-
vidual had megalocornea, nystagmus, raised IOP
in both eyes (35 and 30 mmHg) and a CDR of
1.0 in both eyes” [38]. In the same study, 4 PCG
families were linked to CYPIBI (Fig. 18.2b).
The age of onset was before 3 years with very
high IOP (>40 mmHg), bulging eyes (buphthal-
mus), with varying opacity, horizontal corneal
diameters were 13 mm [38] (Fig. 18.2b). Clinical
variability has been observed among patients
with variants in CYP/BI in the Pakistani popula-
tion [41] (Fig. 18.2b). A PCG family with two
affected individuals who suffered from glaucoma
in first year of life had raised IOP (>40 mmHg)
and nystagmus bilaterally. The family was genet-
ically analyzed by homozygosity mapping that
resulted in identification of a novel locus [Ayub
et al. 2019 unpublished]. Both individuals had
bulging avascularized and opaque corneas with
sensitivity to touch and Haab’s striae (horizontal
breaks in the Descemet’s membrane). The dis-
ease was progressive that resulted in complete
blindness while the unaffected siblings had no
signs of glaucoma. In other populations world-
wide, patients with PXDN mutations have been
observed to display severe anterior segment dys-
genesis and microphthalmia [61], however, in
our Pakistani cohort we observed anterior seg-
ment dysgenesis, sclerocornea, microphthalmia,
hypotonia, and developmental delays among the
patients [38]. Moreover, overlapping clinical fea-
tures were observed among the probands of the
PCG families that were linked to different genes
(Fig. 18.1). Familial glaucoma clinical presenta-
tion is therefore observed to be complex where
single gene defect results in differential pheno-
type among the family members, which points to
the involvement of genetic modifiers in glaucoma
progression, therefore, there is a need to identify
these modifier genes to add to the understanding
of the genetic etiology and hence the molecular
mechanisms of glaucoma.

Among the sporadic cases that we studied,
most of the patients came to the clinics with com-
promised vision. In the studied sporadic cohort,
we observed comorbidity of NTG and high ten-
sion glaucoma (HTG) among the POAG group.

Among these patients, the CDR ranged from
0.4 to 1 with increased vision loss along with
increasing CDR. The patients with late-onset
POAG were mostly blind due to glaucoma when
they first visited the clinics. The JOAG patients
usually had a family history and raised I1OP
with disturbed CDR (>0.5). Among the PACG
patients, the IOP was observed to be very high,
i.e., above 40 mmHg with red and watery eyes.
The PACG patients usually had severe loss of
vision, which in some cases was accompanied by
excessive optic nerve damage, whereas patients
of PEXG had exfoliation deposits in the TM and
other aqueous bathed surfaces and usually had
late-onset open angle glaucoma with raised IOP
(<30) and disturbed CDR (>0.5).

The sporadic Pakistani glaucoma patient’s
awareness about glaucoma onset, progression
and its consequences were poor as compared to
the patients with family history. The former came
to the clinics usually with compromised vision
and poor understanding of the fact that vision
restoration is not possible for a glaucoma patient
and thus it becomes a major cause of depression
among glaucoma patients.

Better understanding of the pathology of
glaucoma therefore can help in improvement
in management and treatment of the disease. In
Pakistan, treatment generally includes medica-
tion, targeting, and reducing IOP by topical med-
icine, laser or surgical procedure [62]. f-blockers
(timolol and betaxolol) are most commonly used
to lower the IOP, along with a2 adrenoreceptors,
which lower the IOP by inhibiting the aqueous
humor inflow [63]. In case of failure of medicines
and laser treatment or in very severe disease con-
dition, trabeculectomy is the procedure of choice
to lower the IOP and trabeculectomy with 5-FU
is an efficient surgical procedure for glaucoma
treatment in practice in Pakistan [64]. However,
despite multiple treatment methods it has been
observed that a number of patients respond to
the medication differently, being categorized as
responders and nonresponders to treatment. Such
observations, therefore, point toward the need of
exploring pharmacogenetic aspect of glaucoma
in the Pakistani patients.
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18.8 Molecular Biology

18.8.1 Molecular Biology of Familial
Glaucoma in Pakistan

The major gene contributing to PCG in the
Pakistani population and other ethnicities world-
wide is observed to be CYPIBI. However, in the
Pakistani population, we also observed CYPIBI
mutations in POAG families thus extending the
disease spectrum of CYPIBI to glaucoma sub-
types. The gene belongs to the family of cyto-
chrome P450 [65] and the protein is essential in
the proper development and functioning of the
iridocorneal angle of the eye [66] and mainte-
nance of the trabecular meshwork (TM), which
is the most significant tissue with respect to glau-
coma [67]. The mutated CYPIBI is predicted
to result in disruption of TM cell arrangement
at early developmental stages that interrupts the
aqueous humor outflow resulting in elevated
IOP in PCG as well as POAG patients [67]. The
involvement of CYPI/BI mutations in a POAG
family that we studied where patients displayed
clinical variability (late-onset POAG, JOAG, and
PCQG), points toward the involvement of a modi-
fier gene, or it might be due to the interaction of
environmental factors (xenobiotics or mutagenic
chemicals) [68].

Mutations in LTBP2 and PXDN (also reported
in the Cambodian population [69]) have been
found to be causative of PCG in the Pakistani
population. LTBP2 is expressed in the TM cili-
ary processes where it has a vital function in the
production and maintenance of aqueous humor,
it is also involved in tissue repair and cell to
cell adhesion [70]. The involvement of LTBP2
in the developing elastic tissues is postulated
as the molecular mechanism causative of PCG
[71]. LTBP2 also interacts with FBNI (which
causes Marfan’s syndrome) [72, 73] to main-
tain integrity of the extracellular matrix (ECM)
[74]. Though the pathogenic mechanism for both
LTBP2 and PXDN is unclear in glaucoma but
they are both predicted to be linked to each other
through COL4A2 and the assembly of ECM in
the TM which is important in maintenance of

IOP. PRPFS8, is another gene, mutations in which
have been found to be causative of POAG [46],
this gene was previously reported as RP causing
gene in retinal dystrophy families [75], this is a
novel genetic association for POAG manifesta-
tion. PRPFS interacts at its C and N terminals
with the interacting partners (U2-dependent spli-
ceosome complex composed of four snRNPs;
Ul, U2, U4/U6, and US), which are important
for splicing. Previously C terminus mutations
in the gene were identified to be causative of RP
[75] but in our cohort we found mutations in the
N terminus to be causative of POAG [46], thus
mutations on both termini are predicted to dis-
rupt the normal protein function and disturb the
interaction with other proteins, however, how the
N and C terminus mutations result in different
phenotype needs further investigation.

Despite the fact that a number of genes have
been identified in Pakistani glaucoma families,
the unsolved families (51%; Fig. 18.1) indicate
the existence of un-identified gene(s) and path-
ways causative of glaucoma.

18.8.2 Molecular Biology of Sporadic
Glaucoma in Pakistan

The two major primary forms of glaucoma,
PACG and POAG have been extensively studied
worldwide as well as in the Pakistani population,
however, we extended our sporadic glaucoma
cohort to a secondary form of glaucoma, i.e.,
PEXG. We reported our first association study on
MTHFR in 2008 [58], with PACG and not with
POAG, which was also the first genetic asso-
ciation report of sporadic glaucoma phenotype
from Pakistan. The difference in the association
of MTHFR for different glaucoma subclasses
led us to explore further, the other genetic vari-
ants involved in various molecular pathways that
have reported association in other populations
worldwide. We studied various SNPs in those
genes that had shown association in ER stress
and apoptosis (P53, P21, P450, PDIAS, BIRC6,
OPTN), genes expressed in Ciliary body, TM
(MYOC, ASBI0), genes involved in overcom-
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ing oxidative stress (eNOS, HSP70, GSTs). Cell
junction maintenance (PLEKT), collagen growth
and repair (COLLIIAI, MMPs), DNA repair
pathway genes (XRCC, XPD), and inflammation
(PCMTDI, TNFa).

These association studies helped us in the iden-
tification of population-specific SNPs. A global
screening of PACG samples identified novel genes
and pathways [31] in which five novel loci were
found to be associated with PACG (Table 18.2).
When population-based data were analyzed,
only one SNP (CHAT; rs1258267) was found to
be associated with PACG in the Pakistani popu-
lation [31]. Moreover, when the global PEXG
cohorts were screened, it also resulted in novel
loci identification in the Pakistani population as
well [32]. Thus, these studies helped in highlight-
ing the pathways such as oxidative stress and
inflammatory pathway that are associated with
the disease in the Pakistani population. Further
replication studies should be done in Pakistani as
well as in other populations for the identification
of population-specific genetic risk variants.

18.9 Summary

Pakistan, with one of the highest ratios of con-
sanguinity, has a large number of genetic disease
families including glaucoma. There is clinical as
well as genetic variability among the patients of
glaucoma in the Pakistani population. In certain
cases, a single gene mutation might cause vary-
ing effects in the individuals, suggestive of the
presence of modifiers that require further com-
prehensive studies to understand the complete
mechanisms of glaucoma. Moreover, glaucoma
awareness is the need of the hour and all modes
of communication should be used to sensitize
the public at large. The patients are not famil-
iar with the genetic basis and the familial nature
of the disease; therefore it has become a seri-
ous blindness-related issue in Pakistan despite
advances in diagnostic, medical, and surgical
treatment options.

Moreover, looking at the mutation spectrum of
CYP1BI and the identification of novel mutations
in the gene in Pakistani population, this gene

should be prescreened for mutations in all new
families of not only PCG but also POAG. Several
novel mutations in novel and known genes iden-
tified in our cohort could not be functionally
validated in the genetic studies conducted in
Pakistan. Therefore, molecular characterization
of glaucoma is essential, which can only be done
through high throughput techniques. As glau-
coma is a complex disorder therefore the best
technique for its molecular characterization is
whole genome sequencing, which will be helpful
in understanding its genetic etiology. Functional
studies including proteomic approaches and
animal models would further be required for
the validation of the genetic data, followed by
further replication studies in different popula-
tions. Only then it would be possible to unravel
the causative agents of these complex disorders
and their underlying molecular mechanisms that
will further help in developing better therapeutic
interventions.
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