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Haplotype-based genomic analysis reveals novel association
of CNTNAP5 genic region with primary angle closure glaucoma
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Primary angle closure glaucoma (PACG) is one of the major causes of blindness worldwide. The underlying
genetic aetiology is complex in nature and molecular mechanism remains elusive. Here, we identify genomic
alterations using haplotype-based genome-wide association study in 148 PACG and 92 anatomically predisposed non-glaucomatous individuals. Logistic regression was performed on each common haplotype (within
blocks of 3–8 SNPs) across the genotype and a total of 59 SNPs were found below genome wide suggestive
threshold (p\1e-05). We found majority of these SNPs (n = 13) are located in CNTNAP5 genic region. The
prioritized rs780010 of CNTNAP5 is also signiﬁcantly associated with Cup to Disc ratio, which is a clinical
parameter directly correlated with glaucomatous neurodegeneration. We further validated rs780010, present in
all the signiﬁcant haplotype blocks with p-value = 2.131e-06 (discovery phase), in a separate replication
cohort (PACG, n = 50; control, n = 39) and observed signiﬁcant association (p = 0.012, per G allele OR =
2.3079; 95% CI: 1.23–4.33). Bioinformatics analyses also suggested neuronal expression of CNTNAP5 with
active chromatin structure. KEGG pathway analysis indicates towards pathways related to apoptosis and
neurodegeneration. Overall, these results not only indicate a strong genetic association of CNTNAP5 locus with
PACG but also suggest its potential involvement in glaucomatous neurodegeneration.
Keywords. Primary angle closure glacouma; haplotype; GWAS; cup-to-disc ratio; bioinformatics;
neurodegeneration

1. Introduction
Glaucoma is a heterogeneous group of optic neuropathy with complex genetic basis. It is the leading cause
of irreversible blindness worldwide. Primary angle
closure glaucoma (PACG) is one of the common subtypes of late-onset disease manifestation, prevalent
mostly in east and south-east Asia including India and
China (Quigley and Broman 2006). A few attempts of
screening candidate genes for PACG added only limited knowledge until recently when two consecutive
genome-wide association studies (GWAS) reported
eight novel loci in a large number of patients and

controls comprising of ﬁve different Asian populations
to be independently associated with PACG (Vithana
et al. 2012; Khor et al. 2016). In India, however, this
had limited effect, as the majority of the PACG patients
remained with unknown genetic aetiology. Moreover,
in India, approximately 30% individuals have
anatomically predisposed eyes for angle closure, hence
referred to as primary angle closure suspects (PACS)
(Sihota 2011). However, only 0.5–1% of these PACS
progress towards glaucomatous neurodegeneration.
Considering age to be a major risk factor for the
development of PACG, a simple age-agnostic GWAS
may have low power to detect genetic variants asso-
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ciated with PACG. The young onset cases are likely to
be enriched in genetic susceptibility factors while older
anatomical suspect controls (PACS), who do not
develop angle-closure are likely lacking genetic factors
responsible for PACG (ﬁgure 1A). Here we used a
unique study design where in a GWAS we compared
older anatomically suspect controls (gonioscopic angle
of B 15°) with early onset PACG cases to improve

power for detecting genetic factors responsible for the
transition from a narrow angle alone to the occurrence
of peripheral anterior synechiae damaging the trabecular meshwork, raising intraocular pressure and causing glaucomatous neuropathy.
We further conducted a haplotype based GWAS on
PACG and PACS in the present case-control cohort.
Haplotypes are a combination of alleles as a set of

Figure 1. (A) Study design adopted for identiﬁcation of genetic factors associated with PACG. Left, primary angle closure
disease is a spectrum, where the ﬁnal outcome is glaucomatous neurodegeneration. Gonioscopic ﬁndings with anatomical
predispositions deﬁne suspect (PACS) individuals. Taking controls form general populations without considering the angle
and related parameters, therefore, would create heterogeneity among controls, as * 30% of the Indian population are PACS.
Right, since narrowing of iridocorneal angle progresses with age, a difference in 10 years while choosing cases and controls
would maximize discovery of genetic component in PACG. (B) Age and gender wise distribution of the study cohort (PACG,
left; PACS, right). (C) Upper left, cartoon showing the area (circle) to be considered for measuring cup-to-disc ratio (CDR);
upper right, designation of the cup and disc area in a fundus image; below, box plot showing distinct pattern of CDR in
PACG and PACS individuals.

CNTNAP5 genic region associated with PACG

nearby SNPs with a strong linkage disequilibrium
along the same chromosome that is inherited as a unit.
Using haplotypes can compensate for the limitation of
biallelic SNPs that improve the efﬁciency of identifying multiple loci, and would give insight about the
genetic determinants that cannot be captured by independent or individual marker approaches (ContrerasSoto et al. 2017). From this perspective, it is important
to consider that some SNPs are in strong linkage disequilibrium (LD) and therefore, the development of
GWAS based haplotype blocks may represent a more
powerful and efﬁcient alternative than the use of single
markers (Huang et al. 2017). In fact, in case of smaller
sample size studies such as the current one, imputation
has its own disadvantages, sometimes leading to
potentially biased results depending upon the missing
data and reduced study power (Dettori et al. 2018). In
this sense, the use of common haplotypes, deﬁned from
SNP arrays with high LD, has emerged as a methodological variant (Clark 2004) in the identiﬁcation of
genomic regions and/or in the prospecting of candidate
genes from GWAS.

2. Methods
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to uveitis, neovascular glaucoma, and prior history of
ocular surgery were excluded.
2.2 Genotyping
Genotyping was performed using the Illumina platform
(OmniExpress-24 bead chip v1.2 from Illumina Inc,
CA, USA) comprising 713599 markers according to
Manufacturer’s suggested protocol. Raw data were
analyzed and genotype calls were made using
GenomeStudio.
2.3 Quality control
Quality control analysis was performed with PLINK
v1.07 (Purcell et al. 2007). Individuals with more than
5% missing genotypes and SNPs with a call rate\95%,
MAF\0.01 and Hardy–Weinberg-chi-square p\0.001
in controls were removed from the analysis. A total of
9529 SNPs failed in missing genotype test, 69933
SNPs failed in frequency test, 857 markers failed in
HWE test and 1 of 240 individuals was removed for
low genotyping.

2.1 Study population

2.4 Population stratiﬁcation analyses

A total of 148 PACG (age: mean ± SD; 40.15 ± 6.62
years) and 92 PACS (age: mean ± SD; 65.03 ± 9.56
years) individuals were recruited from Rajendra Prasad
Centre for Ophthalmic Sciences in AIIMS, New Delhi
and 5 ml of peripheral venous blood was collected with
written informed consents in accordance to approval
from Institutional Ethics Committees of AIIMS, New
Delhi and NIBMG, Kalyani, India. A detailed history
and complete ocular examination including best corrected visual acuity, slit lamp biomicroscopy, fundus
examination, applanation tonometry, indentation
gonioscopy, perimetry with Humphrey’s visual ﬁeld
analyzer using 30–2 full threshold strategy and optic
disc evaluation using HRT III were performed by a
glaucomatologist. The subjects were selected from all
age groups of both genders (ﬁgure 1B). Cup-to-disc
ratio (CDR) was measured in PACG and PACS. CDR
is a clinical measurement from fundus used in ophthalmology, which directly shows positive correlation
towards progression of glaucomatous neurodegeneration (Behbehani 2007). The comparative CDR values
of PACG and PACS study groups are shown in the
ﬁgure 1C. Subjects with secondary angle closure due

We obtained principal components (PCs) of genetic
ancestry using the PLINK2.0 (Chang et al. 2015).
Population stratiﬁcation was checked by principal
component analyses to detect a systematic difference in
allele frequencies between subpopulations in genotyped samples. The ﬁrst 40 PCs were selected based on
visual inspection of pairwise PC scatterplots. To further
reduce the dimension, Multi-dimensional Scaling
(MDS) with 2 components was performed on the 40
PCs in the R software via cmdscale function. Genomic
inﬂation factors were estimated to test for the genetic
association in the presence of population stratiﬁcation
(Hinrichs et al. 2009). The 2 MDS components were
used to visualize genetic distance among the genotyped
samples as shown in the supplementary ﬁgure 1.
2.5 Statistical analyses
We conducted Logistic regression on haplotype blocks
across the entire genotype dataset of a ﬁxed number 3,
4, 5, 6, 7 and 8 using Plink v1.07using the option ‘–
hap-logistic’. This procedure estimates haplotype
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frequencies by phasing using an EM-algorithm and
then tests for association of each of the common haplotypes with the phenotype using a logistic regression.
The procedure returns odds-ratios of the haplotypes
along with p-values. QQ plot was drawn for each
haplotype blocks to check genomic inﬂation (supplementary ﬁgure 2). Subsequently, Manhattan plots were
drawn separately for each block (ﬁgure 2A) and SNPs
below p = 1e-05 were considered as suggestively
signiﬁcant. A threshold of 1e-05 has been considered
in many GWAS including the original Wellcome Trust
Case-Control Consortium GWAS as ‘genome-wide
suggestive signiﬁcance threshold’ (Wellcome Trust
Case Control 2007). Many GWAS papers suggestively

signiﬁcant hits apart from signiﬁcant ones. In fact, the
ofﬁcial list of GWAS hits maintained on the NHGRI
GWAS catalog (Buniello et al. 2019) lists all associations reported in GWAS publications with p\1e-05. It
is important to perceive that p-value is a function of
sample size. A very large sample size can cause irrelevant ﬂuctuations to become signiﬁcant, and a small
sample size can give a modest p-value even for a high
odds ratio SNP. Hence, imposing a highly stringent
threshold can penalize smaller studies excessively
(Metspalu et al. 2011). Using a suggestive threshold in
the discovery phase can lead to replicated and validated
ﬁndings from GWAS (Aouizerat et al. 2011; Fava et al.
2017; Parsa et al. 2017).

Figure 2. (A) Manhattan plots were drawn after performing logistic regression on haplotype blocks across the genotype of a
ﬁxed number of SNPs 3, 4, 5, 6, 7 & 8 respectively. The blue horizontal line (p\1e-05) denotes the suggestive threshold for
genome-wide signiﬁcance. (B) The list of genome wide suggestive SNPs and corresponding genes from the haplotype blocks
3–8. SNPs located in CNTNAP5 genic regions are highlighted in grey in the Manhattan plot and the list below.

CNTNAP5 genic region associated with PACG

2.6 Annotation of suggestively associated SNPs
and pathway analyses
Based on the genomic positions of the GRCh37/hg19
assembly, all the SNPs within a haplotype block (3–8
SNPs) below the suggestive threshold (p\1e-5 and
p\1e-4) on genotype dataset were mapped to autosomal genes within a 25 kb ﬂanking region. The gene
lists were subjected to pathway enrichment analysis
though KEGG database to obtain meaningful biological inferences in connection with PACG pathology.

2.7 Bioinformatics tools and databases
We prioritized the SNPs and genes using bioinformatics tools and databases such as RegulomeDB (Boyle
et al. 2012), GTEx (Consortium 2013), and eyeIntegration (Bryan et al. 2018; Swamy and McGaughey
2019) portal. The genes harbouring 59 suggestive
SNPs were subjected to network analyses using
GeneMania (Warde-Farley et al. 2010) plugin in
Cytoscape (Shannon et al. 2003) with default parameters of 20 related genes and ‘query gene based’ network weightage.

2.8 Phenotype to genotype correlation
Linear regression was carried out on the genotype of
prioritized SNP among the two study groups. Age and
gender were taken as covariates for the same regression
model.

2.9 Replication cohort study
We have genotyped rs780010 using TaqMan SNP
genotyping assay in QuantStudio 7 (Applied Biosystems). We obtained all the assigned genotype calls and
clusters for a total of 89 individuals using TaqMan
Genotyper software 1.4. To ensure the genotype call,
we have also repeated 10% of our previously genotyped samples.
3. Results
We performed a haplotype based GWAS in a total of
240 subjects having occludable anterior chamber
angles. After conducting quality checking, one individual out of 240 individuals was removed for low
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genotyping rate. Consequently, haplotype block analyses were carried out on 634,647 markers in 239
individuals.
After performing haplotype based GWAS, a unique
set of 7, 16, 27, 29, 33 and 24 SNPs were found
suggestive signiﬁcant from haplotype blocks 3, 4, 5, 6,
7 and 8 respectively (ﬁgure 2A). Altogether, a total of
59 unique suggestive-SNPs were observed inclusively
for all haplotype blocks (ﬁgure 2B). Subsequently,
SNPs were mapped to their respective genes on the
basis of GRCh37-hg19 database. The maximum number of genome wide suggestive signiﬁcant SNPs
(n = 13) from all the haplotype blocks were found to
be in the contactin associated protein like 5
(CNTNAP5) gene. Among these, rs1430263,
rs17011394, rs17724018 and rs780010 SNPs were
found in all haplotype blocks. Linkage Disequilibrium
(LD) plots were drawn further for those 13 suggestive
SNPs of CNTNAP5, where those SNPs are found to be
divided into two LD blocks (ﬁgure 3A). A regional
association plot was created further, having all the
associated loci in CNTNAP5 where rs780010 showed
strongest association among surrounding SNPs (ﬁgure 3B). Further, we found rs780010 showed suggestive association with PACG (p = 2.131e-06) with a
per G allele odds ratio of 2.9379 (95% CI: 2.005 to
4.304). Based on these ﬁndings, we prioritized
rs780010 to correlate its genotype to CDR .The results
of linear regression suggests that rs780010 is signiﬁcantly associated with CDR having the p-value of
0.00249 (ﬁgure 3C). Further, we validate rs780010, in
an independent replication cohort comprising 89 individuals (PACG = 50, PACS = 39), where rs780010
was found to be signiﬁcantly associated with PACG
(p value = 0.0128) with a per G allele odds ratio of
2.3079 (95% CI: 1.23 to 4.33), thus showing not only
similar direction of effect but also similar magnitude in
discovery and replication cohorts (ﬁgure 3D). Interestingly, GTEx gene expression data suggested elevated expression level of CNTNAP5 restricted in brain
tissues, indicating a possible involvement of CNTNAP5
in neurodegeneration (ﬁgure 4A). Additionally, eyeIntegration v1.05 hosted by the National Eye Institute
(NIH, USA) showed even higher expression of
CNTNAP5 in different retinal tissues with respect to
brain and other tissues (ﬁgure 4B) (supplementary
ﬁgure 4). Moreover, ChIP-seq and DNase–seq data in
multiple cell and tissue types from the genome browser
component in RegulomeDB showed peaks at
CNTNAP5 locus, indicative of the open and active
chromatin structure (ﬁgure 4C). A network analyses
was done using GeneMANIA to investigate further on
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Figure 3. (A) LD plot of suggestive 13 SNPs of CNTNAP5 showing their distribution in two LD blocks. (B) Regional
Association Plot suggesting rs780010 has the highest statistical strength of association among surrounding markers of
CNTNAP5 gene with PACG. (C) The box plots showing distribution of genotypes for rs780010 with CDR in the study cohort
shows high CDR values in individuals carrying the risk allele G. (D) The genotype distribution of rs780010 (CNTNAP5) in
the replication cohort.

potentials of genetic interaction in these seven genes
(MCCD1, AKAP12, MYO3B, NFKBIL1, VRK2 and
TLK1) (ﬁgure 4D, left lower panel), harbouring most
of the 59 suggestively associated SNPs from haplotype
analyses. The SNPs located in genes with uncertain
functions (LOC symbols) and intergenic SNPs were
excluded (ﬁgure 2B). This is intriguing to observe
genetic interaction between ﬁve (CNTNAP5, AKAP12,
MYO3B, VRK2 and TLK1) out of these seven genes
(ﬁgure 4D) in GeneMANIA, reported in a publication
describing genome-wide map of genetic interactions in
human using radiation hybrid genotypes (Lin et al.
2010). For pathway enrichment analysis, we selected
SNPs from haplotypes below the threshold of
p\1e-04 to map to their nearest genes and looked at
KEGG database with a total of 708 genes. The top
signiﬁcant enriched pathways point towards Alzheimer’s neurodegeneration (p = 0.003) and apoptosis
(p = 0.019). Other signiﬁcant pathways are glycosaminoglycan biosynthesis (p = 0.042) and O-glycan biosynthesis (p = 0.031), involved in cellular
communication and extracellular matrix organization
(table 1).

4. Discussion
In summary, we have done a haplotype-based GWAS
with unique study design on age-deﬁned, occludable
angle individuals comprising cases and controls. The
SNP rs780010, located in the intronic region of
CNTNAP5, showed the strongest association with the
PACG phenotype based on local LD structure and went
on to be conﬁrmed in the replication phase. Moreover,
the genotype distribution of rs780010 in CNTNAP5
also indicated a signiﬁcant association with CDR, the
clinical parameter considered to have direct positive
correlation with glaucomatous neurodegeneration
(Cohen and Pasquale 2014). However, the fact remains
that for rs780010, only the PACG patients carrying the
risk allele G showed high CDR values and this trend is
not present in non-glaucomatous PACS (supplementary
ﬁgure 3). The CNTNAP5 located on chromosome 2
(2q14.3), belongs to the neurexin family members,
functions as cell adhesion molecules and receptors in
the vertebrate nervous system (Shimoda and Watanabe
2009). This protein, like other neurexin proteins, contains epidermal growth factor repeats and laminin G

CNTNAP5 genic region associated with PACG
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Figure 4. (A) GTEx (V6) gene expression proﬁle of CNTNAP5 shows high expression in the brain region. (B) Eye
Integration gene expression proﬁle of CNTNAP5 shows even higher expression in retina in comparison to brain.
(C) RegulomeDB genome browser data of ChIP-seq and DNAse-seq at CNTNAP5 locus (rs17011420) for multiple cell and
tissue types. (D) GeneMANIA network of seven genes harbouring suggestive SNPs with a default parameter of 20 related
genes and ‘query gene based’ network weighting method. The blue nodes are query genes while the pink nodes are top 20
related genes. Grey edges represent shared protein domains based connection while green edges represent genetic interaction.
Table 1. Top statistically signiﬁcant biological pathways related to the selected 708 genes associated with PACG
KEGG ID

p value

Odds ratio

Exp count

Count

Size

Term

5010
4210
514
533

0.0033
0.0195
0.0319
0.0424

2.8821
2.7745
4.8720
7.2698

4.2779
2.7621
0.7074
0.3368

11
7
3
2

127
82
21
10

Alzheimer’s disease
Apoptosis
Other types of O-glycan biosynthesis
Glycosaminoglycan biosynthesis - keratan sulfate

domains (Traut et al. 2006). This is interesting to ﬁnd
open chromatin structure in CNTNAP5 locus from
RegulomeDB, suggesting presence of potential
enhancer regions in CNTNAP5 that warrants further
functional investigation. GTEx and eyeIntegration gene

expression data also suggested that CNTNAP5 is primarily expressed in various neural and retinal tissues
including retinal ganglion cell. A neurexin protein in
Drosophila (nrx-IV) encodes a transmembrane protein
that is critical for separate junction (SJ) formation in
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epithelia between glial cells and neurons (Baumgartner
et al. 1996). Hypomorphic allelic combinations of nrxIV reportedly generated viable adults with defective SJs
and displayed a compromised blood-eye barrier (BEB)
function (Banerjee et al. 2008). It can therefore be
postulated that the BEB abnormalities could be
responsible for the occurrence of peripheral anterior
synechiae, a hallmark for primary angle closure.
Genetic alterations located in CNTNAP5 were reportedly associated with posterior cortical atrophy in Alzheimer’s disease (Schott et al. 2016), autism (Zou et al.
2017) and dyslexia (Pagnamenta et al. 2010). GWAS
catalog also showed reports of association of SNPs in
CNTNAP5 with Schizophrenia (McClay et al. 2011)
and bipolar disorder (Zhang et al. 2020; MacArthur
et al. 2017) suggesting a possible involvement of this
gene in the neurodegenerative phenotype. Supporting
this, our pathway enrichment analyses also point
towards apoptosis and neurodegeneration. This is particularly important considering glaucoma being a neurodegenerative disease. Several studies suggest
apoptosis in retinal ganglion cells, intracranial optic
nerves, lateral geniculate nucleus (LGN), and visual
cortex (Yucel et al. 2003; Weber et al. 2000) strongly
suggestive of cellular mechanism leading to glaucoma
pathology. Also, the changes in glycosylation in the
trabecular meshwork encompassing cellular and
extracellular matrix proteins changes in properties of
trabecular meshwork contributes to glaucoma pathology (Sienkiewicz et al. 2014; Tawara et al. 1989;
Knepper et al. 1996).
We understand that due to the stringent inclusion/
exclusion criteria of age-deﬁned occludable angle casecontrol cohort, our sample size is relatively small in
comparison with conventional GWAS. However, further validation of a SNP (rs780010; G [ A) identiﬁed
in our discovery GWAS in an independent replication
cohort conﬁrms the identiﬁed disease-gene association.
A larger sample size (retaining the extreme-phenotype
design) could have conceivably revealed more loci
associated with glaucomatous neurodegeneration in
PACG.
In summary, our study identiﬁes CNTNAP5, a genic
region of potential interest, to be associated with PACG
for the ﬁrst time in the Indian population. Future
studies with deep functional investigation of this gene
will be important for understanding the molecular
mechanisms underlying PACG pathogenesis especially
in the context of our network analysis showing genetic
interactions between CNTNAP5 and genes harbouring
signiﬁcantly associated SNPs derived from our haplotype-based GWAS analyses.
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