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Screening of candidate genes for primary open angle glaucoma
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Purpose: Primary open-angle glaucoma (POAG) is one of the leading causes of irreversible blindness in the world. To
make progress in understanding POAG, it is necessary to identify more POAG-causing genes.

Methods: Using haplotype analysis, we found that mutational region is located on chromosome 2 in two families.
Furthermore, we screened 11 candidate genes on chromosome 2 by protein—protein interaction (PPI) analysis, including
mutS homolog 6 (MSH6), mutS homolog 2 (MSH?2), v-rel reticuloendotheliosis viral oncogene homolog (REL), endothelial
PAS domain protein 1 (EPAS1), vaccinia related kinase 2 (VRK?2), F-box protein 11 (FBXO11), EGF containing fibulin-
like extracellular matrix protein 1 (EFEMPI), reticulon 4 (RTN4), RAB1A, member RAS oncogene family (RABIA),
ARP2 actin-related protein 2 homolog (ACTR?2), and calmodulin 2 (phosphorylase kinase, delta; CALM?2). These 11 genes
are all predicted to be related to trabecular meshwork changes and progressive loss of retinal ganglion cells in POAG
patients.

Results: According to our study, FBXOI! and VRK2 may interact with tumor protein p53 to regulate mitochondrial
membrane permeability, mitochondrial membrane organization, and apoptosis. MSH? is responsible for repairing DNA
mismatches and RTN4 is for neuronal regeneration. Therefore, they are supposed to play a negative role in cellular process
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in POAG. CALM?2 may be involved in retinal ganglion cell death and oxidative damage to cell communication.
Conclusions: The results demonstrate that the genes above may be associated with pathogenesis of POAG.

Primary open-angle glaucoma (POAG) is one of the
leading causes of irreversible blindness, affecting over 60
million people worldwide [1]. It is characterized by
progressive loss of retinal ganglion cells (RGCs) and nerve
fibers, raised intraocular pressure (IOP) and other associated
factors. Over the past few decades, several studies have
demonstrated that genetic factors have substantially
contributed to the pathogenesis of POAG. To date, three
causative genes have been identified for POAG, namely
myocilin (MYOC) on chromosome 1q24.3 (GLCI4) [2],
optineurin (OPTN) on chromosome 10p15-14 (GLCIE) [3],
and WD repeat domain 36 (WDR36) on chromosome 5q22.1
(GLC1G), which account for less than 10% of POAG cases
[4]. In addition, recent studies have shown that more than 20
other genes may contribute to POAG, such as cytochrome
P450, family 1, subfamily B, polypeptide 1 (CYPIBI) [5,6],
apolipoprotein E (4APOE) [7], optic atrophy 1 (OPAI) [8],
neurotrophin-4 (NTF4) [9], interleukin-1 (/L1) [10], opticin
(OPTC) [11], retinitis pigmentosa GTPase regulator-
interacting protein 1 (RPGRIPI) [12], tumor protein p53
(p53) [13], ADAM metallopeptidase with thrombospondin
type 1 motif, 10 (ADAMTS10) [14], secreted protein acidic
and rich in cysteine (SPARC) [15], aquaporin 1 (AQP1), and
solute carrier family 4, sodium bicarbonate transporter, and
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member 10 (SLC4A410) [4]. However, these genes are still
insufficient to explain all POAG cases, it is necessary to
identify more candidate genes associated with the
pathogenesis of POAG. In this study, through linkage
analysis, we found that mutational region is located on
chromosome 2. What’s more, 157 known and predicted genes
were screened from public data. Ultimately, PPI analysis was
performed and showed that 11 candidate genes, including
mutS homolog 6 (MSHG6), mutS homolog 2 (MSH?2), v-rel
reticuloendotheliosis viral oncogene homolog (REL),
endothelial PAS domain protein 1 (EPAS1), vaccinia related
kinase 2 (VRK2), F-box protein 11 (FBXOIl), EGF
containing fibulin-like extracellular matrix protein 1
(EFEMPI), reticulon 4 (RTN4), member RAS oncogene
family (RAB1A4), ARP2 actin-related protein 2 homolog
(ACTR2), and calmodulin 2 (phosphorylase kinase, delta;
CALM?), are located on chromosome 2. Our data indicated
that these hypothesized genes might play certain roles in the
etiology of a complex human disease with genetic
contributions.

METHODS
Subjects: This project was approved by the Institutional
Review Board of Daping Hospital of the Third Military
Medical University, PLA. Study subjects consisted of two
large Chinese families. Thirteen family members were
enrolled in the first family (Family A; Figure 1A) and twenty-
four members were enrolled in the second family (Family B;
Figure 1B). All family members underwent ophthalmic
examination including visual acuity testing, tonometry,
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Figure 1. Pedigrees of two Chinese families with primary open-angle glaucoma. Thirteen family members were enrolled in the first family
(Family A) and twenty-four members were enrolled in the second family (Family B). The square symbol indicates male; the circle symbol
denotes female; the filled symbol represents the affected family member with POAG; and the slashed symbol denotes that the family member
is deceased. A phase-known disease haplotype in each family is indicated by a red box. The yellow box is the mutation site.

gonioscopy, and visual field testing. Clinical diagnosis was
based on IOP, vision field loss, angle appearance, and optical
disc appearance by the ophthalmologist specializing in
glaucoma from Daping Hospital of the Third Military Medical
University. The patients were diagnosed with POAG
according to the following four criteria: 1) optic damage (cup/
disc ratio >0.5); 2) visual field loss found by a Humphrey
perimetry test; 3) open-angle appearance by gonioscopy, and
4) an IOP equal to or higher than 22 mmHg while not on
medication [16].

Genotyping and linkage analysis: A genome wide linkage
scan was performed in both Family A and B using ABI
Linkage Mapping Set v2.5, which contained 411 short tandem
repeat (STR) markers and True Allele PCR Premix (ABI,
Foster City, CA) according to the manufacturer’s instructions.
The amplified polymerase chain reaction (PCR) products
were loaded on to the ABI 3100 Genetic Analyzer (ABI). We
used the MLINK of the LINKAGE (v.5.1; Cambridge, UK)
program to calculate two-point logarithm of odds (LOD)
scores [17]. An autosomal dominant mode of inheritance with
full penetrance and a disease allele frequency of 0.01 were

assumed in the calculations. For fine mapping, additional STR
markers were chosen from the Marshfield database.

POAG disease genes collection: The Indian Genetic Disease
Database (IGDD) [18] integrated and curated repository of
growing number of mutation data on common genetic
diseases aftlicting the Indian populations. The database covers
52 diseases with information on 5760 individuals carrying the
mutant alleles of causal genes. Finally, CYPIBI, MYOC,
OPTN, and OPTC were selected. The GeneCards [19] is a
searchable and integrated database of human genes that
provides concise genomic related information on all known
and predicted human genes. A total of 153 POAG-related
genes were collected. Online Mendelian Inheritance in Man
(OMIM) [20] is a continuously updated catalog of human
genes, genetic disorders and traits, which particularly focuses
on the molecular relationship between genetic variation and
phenotypic expression. It is thus considered to be a phenotypic
companion to the Human Genome Project. After searching the
Phenotype OMIM number 137760, three POAG related
genes, CYPIBI, GLCIB and OPTN were collected.
GENATLAS was also used to screen the potential POAG
related genes, and GLCIE and GLCIL were obtained. At last,
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157 unique POAG disease genes were collected from the
above databases after removing the repetitive genes.

PPI and regulation network construction: The Human Protein
Reference Database (HPRD) [21] is a protein database
accessible on the internet. The Biologic General Repository
for Interaction Data sets (BioGRID) [22] is a curated biologic
database of protein—protein and genetic interactions. PPI data
were obtained from the HPRD and BioGRID database. A total
of 326119 unique human PPI pairs were collected, among
which 39240 pairs were from HPRD and 379426 pairs were
from BioGRID. The total number of unique PPI pairs is less
than the sum of the two sets due to overlap and duplication.

The TRANSFAC database contains data on transcription
factors, including their experimentally-proven binding sites
and regulated genes [23]. The Transcriptional Regulatory
Element Database (TRED) has been built in response to
increasing needs of an integrated repository for both cis- and
trans- regulatory elements in mammals [24]. TRED made the
curation for transcriptional regulation information, including
transcription factor binding motifs and experimental
evidence. The curation is currently focused on target genes of
36 cancer-related TF families. Seven hundred seventy-four
pairs of regulatory relationship between 219 transcription
factors (TFs) and 265 target genes were collected from
TRANSFAC. Five thousand seven hundred twenty-two pairs
of regulatory relationship between 102 transcription factors
(TFs) and 2,920 target genes were collected from TRED. A
total of 6,328 pairs of regulatory relationships between 276
TFs and 3,002 target genes were collected by combination of
the two regulation data sets.

Using the PPI data that collected from HPRD and
BioGRID, and regulation data that collected from
TRANSFAC and TRED, we mapped the POAG disease genes
to target genes on chromosome 2p ranged from 46411503 to
65629132.

GO enrichment analysis: The Gene-Ontology database (GO)
provides a useful tool to annotate and analyze the function of
large numbers of genes. To learn about the biology in certain
gene sets, it is desirable to find functional annotation or Gene-
Ontology groups which are highly represented in the gene
sets. The program (GOstat) facilitates the analysis of such
gene sets, provides statistics about the GO terms contained in
the data and sorts the GO annotations giving the most
representative GO terms first [25]. We used the default
parameters with the count >3 and Benjamini corrected p-value
<0.01 to search overrepresented GO terms in Biologic
Process.

RESULTS

Linkage analysis: The linkage analysis results showed that the
two families shared the same disease haplotype, suggesting
they inherited the same mutation from a common founder. The
disease interval was defined to 14.11 cM between D2S391
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(70.31 cM) and D2S2231 (84.42 cM) using refining STR
markers and haplotype analysis. The LOD scores in these two
Chinese families were listed in Table 1.

PPI and regulation network construction. After searching the
genes in the range from 46411503 to 65629132 of
chromosome 2 (NCBI homo reference, BUILD 37.2), 168
target genes were detected, among which 90 targets could be
mapped to the gene symbol. Furthermore, a total of 157 unique
POAG disease associated genes were obtained from the
IGDD, OMIM, GENATLAS, and GeneCards databases. The
PPI and regulation data sets were employed to build the
network between 90 targets and 157 POAG disease genes.
Figure 2 shows the relationship between 11 targets and the 11
POAG related genes. Finally, these 11 targets of MSH6, REL,
MSH?2, EPASI, VRK2, FBXOI11, EFEMPI, RTN4, RABIA,
ACTR2, and CALM?2 were located on chromosome 2:
46411503-65629132, which have been shown to be closely
related to POAG.

To assess the significance of the network, we used the
over-represented GO terms of GOstats [25]. Enrichment
analysis by the hypergeometric distribution was used to find
the significant GO terms and pathways. Some of the GO terms
were enriched among these genes in the network, including
regulation of mitochondrial membrane permeability,
mitochondrial membrane organization and negative
regulation of cellular process, and others (Table 2).

DISCUSSION

POAG is characterized by specific morphologic and
biochemical changes in trabecular meshwork (TM), including
loss of TM cells, accumulation of extracellular matrix (ECM),
and accelerated senescence. ECM deposition in the
juxtacanalicular region of TM involves increased expression
of transforming growth factor (TGF)-B2 in the aqueous
humor, but this effect is blunted or prevented if bone
morphogenetic protein 7 (BMP7) is added. Further study
indicates that the expression level of EFEMPI can be
upregulated by TGF-B2 and down-regulated by BMP7 in
POAG progression [26]. Mutations in EFEMPI result in
macular dystrophy with subretinal deposits [27,28].

To date, several factors have been proposed to influence
the RGCs loss in POAG patients, such as mechanical stress
due to increased IOP, reperfusion injury, oxidative stress,
glutamate excitotoxicity, and autoimmunity [29]. Abnormally
elevated IOP elicits a complex sequence of putative
neurodestructive cellular responses in the optic nerve head
[30]. A prominent astrocyte reactivation serves as the basis
for these responses [31], in which four nuclear factor of kappa
light polypeptide gene enhancer in B-cells (NF-kB) subunits,
v-rel reticuloendotheliosis viral oncogene homolog (avian; c-
REL), v-rel reticuloendotheliosis viral oncogene homolog A
(avian; RELA), nuclear factor of kappa light polypeptide gene
enhancer in B-cells 2 (p49/p100) (NFKB2), and nuclear factor
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TABLE 1. TWo-POINT LOD SCORES BETWEEN SHORT TANDEM REPEATS AND DISEASE PHENOTYPE.
Two-point LOD score of Family A and B (0)
STR marker Genetic 0.00 0.01 0.05 0.10 0.20 0.30 0.40 Max LOD score (0)
position
(cM)
D2S2298 65.94 -3.10 -1.55 -0.49 -0.13 0.06 0.05 0.01 0.07 (0.24)
D2S391 70.31 -12.55 -7.66 -4.08 -2.45 -1.08 -0.55 -0.29 -0.03 (0.49)
D2S2739 73.61 -7.48 -4.65 -1.96 -0.84 -0.11 0.01 -0.04 0.01 (0.29)
D2S123 73.61 -8.97 -6.18 -3.39 -2.12 -1.05 -0.56 -0.26 -0.02 (0.49)
D2S2369 73.61 -3.67 -2.78 -1.46 -0.86 -0.37 -0.19 -0.08 -0.01 (0.49)
D2S2352 76.34 -4.50 -2.68 -1.27 -0.71 -0.33 -0.21 -0.13 -0.02 (0.49)
D2S2153 76.88 -4.11 -1.47 0.25 0.81 0.89 0.56 0.18 0.94 (0.16)
D2S378 77.43 -4.33 -2.37 -0.87 -0.278 0.09 0.12 0.06 0.13 (0.27)
D2S2279 77.97 1.04 1.00 0.82 0.62 0.31 0.11 0.01 1.04 (0.00)
D2S393 80.16 -3.67 -1.80 -0.40 0.10 0.33 0.27 0.13 0.33 (0.21)
D2S357 80.16 -4.28 -2.04 -0.32 0.26 0.45 0.29 0.07 0.46 (0.18)
D2S2332 80.69 -0.34 1.57 1.93 1.83 1.83 0.81 0.33 1.93 (0.05)
D2S2206 81.49 -5.26 -2.75 -0.58 0.24 0.59 0.44 0.17 0.59 (0.20)
D2S2320 82.29 -3.56 -1.85 -0.53 -0.09 0.05 -0.06 -0.13 0.05 (0.18)
D2S2397 82.82 0.60 0.59 0.55 0.49 0.36 0.22 0.10 0.60 (0.00)
D2S2231 84.42 -5.76 -4.20 -1.71 -0.58 0.14 0.22 0.12 0.22 (0.27)
Two-point LOD score of Family A (0)
STR marker Genetic 0.00 0.01 0.05 0.10 0.20 0.30 0.40 LODmax score (0)
position
(cM)
D2S2298 65.94 0.15 0.14 0.10 0.06 0.01 0.00 0.000 0.15 (0.00)
D2S391 70.31 -5.70 -3.37 -1.77 -1.03 -0.41 -0.15 -0.04 -0.00 (0.49)
D2S2739 73.61 -1.74 -1.17 -0.38 -0.08 0.07 0.06 0.03 0.07 (0.23)
D2S123 73.61 -2.27 -1.70 -0.87 -0.51 -0.23 -0.11 -0.03 -0.00 (0.49)
D2S2369 73.61 -2.44 -1.84 -0.94 -0.53 -0.19 -0.06 -0.01 0.00 (0.49)
D2S2352 76.34 0.57 0.55 0.46 0.36 0.20 0.08 0.02 0.57 (0.00)
D2S2153 76.88 -1.76 -1.20 -0.39 -0.08 0.08 0.07 0.03 0.09 (0.23)
D2S378 77.43 -2.68 -2.03 -1.08 -0.63 -0.24 -0.09 -0.02 0.00 (0.49)
D2S2279 77.97 0.20 0.18 0.10 0.02 -0.06 -0.06 -0.03 0.20 (0.00)
D2S393 80.16 -2.30 -1.71 -0.85 -0.46 -0.16 -0.04 -0.00 0.00 (0.46)
D2S357 80.16 -2.37 -1.80 -0.98 -0.62 -0.33 -0.17 -0.05 -0.00 (0.49)
D2S2332 80.69 0.88 0.85 0.73 0.59 0.35 0.17 0.06 0.88 (0.00)
D2S2206 81.49 -1.78 -1.22 -0.42 -0.11 0.05 0.05 0.03 0.05 (0.25)
D2S2320 84.29 1.06 1.03 0.89 0.72 0.43 0.21 0.07 1.06 (0.00)
D2S2397 82.82 0.23 0.23 0.22 0.19 0.13 0.07 0.02 0.23 (0.00)
D2S2231 84.42 -1.37 -0.81 -0.06 0.20 0.26 0.16 0.07 0.27 (0.16)
Two-point LOD score of Family B (0)
STR marker Genetic 0.00 0.01 0.05 0.10 0.20 0.30 0.40 LODmax score (0)
position
(cM)
D2S2298 65.94 -3.25 -1.69 -0.60 -0.19 0.04 0.05 0.01 0.06 (0.25)
D2S391 70.31 -6.85 -4.29 -2.31 -1.41 -0.67 -0.40 -0.25 -0.03 (0.49)
D2S2739 73.61 -5.74 -3.48 -1.58 -0.76 -0.18 -0.05 -0.07 -0.02 (0.49)
D2S123 73.61 -6.70 -4.48 -2.52 -1.61 -0.82 -0.45 -0.22 -0.02 (0.49)
D2S2369 73.61 -1.23 -0.94 -0.52 -0.33 -0.19 -0.13 -0.07 -0.01 (0.49)
D2S2352 76.34 -5.08 -3.25 -1.75 -1.08 -0.54 -0.29 -0.16 -0.02 (0.49)
D2S2153 76.88 -2.35 -0.28 0.64 0.89 0.81 0.49 0.15 0.91 (0.13)
D2S378 77.43 -1.65 -0.34 0.21 0.35 0.33 0.20 0.08 0.37 (0.13)
D2S2279 77.97 0.84 0.82 0.72 0.60 0.37 0.17 0.04 0.84 (0.00)
D2S393 80.16 -1.36 -0.09 0.45 0.56 0.49 0.32 0.14 0.56 (0.12)
D2S357 80.16 -1.91 -0.25 0.65 0.88 0.78 0.46 0.13 0.90 (0.12)
D2S2332 80.69 -1.22 0.72 1.20 1.24 1.00 0.64 0.27 1.25(0.08)
D2S2206 81.49 -3.47 -1.54 -0.15 0.35 0.54 0.39 0.14 0.55(0.19)
D2S2320 84.29 -4.62 -2.87 -1.42 -0.82 -0.39 -0.27 -0.20 -0.03 (0.49)
D2S2397 82.82 0.37 0.36 0.34 0.30 0.23 0.16 0.08 0.37 (0.00)
D2S2231 84.42 -4.40 -3.39 -1.66 -0.78 -0.12 0.05 0.05 0.06 (0.34)
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Figure 2. Network between targets and
POAG disease genes. Directed edge
means the source nodes regulated the
target nodes; the undirected edges mean
the PPI relationships. The triangle nodes
stand for POAG genes proved by the
previous analysis on the database. The
ellipse stands for target genes on
chromosome 2: 46411503-65629132.

of kappa light polypeptide gene enhancer in B-cells inhibitor,
alpha (NFKBIA), are activated at transcriptional level [32]. In
addition, there is a significant increase in transcription of
Golgi-resident protein transcripts, including RABIA.
Remodeling or redistribution of actin at cellular edges is an
essential part of establishing cell polarity and the formation
of processes in astrocytes. Actin polymerization may be
regulated by ARP protein complex (ACTR2,WSP) [33].
FBXO11 is amember of the F-box protein sub-family and
acomponent of the Skp1 Cullinl F-box (SCF) complex. Some
studies have presented that FBXO/ I promotes the neddylation
of p53 both on two lysines, Lys-320 and Lys-321 to suppress

p53 function [34]. This is consistent with recent studies
showing that retinal cells from mice carrying a homozygous
lysine 317 to arginine mutation, the site corresponding to
human lysine 320, undergo increased p53-dependent
apoptosis in response to DNA damage [35]. These data
suggest that FBXOI1 is important for p53 repression by
neddylation at lysine 320, and reduced expression of p53
shows resistance to RGCs death of POAG [36]. However,
some studies indicate that VRK2 has an identical catalytic
NH:-terminal domain and could phosphorylate p53 in vitro
uniquely at Thr18 [37]. Phosphorylation of p53 protein may
lead to RGCs death [38]. Therefore, FBXO11 and VRK2 may
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TABLE 2. GO ENRICHMENT ANALYSIS.

GO terms Des count FDR
G0:0046902 regulation of mitochondrial membrane permeability 4 3.20E-10
GO:0007006 mitochondrial membrane organization 4 1.23E-07
G0:0048523 negative regulation of cellular process 10 1.23E-07
GO:0048519 negative regulation of biologic process 10 1.34E-07
G0:0006839 mitochondrial transport 4 2.34E-06
GO0O:0006915 apoptosis 8 2.34E-06
GO:0051881 regulation of mitochondrial membrane potential 3 2.34E-06
G0:0012501 programmed cell death 8 2.34E-06
G0O:0042981 regulation of apoptosis 7 2.34E-06
GO0:0043067 regulation of programmed cell death 7 2.34E-06
GO:0016265 death 8 2.34E-06
GO:0008219 cell death 8 2.34E-06
GO0:0001836 release of cytochrome ¢ from mitochondria 3 2.50E-06
GO0:0048522 positive regulation of cellular process 8 2.75E-06
GO:0007154 cell communication 15 2.75E-06

FDR: False Discovery Rate (Benjamini).

have an antagonistic effect to regulate pS3 expression and
indirectly influence POAG. Analysis of GO terms
demonstrates that p53 is involved in the regulation of
mitochondrial membrane permeability, mitochondrial
membrane organization, negative regulation of cellular
process, and apoptosis.

The increased expression and activity of inducible nitric
oxide synthase (iNOS) in the TM of patients with POAG
accord with the visual field defect. However, neuronal and
endothelial NOS are constitutive, with Ca*"/calmodulin-
dependent enzymes tightly controlled by mechanisms
regulating physiologic intracellular Ca** levels [39]. Calcium-
binding proteins are frequently overexpressed in RGCs,
including calmodulin-1, calmodulin-2, calmodulin-3,
calretinin, calpactin 1 and calcyclin [40]. These data indicated
that calmodulin 2 is associated with cell communication
(GO term analysis).

Oxidative DNA damage is closely associated with IOP
(maximum values and fluctuation) and visual field defects, as
detected by computerized ocular field analysis [41], which
may induce upregulation of various DNA repair genes, such
as MSH6 and MSH2. MSH2-MSH6 protein can bind to the
mismatch site through a conserved motif of domain I of chain
MSH6, whereas the clamps (domain IV) interact with the
DNA backbone to stabilize a highly bent DNA structure
[42]. This is consistent with our GO term analysis that MSH2
plays a negative regulation in cellular process.

It is also known that retinal ischemia is a major cause of
visual impairment and glaucoma development. Mild retinal
ischemia after 3 h of reperfusion might exclusively induce
reticulon family member reticulon (Nogo/Rtn4) gene
participating in neuronal regeneration [43]. The EyeSAGE
database analysis has also indicated that RTN4 is a possible

prioritized gene for POAG [44]. These views accord with our
GO terms analysis results, which revealed that RTN4 plays a
negative regulatory role in cellular process. It is worthy of note
that, hypoxia plays a key role in ischemic and neovascular
disorders of the retina. Cellular responses to oxygen are
mediated by hypoxia-inducible transcription factors (HIFs),
such as HIF-2alpha (also known as EPAS1), which has been
found overexpressed in Miiller glia and astrocytes by post-
translational stabilization [45].

Conclusions: Eleven candidate genes for POAG are
located on chromosome 2 according to the PPI analysis. It is
possible that these genes may play different roles in the
cellular activity. For example, MSH2 and MSHG6 are
responsible for repairing DNA mismatch. ACTR2 regulates
actin distribution and establishes cell polarity in astrocytes.
Moreover, the candidate genes might work together to
regulate cell activity, as evidenced by the antagonistic role of
FBXOI1 and VRK2 in regulating apoptosis of RGCs.
Together, the 11 candidate genes may participate in TM
changes and progressive loss of RGCs in POAG patients. Our
study provided some clues as to the further functional analysis
of the candidate genes. It will be of great importance to
investigate in the future how one gene or several genes act
their roles coordinately in response to the activation of certain
cell signaling pathway. Elucidation of these questions will
undoubtedly help understand the molecular mechanisms of
the POAG pathogenesis.

ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (NSFC; 30901657).

2124


http://www.geneontology.org
http://www.geneontology.org
http://www.geneontology.org
http://www.geneontology.org
http://www.geneontology.org
http://www.geneontology.org
http://www.molvis.org/molvis/v18/a223

Molecular Vision 2012; 18:2119-2126 <http://www.molvis.org/molvis/v18/a223>

1.

10.

11.

12.

13.

REFERENCES

Ramdas WD, Amin N, van Koolwijk LME, Janssens CAJW,
Demirkan A, de Jong PTVM, Aulchenko Y, Wolfs RCW,
Hofman A, Rivadeneira F, Uitterlinden AG, Oostra BA,
Lemij HG, Klaver CC, Vingerling JR, Jansonius NM, van
Duijn CM. Genetic architecture of open-angle glaucoma and
related determinants. J] Med Genet 2011; 48:190-6. [PMID:
21059592]

Zhao X, Yang C, Tong Y, Zhang X, Xu L, Li Y. Identification
a novel MYOC gene mutation in a Chinese family with
juvenile-onset open angle glaucoma. Mol Vis 2010;
16:1728-35. [PMID: 20806035]

Xiao Z, Meng Q, Tsai JC, Yuan H, Xu N, Li Y. A novel
optineurin genetic mutation associated with open-angle
glaucoma in a Chinese family. Mol Vis 2009; 15:1649-54.
[PMID: 19710941]

Liu W, Liu Y, Qin XJ, Schmidt S, Hauser MA, Allingham RR.
AQP1 and SLC4A10 as candidate genes for primary open-
angle glaucoma. Mol Vis 2010; 16:93-7. [PMID: 20101282]

ChenJ, Cai S, Yu W, Yan N, Tang L, Chen X, Liu X. Sequence
analysis of MYOC and CYPI1B1 in a Chinese pedigree of
primary open-angle glaucoma. Mol Vis 2011; 17:1431-5.
[PMID: 21655360]

Pasutto F, Chavarria-Soley G, Mardin CY, Michels-
Rautenstrauss K, Ingelman-Sundberg M, Fernandez-
Martinez L, Weber BHF, Rautenstrauss B, Reis A.
Heterozygous loss-of-function variants in CYPI1BI
predispose to primary open-angle glaucoma. Invest
Ophthalmol Vis Sci 2010; 51:249-54. [PMID: 19643970]

Ressiniotis T, Griffiths PG, Birch M, Keers S, Chinnery PF. The
role of apolipoprotein E gene polymorphisms in primary
open-angle glaucoma. Arch Ophthalmol 2004; 122:258-61.
[PMID: 14769603]

Bosley TM, Hellani A, Spaeth GL, Myers J, Katz LJ, Moster
MR, Milcarek B, Abu-Amero KK. Down-regulation of OPA1
in patients with primary open angle glaucoma. Mol Vis 2011;
17:1074-9. [PMID: 21552501]

Vithana EN, Nongpiur ME, Venkataraman D, Chan SH,
Mavinahalli J, Aung T. Identification of a novel mutation in
the NTF4 gene that causes primary open-angle glaucoma in
a Chinese population. Mol Vis 2010; 16:1640-5. [PMID:
20806036]

Mookherjee S, Banerjee D, Chakraborty S, Banerjee A,
Mukhopadhyay I, Sen A, Ray K. Association of IL1A and
IL1B loci with primary open angle glaucoma. BMC Med
Genet 2010; 11:99. [PMID: 20565898]

Kumar A, Basavaraj MG, Gupta SK, Qamar I, Ali AM, Bajaj
V, Ramesh T, Prakash DR, Shetty JS, Dorairaj SK. Role of
CYPIB1, MYOC, OPTN and OPTC genes in adult-onset
primary open-angle glaucoma: predominance of CYP1BI1
mutations in Indian patients. Mol Vis 2007; 13:667-76.
[PMID: 17563717]

Fernandez-Martinez L, Letteboer S, Mardin CY, Weisschuh N,
Gramer E, Weber BHF, Rautenstrauss B, Ferreira PA, Kruse
FE, Reis A. Evidence for RPGRIP1 gene as risk factor for
primary open angle glaucoma. Eur J Hum Genet 2011;
19:445-51. [PMID: 21224891]

Fan BJ, Liu K, Wang DY, Tham CCY, Tam POS, Lam DSC,
Pang CP. Association of polymorphisms of tumor necrosis

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

2125

© 2012 Molecular Vision

factor and tumor protein p53 with primary open-angle
glaucoma. Invest Ophthalmol Vis Sci 2010; 51:4110-6.
[PMID: 20357201]

Kuchtey J, Olson LM, Rinkoski T, MacKay EO, Iverson T,
Gelatt KN, Haines JL, Kuchtey RW. Mapping of the Disease
Locus and Identification of ADAMTS10 As a Candidate
Gene in a Canine Model of Primary Open Angle Glaucoma.
PLoS Genet 2011; 7:1001306. [PMID: 21379321]

Chen LJ, Tam POS, Tham CCY, Liang XY, Chiang SWY,
Canlas O, Ritch R, Rhee DJ, Pang CP. Evaluation of SPARC
as a candidate gene of juvenile-onset primary open-angle
glaucoma by mutation and copy number analyses. Mol Vis
2010; 16:2016-25. [PMID: 21042566]

LinY,LiuT,LiJ, Yang J, Du Q, Wang J, Yang Y, Liu X, Fan
Y, Lu F. A genome-wide scan maps a novel autosomal
dominant juvenile-onset open-angle glaucoma locus to 2p15—
16. Mol Vis 2008; 14:739-44. [PMID: 18432317]

Lathrop GM, Lalouel J, Julier C, Ott J. Strategies for multilocus
linkage analysis in humans. Proc Natl Acad Sci USA 1984;
81:3443-6. [PMID: 6587361]

Pradhan S, Sengupta M, Dutta A, Bhattacharyya K, Bag SK,
Dutta C, Ray K. Indian genetic disease database. Nucleic
Acids Res 2011; 39:D933-8. [PMID: 21037256]

Safran M, Dalah I, Alexander J, Rosen N, Stein TI, Shmoish M,
Nativ N, Bahir I, Doniger T, Krug H, Sirota-Madi A, Olender
T, Golan Y, Stelzer G, Harel A, Lancet D. GeneCards Version
3: the human gene integrator. Database (Oxford). 2010
[PMID: 20689021]

Borate B, Baxevanis AD. Searching Online Mendelian
Inheritance in Man (OMIM) for information on genetic loci
involved in human disease. Curr Protoc Bioinformatics 2009;
Chapter 1:Unit 1.2.

Keshava Prasad TS, Goel R, Kandasamy K, Keerthikumar S,
Kumar S, Mathivanan S, Telikicherla D, Raju R, Shafreen B,
Venugopal A. Human protein reference database-2009
update. Nucleic Acids Res 2009; 37:D767-72. [PMID:
18988627]

Stark C, Breitkreutz BJ, Chatr-aryamontri A, Boucher L,
Oughtred R, Livstone MS, Nixon J, Van Auken K, Wang X,
Shi X. The BioGRID Interaction Database: 2011 update.
Nucleic Acids Res 2011; 39:D698-704. [PMID: 21071413]

Wingender E. The TRANSFAC project as an example of
framework technology that supports the analysis of genomic
regulation. Brief Bioinform 2008; 9:326-32. [PMID:
18436575]

Jiang C, Xuan Z, Zhao F, Zhang M. TRED: a transcriptional
regulatory element database, new entries and other
development. Nucleic Acids Res 2007; 35:D137-40. [PMID:
17202159]

Beissbarth T, Speed TP. GOstat: find statistically
overrepresented Gene Ontologies within a group of genes.
Bioinformatics 2004; 20:1464-5. [PMID: 14962934]

Fuchshofer R, Stephan DA, Russell P, Tamm ER. Gene
expression profiling of TGF [beta] 2-and/or BMP7-treated
trabecular meshwork cells: Identification of Smad7 as a
critical inhibitor of TGF-[beta] 2 signaling. Exp Eye Res
2009; 88:1020-32. [PMID: 19450457]

Marmorstein LY, Munier FL, Arsenijevic Y, Schorderet DF,
McLaughlin PJ, Chung D, Traboulsi E, Marmorstein AD.
Aberrant accumulation of EFEMP1 underlies drusen


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21059592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21059592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20806035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19710941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19710941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20101282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21655360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21655360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19643970
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14769603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14769603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21552501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20806036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20806036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20565898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17563717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17563717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21224891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20357201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20357201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21379321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21042566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18432317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6587361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21037256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20689021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20689021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18988627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18988627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21071413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18436575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18436575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17202159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17202159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14962934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19450457
http://www.molvis.org/molvis/v18/a223

Molecular Vision 2012; 18:2119-2126 <http://www.molvis.org/molvis/v18/a223>

28.

29.

30.

31.

32.

33.

34.

35.

36.

formation in Malattia Leventinese and age-related macular
degeneration. Proc Natl Acad Sci USA 2002; 99:13067-72.
[PMID: 12242346]

Ayyagari R, Mandal MNA, Karoukis AJ, Chen L, McLaren NC,
Lichter M, Wong DT, Hitchcock PF, Caruso RC, Moroi SE.
Late-onset macular degeneration and long anterior lens
zonules result from a CTRP5 gene mutation. Invest
Ophthalmol Vis Sci 2005; 46:3363-71. [PMID: 16123441]

Ray K, Mookherjee S. Molecular complexity of primary open
angle glaucoma: current concepts. J Genet 2009; 88:451-67.
[PMID: 20090207]

Hashimoto K, Parker A, Malone P, Gabelt B, Rasmussen C,
Kaufman P, Hernandez M. Long-term activation of c-Fos and
c-Jun in optic nerve head astrocytes in experimental ocular
hypertension in monkeys and after exposure to elevated
pressure in vitro. Brain Res 2005; 1054:103-15. [PMID:
16081055]

Quigley HA. Neuronal death in glaucoma. Prog Retin Eye Res
1999; 18:39-57. [PMID: 9920498]

Nikolskaya T, Nikolsky Y, Serebryiskaya T, Zvereva S,
Sviridov E, Dezso Z, Rahkmatulin E, Brennan R, Yankovsky
N, Bhattacharya S. Network analysis of human glaucomatous
optic nerve head astrocytes. BMC Med Genomics 2009;
2:24. [PMID: 19426536]

Lukas TJ, Miao H, Chen L, Riordan SM, Li W, Crabb AM, Wise
A, DuP, Lin SM, Hernandez MR. Susceptibility to glaucoma:
differential comparison of the astrocyte transcriptome from
glaucomatous African American and Caucasian American
donors. Genome Biol 2008; 9:R111. [PMID: 18613964]

Abida WM, Nikolaev A, Zhao W, Zhang W, Gu W. FBXO11
promotes the Neddylation of p53 and inhibits its
transcriptional activity. J Biol Chem 2007; 282:1797-804.
[PMID: 17098746]

Chao C, Wu Z, Mazur SJ, Borges H, Rossi M, Lin T, Wang JYJ,
Anderson CW, Appella E, Xu Y. Acetylation of mouse p53
at lysine 317 negatively regulates p53 apoptotic activities
after DNA damage. Mol Cell Biol 2006; 26:6859-69. [PMID:
16943427]

Li Y, Schlamp CL, Poulsen GL, Jackson MW, Griep AE,
Nickells RW. p53 regulates apoptotic retinal ganglion cell

37.

38.

39.

40.

41.

42.

43.

44.

45.

© 2012 Molecular Vision

death induced by N-methyl-D-aspartate. Mol Vis 2002;
8:341-50. [PMID: 12355059]

Blanco S, Klimcakova L, Vega FM, Lazo PA. The subcellular
localization of vaccinia-related kinase-2 (VRK2) isoforms
determines their different effect on p53 stability in tumour cell
lines. FEBS J 2006; 273:2487-504. [PMID: 16704422]

Li GY, Fan B, Su GF. Acute energy reduction induces caspase-
dependent apoptosis and activates p53 inretinal ganglion cells
(RGC-5). Exp Eye Res 2009; 89:581-9. [PMID: 19524568]

Fernandez-Durango R, Fernandez-Martinez A, Garcia-Feijoo J,
Castillo A, de la Casa JM, Garcia-Bueno B, Pérez-Nievas BG,
Fernéndez-Cruz A, Leza JC. Expression of nitrotyrosine and
oxidative consequences in the trabecular meshwork of
patients with primary open-angle glaucoma. Invest
Ophthalmol Vis Sci 2008; 49:2506-11. [PMID: 18296660]

Farkas RH, Qian J, Goldberg JL, Quigley HA, Zack DJ. Gene
expression profiling of purified rat retinal ganglion cells.
Invest Ophthalmol Vis Sci 2004; 45:2503-13. [PMID:
15277470]

Izzotti A. DNA damage and alterations of gene expression in
chronic-degenerative diseases. Acta Biochim Pol 2003;
50:145-54. [PMID: 12673355]

Mukherjee S, Feig M. Conformational change in MSH2-MSH6
upon binding DNA coupled to ATPase activity. Biophys J
2009; 96:L63-5. [PMID: 19486659]

Prasad SS, Kojic L, Wen YH, Chen Z, Xiong W, Jia W, Cynader
MS. Retinal gene expression after central retinal artery
ligation: effects of ischemia and reperfusion. Invest
Ophthalmol Vis Sci 2010; 51:6207-19. [PMID: 20702827]

Bowes Rickman C, Ebright JN, Zavodni ZJ, Yu L, Wang T,
Daiger SP, Wistow G, Boon K, Hauser MA. Defining the
human macula transcriptome and candidate retinal disease
genes using EyeSAGE. Invest Ophthalmol Vis Sci 2006;
47:2305-16. [PMID: 16723438]

Mowat FM, Luhmann UFO, Smith AJ, Lange C, Duran Y,
Harten S, Shukla D, Maxwell PH, Ali RR, Bainbridge JWB.
HIF-1alpha and HIF-2alpha are differentially activated in
distinct cell populations in retinal ischaemia. PLoS ONE
2010; 5:e11103. [PMID: 20559438]

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 23 July 2012. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

2126


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12242346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12242346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16123441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20090207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20090207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16081055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16081055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9920498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19426536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18613964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17098746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17098746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16943427
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16943427
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12355059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16704422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19524568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18296660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15277470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15277470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12673355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19486659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20702827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16723438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20559438
http://www.molvis.org/molvis/v18/a223

