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Purposk. Genetically complex disorders, such as primary open
angle glaucoma (POAG), may include highly heritable quanti-
tative traits as part of the overall phenotype, and mapping
genes influencing the related quantitative traits may effectively
identify genetic risk factors predisposing to the complex dis-
ease. Recent studies have identified SNPs associated with optic
nerve area and vertical cup-to-disc ratio (VCDR). The purpose
of this study was to evaluate the association between these
SNPs and POAG in a US Caucasian case-control sample.

MEeTtHODS. Five SNPs previously associated with optic disc area,
or VCDR, were genotyped in 539 POAG cases and 336 con-
trols. Genotype data were analyzed for single SNP associations
and SNP interactions with VCDR and POAG.

ResuLts. SNPs associated with VCDR rs1063192 (CDKN2B) and
rs10483727 (SIX1/SIX6) were also associated with POAG (P =
0.0006 and P = 0.0043 for rs1063192 and rs10483727, respec-
tively). rs1063192, associated with smaller VCDR, had a pro-
tective effect (odds ratio [OR] = 0.73; 95% confidence interval
[CI], 0.58-0.90), whereas rs10483727, associated with larger
VCDR, increased POAG risk (OR = 1.33; 95% CI, 1.08-1.65).
POAG risk associated with increased VCDR was significantly
influenced by the C allele of rs1900004 (ATOH?), associated
with increased optic nerve area (P-interaction = 0.025; OR =
1.89; 95% CI, 1.22-2.94).

ConcLusions. Genetic variants influencing VCDR are associ-
ated with POAG in a US Caucasian population. Variants
associated with optic nerve area are not independently as-
sociated with disease but can influence the effects of VCDR
variants suggesting that increased optic disc area can signif-
icantly contribute to POAG risk when coupled with risk
factors controlling VCDR. (Unvest Ophthalmol Vis Sci. 2011;
52:1788-1792) DOI:10.1167/i0vs.10-6339

rimary open angle glaucoma (POAG), which affects 2% of
Caucasians and up to 12% of persons of African race older
than 60, is a leading cause of blindness worldwide."* Patients
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affected by POAG have a range of phenotypes, from ocular
hypertension and minimal optic nerve disease to significant
optic nerve deterjoration in the setting of normal IOP. A family
history of glaucoma is a major risk factor for POAG, and genetic
risk factors are likely to contribute to both elevated IOP and
optic nerve/retinal ganglion cell degeneration.”

Although POAG has a significant overall heritability,* the
genetic contributions to the disorder are complex and involve
multiple genetic factors susceptible to the influence of envi-
ronmental exposures.>® Complex disorders, such as POAG,
may include highly heritable quantitative traits as part of the
overall phenotype. Mapping genes that influence the related
quantitative trait (often also called endophenotypes) rather
than the complete complex phenotype has several important
advantages, including objective definitions of the phenotype,
identification of genes that are important risk factors for the
disease, and possible reduction in the underlying molecular
heterogeneity.

Several ocular quantitative traits with high heritability in-
cluding 1OP, central corneal thickness (CCT), and size and
configuration of the optic nerve, are attributes that are struc-
tural features related to POAG. Given the complexity of the
disease process, the genes associated with these features are
reasonable candidates for POAG. Recently there has been con-
siderable interest in genetic factors influencing optic nerve
area and vertical cup-to-disc ratio (VCDR). Larger optic nerves
may be more susceptible to damage related to IOP,”® and
persons with larger VCDR may be more likely to have progres-
sive enlargement of the cup.”'® Heritability of the optic disc
area and of the VCDR is estimated to be approximately 52% to
59% and 48% to 80%, respectively.'''#

Using quantitative analytical approaches, two recent
genomewide studies have identified an association between a
single-nucleotide polymorphism (SNP) near the ATOH7 gene
(rs1900004) and the optic disc area (Rotterdam study,15 Aus-
tralia study'®). The Rotterdam study also identified several
genomic regions showing association with VCDR.'> SNPs lo-
cated in the two regions with the best evidence for association
with VCDR (rs10483727 near the SIX1/SIX6 gene complex on
14q22-23; 151063192 within the CDKN2B gene on 9p21) were
also marginally associated with POAG in a sample of 188 cases
(P = 0.017 for rs1063192; P = 0.021 for rs10483727). The
purpose of this study was to evaluate the association between
POAG and these SNPs influencing the optic nerve parameters
of optic nerve size and VCDR in a US Caucasian case-control
sample.

PATIENTS AND METHODS

Patients and Control Subjects

This study was approved by the institutional review boards of the
Massachusetts Eye and Ear Infirmary. The study adhered to the tenets
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TaBLE 1. Demographic and Clinical Features of Study Subjects

Age at Diagnosis (y)*

Vertical Cup-to-Disc Ratio

Group n Female (%) Range Mean * SD Range Mean * SD
POAG 539 51.2 30-87 61.4 £ 11.2t 0.20-0.99 0.81 = 0.13t
Control 336 54.5 40-89 65.2 = 10.7 0.10-0.70 0.30 £ 0.11

* For the control subjects, age at diagnosis referred to age at enrollment.
TP < 0.0001 compared with the control group.
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of the Declaration of Helsinki. Informed consent was obtained from all
patients and family members after explanation of the nature and
possible consequences of the study.

Patients with POAG were recruited from the Glaucoma Consulta-
tion Service at the Massachusetts Eye and Ear Infirmary. POAG was
defined as glaucomatous optic nerve damage in both eyes and visual
field loss in at least one eye. Intraocular pressure was not included in
the criteria for diagnosis of POAG. Glaucomatous optic nerve damage
was defined as VCDR higher than 0.7 or focal loss of the nerve fiber
layer (notch) associated with a specific visual field defect, or both.
Visual fields were performed using automated perimetry. Control sub-
jects had no evidence of glaucoma (JOP <22 mm Hg OU, VCDR =0.7,
cup asymmetry <0.2) and no family history of glaucoma. VCDR was
determined by visual examination of the optic nerve using either a
90-diopter lens or a direct ophthalmoscope.

A cohort of 539 unrelated patients with POAG and 336 unrelated
control subjects without glaucoma were included in the present study.
Demographic and clinical features of the study subjects are summa-
rized in Table 1. In the POAG group, age at diagnosis ranged from 30
to 87 years (61.4 = 11.2 years [mean = SD]), and VCDR ranged from
0.20 to 0.99 (0.81 = 0.13). Age at enrollment in the control group
ranged from 40 to 89 years (65.2 * 10.7 years), and VCDR ranged from
0.10 to 0.70 (0.30 = 0.11). Optic disc area was not measured in this
patient group.

All study subjects were Caucasian and were from the United States.
Control subjects were from the same geographic regions and had similar
ethnic backgrounds as did patients with POAG. Cases and control subjects
were balanced for sex, with 51.2% and 54.5% female in POAG patients
and control subjects, respectively (P > 0.05; Table 1).

Polymorphisms and Genotyping

Three SNPs (rs7916697, rs1900004, rs3858145) in the 5’ region of the
ATOH7 gene that have been associated with optic disc size'>'® and
two SNPs (rs1063192 and rs10483727) on chromosomes 9 and 14 that
have been associated with vertical cup-to-disc ratio'”> were genotyped
by SNP genotyping assays (TagMan; Applied Biosystems [ABI], Foster
City, CA). Genomic DNA from peripheral blood was prepared from all
persons by using standard techniques (Gentra, Minneapolis, MN). Oli-
gonucleotide primers and probes were ordered from ABI (assay by

demand). The assays were performed on a PCR system (7500 Real-
Time PCR; ABI) according to the manufacturer’s instructions.

Statistical Analysis

Statistical analyses were performed using PLINK (version 1.07).'” Hardy-
Weinberg equilibrium was assessed by using the x* test. The minor
allele frequencies of each SNP between patients with POAG and
control subjects were compared by using Fisher’s exact test. Odds
ratios (ORs) and 95% confidence intervals (CIs) were calculated using
logistic regression. The association of the SNPs with POAG was further
evaluated by using logistic regression after adjusting for age and sex.
An additive effects model was applied to analysis of allele dosage in
which the genotypes AA, AB, and BB were coded as 0, 1, and 2,
respectively, where A represented the minor allele and B represented
the common allele. Interaction effects between the SNPs were ana-
lyzed by including an interaction term in the logistic regression model.
Haplotype frequencies for the ATOH7 gene were estimated using the
standard E-M algorithm and were tested using the x* test. Association
of the SNPs with VCDR was evaluated by using linear regression.
Multiple comparisons were corrected using the Bonferroni method.

REesuLTS
VCDR Association Analyses

Characteristics and genotype counts for the five SNPs evalu-
ated in this study are summarized in Table 2. All SNPs followed
Hardy-Weinberg equilibrium in both the POAG cases and the
control subjects (P > 0.05).

To investigate the association between these SNPs and
VCDR in this population, we stratified VCDR measurements for
the entire study sample (cases and controls) by genotype for
each SNP. The G allele of SNP rs1063192 was significantly
associated with a smaller VCDR (P-trend = 0.0013; Table 3),
with a mean VCDR of 0.48, 0.51, and 0.58 in those carrying
genotypes GG, GA, and AA, respectively. The T allele of SNP
rs10483727 was significantly associated with a larger VCDR
(P-trend = 0.0013; Table 3), with a mean VCDR of 0.60, 0.53,
and 0.49 in those carrying genotypes TT, TC, and CC, respec-

TABLE 2. Characteristics and Genotype Counts for SNPs Investigated in This Study

Genotype Count (AA/AB/BB)t

Position Nearest Minor
SNP Chromosome (bp)* Gene Location Allele POAG Control Subjects
1s7916697 10 69661859 ATOH7 5'UTR A 41/201/285 28/122/174
rs1900004 10 69670887 ATOH7 Intergenic T 43/188/296 20/125/176
rs3858145 10 69681844 ATOH7 Intergenic A 47/205/258 29/136/148
rs1063192 9 21993367 CDKN2B 3'UTR G 47/172/170 51/155/102
rs10483727 14 60142628 SIX1/SIX6 Intergenic T 93/174/120 54/132/118

* Chromosome position was based on NCBI Build 36.3 (National Center for Biotechnology, Bethesda, MD).

1T A, minor allele; B, common allele.
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TABLE 3. Association with Vertical Cup-to-Disc Ratio
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Vertical Cup-to-Disc Ratio

SNP Genotype n (%) (mean *= SD)
rs7916697 AA 59 (8.7 0.57 * 0.29
AG 261 (38.4) 0.58 = 0.28
GG 360 (52.9) 0.58 * 0.28
Total 680 (100.0) P-trend = 0.74
1900004 T 52 (7.6) 0.62 + 0.28
TC 256 (37.5) 0.57 = 0.28
CC 375 (54.9) 0.59 *+ 0.28
Total 683 (100.0) P-trend = 0.87
53858145 AA 65 (9.8) 0.59 + 0.28
AG 273 (41.4) 0.57 = 0.28
GG 322 (48.8) 0.59 + 0.27
Total 660 (100.0) P-trend = 0.45
51063192 GG 72 (13.5) 0.48 + 0.26
GA 251 (47.0) 0.51 * 0.27
AA 211 (39.5) 0.58 * 0.28
Total 534 (100.0) P-trend = 0.0013
1s10483727 TT 118 (22.3) 0.60 = 0.27
TC 229 (43.3) 0.53 = 0.28
cC 182 (34.4) 0.49 + 0.27
Total 529 (100.0) P-trend = 0.0013

P-trend was obtained from linear regression. Bonferroni corrected significance level was 0.01 (0.05/5).

tively. These associations survived the Bonferroni correction
for multiple testing (corrected P < 0.01) and are similar to the
results obtained by the Rotterdam group.'®> All three SNPs in
the 5'region of the ATOH7 gene (157916697, rs1900004,
rs3858145), previously associated with optic nerve area in
both the Rotterdam and Australian studies, were not signifi-
cantly associated with VCDR (P-trend > 0.45; Table 3) in this
US Caucasian population.

POAG Association Analyses

To investigate the association between these SNPs and POAG,
we compared the genotype and allelic distribution for each
SNP between POAG cases and controls. Both SNPs associated
with VCDR (rs1063192 and rs10483727) were also associated
with POAG (P = 0.0045 and P = 0.010, respectively; Table 4).
SNP 151063192, associated with a smaller VCDR, had a protec-
tive effect, with a lower frequency for the risk allele G in POAG
patients than in the control subjects (34.2% vs. 41.7%; OR =
0.73; 95% CI, 0.58-0.90). The T allele of SNP rs10483727,
associated with a larger VCDR, was more frequent in patients
with POAG than in controls (46.5% vs. 39.5%; OR = 1.33; 95%
CI, 1.08-1.65). After adjusting for age and sex, these associa-
tions became even stronger (P = 0.0006 and P = 0.0043 for

TABLE 4. Association with POAG

rs1063192 and rs10483727, respectively; Table 4) and survived
Bonferroni correction for multiple testing (corrected P <
0.01).

All three SNPs in the 5’ region of the ATOH7 gene
(rs7916697, rs1900004, rs3858145) previously associated with
optic nerve area were not significantly associated with POAG
(P > 0.47; Table 4). Haplotype analysis also did not find a
significant association between these three SNPs and POAG
(P > 0.42; data not shown).

A measure of optic nerve area was not available for our
study population; hence, we were unable to assess the rela-
tionship between rs1900004 and optic nerve area in this study.
However, we were able to identify a significant interaction
effect on POAG risk between SNP rs1900004 and rs10483727
(P-interaction = 0.025; Fig. 1), where SNP rs1900004 can
modify the disease risk associated with rs10483727. Persons
with rs1900004 genotype CC (associated with larger optic
nerves) who also carried rs10483727 risk genotypes TT or TC
had a significantly increased risk for POAG (OR = 1.89; 95% CI,
1.22-2.94) compared with those who had the rs10483727 risk
genotypes and rs1900004 genotypes TT and TC (OR = 1.39;
95% CI, 0.88-2.19). A similar analysis performed with SNP
rs1063192 did not show an interactive effect (P = 0.49). These

Minor Allele
Frequencies Unadjusted Adjusted for Age and Sex
Minor Control
SNP Allele POAG Subjects P OR (95% CD} Pt OR (95% CD}
r$7916697 A 0.269 0.275 0.78 0.97 (0.78-1.21) 0.79 0.97 (0.78-1.21)
rs1900004 T 0.260 0.257 0.91 1.02 (0.81-1.27) 0.96 1.01 (0.80-1.26)
rs3858145 A 0.293 0.310 0.47 0.92 (0.74-1.15) 0.41 0.91 (0.73-1.14)
51063192 G 0.342 0.417 0.0045 0.73 (0.58-0.90) 0.0006 0.67 (0.53-0.84)
rs10483727 T 0.465 0.395 0.010 1.33 (1.08-1.65) 0.0043 1.37 (1.10-1.69)

* Obtained from Fisher’s exact test. Bonferroni corrected significance level was 0.01 (0.05/5).

1 Obtained from logistic regression.

$ Obtained from logistic regression after adjustment for age and sex.
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FiGure 1. Interaction effects between rs10483727 and rs1900004.
Logistic regression modeling showed that the joint effects between
rs10483727 and rs1900004 were interactive (P-interaction = 0.025).
Persons with 151900004 genotype CC and those with rs10483727 risk
genotype TT or TC are at significantly increased risk for POAG (OR =
1.89; 95% CI, 1.22-2.94) compared with persons with rs10483727 risk
genotypes and rs1900004 genotype TT or TC, which are associated
with smaller optic nerve area (OR = 1.39; 95% CI, 0.82-2.33).

results suggest that persons with larger optic nerves and larger
VCDR are at increased risk for POAG than persons with in-
creased VCDR without increased optic nerves.

DISCUSSION

POAG is a genetically and phenotypically complex disease.
Genetic factors—through interactions with other genes, envi-
ronmental factors, or both—may influence both IOP and optic
nerve susceptibility. One approach to identify genes that pre-
dispose to complex traits such as POAG is to define phenotypic
subtypes or endophenotypes that are phenotypically homoge-
neous and may be caused by a smaller set of susceptibility
genes. Ocular quantitative traits are a type of endophenotype
that have the added advantages of precise measurement and
continuous trait analysis, features that enhance gene discovery
by minimizing misclassification and increasing study power.

In this study, we have shown that SNPs located in two
VCDR quantitative trait loci on 9p22 and 14q22-23 (rs1063192
and rs10483727, respectively) are also associated with POAG
in a US Caucasian population. The T allele of rs10483727,
located near the SIX1/SIX6 gene complex on chromosome
14q22-23, is associated with a larger VCDR and an increased
risk for POAG, whereas the G allele of rs1063192, located
within the CDNKN2B gene on chromosome 9p22, is associ-
ated with a smaller VCDR and a decreased risk for POAG.
Collectively, these results suggest that genetic variants influ-
encing normal variation in VCDR are risk factors for the pro-
gressive increase in VCDR found in persons with POAG.

SNP 151900004, located near the ATOH7 gene, is a major
factor controlling optic nerve area.'>1° Although this SNP was
not independently associated with POAG, we identified a sig-
nificant interaction with SNP rs10483727 such that persons
who carry the rs10483727 risk genotype TT or TC were more
likely to develop POAG if they also carried the rs1900004
genotype associated with larger optic nerve area (CC). Previ-
ous studies have suggested that persons with larger disc areas
are at increased risk for POAG and other forms of glaucoma.'®
Our results suggest that optic disc area alone is not necessarily
a risk factor for glaucoma but that it can significantly increase
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disease risk when coupled with risk factors controlling vertical
cup-to-disc ratio.

The ATOH7 gene codes for Math5, a protein known to
regulate retinal ganglion cell histogenesis in vertebrate model
organisms,'® and recent analyses from both the Rotterdam
study'® and the Australian group'® indicate that this gene is a
major factor controlling optic disc area. The gene products of
both the SIX7 and SIXG6 genes are also developmentally regu-
lated transcription factors.?°~>* Mutations in SIXI are a cause
of the brachio-oto-renal syndrome,22 whereas mutations in
SIX6 have been shown to cause anophthalmia.?' Our results
showing that rs10483727 is associated with POAG as well as
VCDR suggest that one or both of the SIX1/SIX6 genes may
also contribute to optic nerve or retinal ganglion cell develop-
ment. In addition, the interactive effect with rs1900004 could
suggest that the SIX1/SIX6 gene complex may participate in
developmental pathways that include ATOH7.

SNP 151063192 is located on chromosome 9p21 within the
CDKNZ2B gene and adjacent to CDKN2A, a tumor suppressor
gene. The CDKN2B protein is a cyclin-dependent kinase that
may regulate cell growth and is induced by transforming
growth factor beta (TGF-B). TGF-$ is a multifunctional cyto-
kine that modulates developmental and repair processes in
several tissues, including the retina and trabecular mesh-
work.>>?% The CDKN2B gene has also been associated with
type 2 diabetes mellitus (T2DM) in several genomewide asso-
ciation studies.>>*7 T2DM has been implicated as a risk factor
for POAG,?® suggesting that further investigation among
CDKNZ2B, POAG, T2DM, and glycemic load could be of inter-
est. In this study, we confirm that the G allele is associated with
a smaller VCDR and also show that carriers of the G allele are
less likely to develop POAG. Collectively, these results add
further support for a role of TGF-$ in glaucoma and suggest
that other proteins in the TGF-B signaling pathways may also
contribute to glaucoma pathogenesis.

The SNPs associated with POAG and optic nerve parameters
are all connected with genes that can influence optic nerve
quantitative parameters through developmental processes. Al-
though genes regulating ocular development may not be obvi-
ous candidates as risk modulators for a progressive late-onset
disease such as POAG, our results suggest that such genes may,
in fact, be one set of risk factors predisposing to POAG. Further
study will be needed to determine whether these genetic risk
factors participate in optic nerve and ganglion cell repair or
have other metabolic roles in addition to regulating optic nerve
size and structure.

Our study provides confirmation that a quantitative trait-
mapping approach can be used to identify genetic risk factors
for a genetically and phenotypically complex disease such as
POAG. The identification of additional genetic factors influenc-
ing other ocular quantitative traits that could contribute to
POAG will help further define the genetic architecture of this
important blinding disease.
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