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The promoter of inducible nitric oxide synthase implicated in glaucoma based on genetic analysis and nuclear factor binding
Mehdi Motallebipour, Alvaro Rada-Iglesias, Mattias Jansson, Claes Wadelius
Department of Genetics and Pathology, Unit of Medical Genetics, Rudbeck Laboratory, Uppsala University, Uppsala, Sweden
Purpose: Nitric oxide has many beneficial functions in the human body at the right amounts, but it can also be hazardous
if it is produced in amounts more than needed and has therefore been studied in relation to several neurological and nonneurological disorders. In vitro and in vivo studies demonstrate a connection between the inducible form of Nitric Oxide
Synthase, iNOS, and the neuropathological disorder glaucoma, one of the major causes of blindness in the world. In this
study, we sought to establish the genetic association between iNOS and primary open angle glaucoma, POAG, and to find
the functional element(s) connected with the pathogenesis of the disease.
Methods: Two microsatellites, 1 insertion/deletion, and 8 single nucleotide polymorphisms (SNPs) in the regulatory
region of iNOS were genotyped in 200 POAG patients and 200 age-matched controls. Also, the CCTTT-microsatellite
was examined for its protein-binding capability in an electrophoretic mobility shift assay, EMSA.
Results: There was a significant difference in allele distribution of the CCTTT-microsatellite, between patients and controls. (CCTTT)14, which has been reported to have a higher activity in a reporter-construct, was significantly more abundant in POAG patients, while (CCTTT)10 and (CCTTT)13 were less common. In EMSA, the (CCTTT)14 allele exhibited
specific binding of nuclear proteins.
Conclusions: These results, together with other studies on this gene and the CCTTT-microsatellite, establish, for the first
time, a genetic association of iNOS with POAG and suggest a regulatory function for the microsatellite.

gency button”, which means that the gene is induced only under
conditions where a high amount of NO is required (e.g., during cellular stress, microbial attack, and development of tumors). There are diverse ways of induction, each being specific for a certain cell type or tissue. Cytokines [12] and pressure [13] are two of the recognized inducers of transcription,
exerting their effect through an intricate network of transcription factors. Numerous cytokine responsive elements have been
found in the promoter and regulatory region of iNOS, with a
number of them residing in the region upstream of -4 kb from
the transcriptional start site [14-16].
Today, for understanding the mechanism behind complex
diseases, polymorphisms in noncoding sequences of genes are
studied rather than variations in the coding sequences [17]. It
is believed that differences in noncoding sequences may influence the transcriptional activity of genes, which in turn result in quantitative trait variations among individuals or in
diseases [18]. Such polymorphisms can either be in linkage
disequilibrium with a disease-causing element or be the cause
of disease themselves. Microsatellites are one kind of these
polymorphisms, whose role in susceptibility to disorders and
in variations in quantitative traits is not fully understood nor
accepted, this in spite of studies that demonstrate the participation of microsatellites in regulation of genes [19-23]. One
other example is a pentanucleotide polypyrimidine
microsatellite, CCTTT (rs3833912) [24], at position -2.6 kb
in the promoter of iNOS, which has been a focus of various
studies where the authors examine this microsatellite in relation to diverse diseases [25]. Examples of these diseases are
malaria [26,27], hypertension [28], diabetic retinopathy [29]

Glaucoma is a general term for a heterogeneous group of
ophthalmic disorders involving retinal ganglion cell (RGC)
death, optic nerve damage, and visual field loss. It is one of
the common causes of visual impairment and blindness in the
world and is more common in the elderly [1]. One type of this
genetically complex disorder (with the largest number of patients) is primary open angle glaucoma (POAG) with late age
at onset and elevated intraocular pressure (IOP) in most cases.
Raised IOP can lead to apoptosis and loss of retinal ganglion
cells and therefore is an established risk factor for glaucoma
[2]. In vitro studies demonstrate that elevated hydrostatic pressure, equivalent to that in glaucoma, induces the expression
of iNOS in astrocytes [3] in the human eye through the epidermal growth factor receptor [4] and that an inhibition of the
iNOS gene in vivo leads to protection of RGC in rats with
chronic glaucoma [5].
Nitric oxide (NO) is an important and multifunctional yet
duplicitous molecule in the human body. It is involved in several processes such as neurotransmission [6], regulation of vascular tone, vasodilatation [7], and regulation of apoptosis [8],
and has been implicated in Alzheimer’s disease [9] and
Parkinson’s disease [10]. NOS1 (nNOS), NOS2A (iNOS), and
NOS3 (eNOS) code for the three isoforms of NOS, which produce nitric oxide by oxidation of L-arginine [11]. NOS1 and
NOS3 are constitutive forms with post-translational regulation and small amounts of NO produced. iNOS is the “emerCorrespondence to: Claes Wadelius, Professor, MD, PhD, Department of Genetics and Pathology, Uppsala University, Rudbeck Laboratory, SE-751 85 Uppsala, Sweden; Phone: +46-18-471 4076; FAX:
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and nephropathy [30], dementia with Lewy bodies [9], and
atopy [31]. Warpeha et al. [29] have investigated whether there
is a difference in inducibility of iNOS depending on the number of repeats for CCTTT and find that in DLD-1 cells the
(CCTTT)14 allele has a greater activity than the (CCTTT)9,
(CCTTT)12, and (CCTTT)15 alleles [29]. In contrast, other studies state that a deletion of the microsatellite does not affect the
transcription of the gene [15,32].
A more common type of polymorphism, investigated in
relation to human disorders, is the single nucleotide polymorphism (SNP). There are two approaches for identification of
disease causing elements with the help of SNPs. One is to
study a particular SNP for its association with the disorder;
the other is to construct haplotypes of SNPs residing in the
studied region or gene. SNPs in the regulatory region of iNOS

have been extensively studied in relation to malaria, where a
possible association is found [26,33].
Inducible nitric oxide synthase has been examined in several in vitro and in vivo studies for its role in glaucoma [34,35];
hitherto, no genetic association study has been reported. The
aim of the present case-control study was to establish a possible genetic association between glaucoma and iNOS and
ascertain the role of polymorphisms in onset and/or progression of glaucoma. Regulatory sequences of this gene were
therefore resequenced and polymorphisms were genotyped in
a patient-control study. The results provide evidence for an
association of iNOS to glaucoma and suggest a possible role
for the CCTTT-microsatellite in the progression of this disorder.

TABLE 1. SEQUENCE OF PRIMERS USED FOR STUDY OF POLYMORPHISMS
Primer name
--------------

Direction
---------

Position
--------

Sequence (5'-3')
-------------------------------

PCR primers
C/T

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

-3761

CCTTTmicrosatellite

Forward
Reverse

-2600

TAAA-repeat

Forward
Reverse

-751

ACTCCGCTCCAGTCTTGGT
AGGAAGGCTATTGGCACAGA

GTGTGTT
ins/del

Forward
Reverse

-453

TCTGTGCCAATAGCCTTCCT
TCCCTGTCCATCCTCTCACT

Forward
Forward
Reverse
Forward
Reverse
Forward
Forward
Forward

-3761
-3031
-2441
-1659
-1026
-277
1211
1638

ATCAGAAGAGGCCAGGAATG
(GATC)(2)CAGTGAAGCTGTGCCTCGAA
(GATC)(4)GAAAATAAATTAGCTGGGTATG
(GATC)(6)TTCCTTGAACAAGGCAGAAC
(GATC)(3)GGATTACAAGGGTTAGCCAC
(GATC)(2)GGCTCCGTGGTGCCTCT
(GATC)(7)TTGAGTGCTTTCCCCAGTAA
(GATC)(10)CCTTCCCTCACCTCTGCTTC

C/T
C/G
C/T
G/T
A/G
C/T
C/T

-3031
-2441
-1659
-1026
-277
1211
1638

TCCAGGATAATGAGCCCAAG
GTCCCACCACAAACACCTG
AAAAACCATTGCATTTTACACTTT
TGGCAAGCTGTGAGAAGGTA
GCTCTCTGCAGCCTCTAACTC
AGCCAGCTGGGAAGGAAATA
TCTTGGGTGGGGGCATTA
CATCTTCCCTTCAGGCTTCA
TCCCTTTGCTTCTCAACTTCTC
TGGAGTCTCATTCTGTCACCA
AGCTTCCTGGACTCCTGTCA
GGAGCCTCAGTTTTCGACTC
GATCTCAGATTTCGAGGGATGA
ATGGCTTTACAAAGCAGGTCA
GATCTCAGATTTCGAGGGATGA
ATGGCTTTACAAAGCAGGTCA

Sequencing primers
ACCCCTGGAAGCCTACAACTGCAT
GCCACTGCACCCTAGCCTGTCTCA

SNaPshot primers
C/T
C/T
C/G
C/T
G/T
A/G
C/T
C/T

The table below summarizes all primers used in the study of polymorphisms for PCR, sequencing, and SNaPshot™. The column “Primer
name” refers to the type of polymorphism and “Position” is its location in relation to transcriptional start position at +1. The sequence for the
CCTTT-microsatellite primer was taken from [25]. For SNaPshot™ only one primer is required for each SNP. In the “Sequence” column for
the SNaPshot™ primers, the numbers in parentheses indicate the number of “GATC” repeats.
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METHODS
Subjects: The individuals in this study were recruited from
the glaucoma clinic at the Department of Ophthalmology,
University Hospital, Uppsala, and the Department of Ophthalmology, Tierps Hospital, Tierp, Sweden. Criteria for the selection were increased IOP in at least one eye and glaucomatous damages to optic nerve head and/or glaucomatous damage to the visual field. Peripheral blood from 200 patients was
collected. Out of these, 99 were male with an average age at
first diagnosis of 65.1 (range 27-90) and 101 female with an
average of 66.5 (range 39-91). In total, 50 had at least one
case of glaucoma in the family. The mean pressure for the
right eye of patients was 30.9 (range 18-57, median 29) and
for the left eye 31.3 (range 19-59, median 30). The threshold
for elevated IOP was 24. Moreover, 200 samples were collected from control individuals matched with the patients for
age, sex, geographic, and ethnic origin. Glaucoma was excluded in this group by measuring IOP and examining the optic
disc (by ophthalmoscopy). None of the studied individuals
was related. The Random Population samples were DNA from
blood donors in Uppsala. There was no information regarding
age or geographic and ethnic origin of the donors, nor about
the health condition of these individuals.
Informed consent was obtained from all participants. This
study was approved by the local Research Ethics Committee
at Uppsala University and performed according to the Declaration of Helsinki.
DNA preparation and genotyping: DNA was prepared
by standard procedures from peripheral blood leukocytes.
All length polymorphisms and their flanking sequences
were amplified with fluorescently (FAM) labeled primers
(GensetOligos/Proligo, France) on a PTC-225 MJ Research,
applying regular PCR-protocols. Primer sequences are presented in Table 1. The amplicons were analyzed on an ABI
Prism™ 377 DNA Sequencer (Applied Biosystems, Foster
City, CA). Size of the fragments was established by sequence
analysis of reference samples followed by genotyping these
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and all other samples using the standard computer programs
GeneScan® version 3.1 and Genotyper® version 2.5 (Applied
Biosystems). Reanalyzing 46 randomly chosen samples from
the patient and control groups confirmed the result.
Genotyping of the SNPs was done with SNaPshot™, a
method based on the mini sequencing, Multiplex kit from ABI
PRISM®. For each 10 µl reaction, 3 µl of the purified PCRproduct was mixed with 1 µl of a primer mix (2.0 µM of each
primer) and 1-2 µl of the SNaPshot™ mix. Otherwise, the
protocol provided with the kit was followed. Sequences of the
PCR- and SNaPshot™-primers are presented in Table 1.
Sequencing: All sequencing was done on MegaBACE™
1000 (Molecular Dynamics and Amersham Lifescience,
Uppsala, Sweden) with sequences prepared with DYEnamic™
ET dye terminator cycle sequencing kit from Amersham Biosciences (Piscataway, NJ). In short, the fragments were amplified by PCR and purified by SAP-Exo I treatment. After
the sequencing reaction, the products were precipitated and
purified and the sequences were read with MegaBACE™.
Results were analyzed on Sequencher™ version 4.1.1 (Gene
Codes, Ann Arbor, MI).
Electrophoretic mobility shift assay (EMSA): HeLa nuclear
extracts were purchased from Promega (Madison, WI). The
general EMSA protocol provided with the Gel Shift Assay
Core System kit (Promega) was followed with slight modifications.
Oligonucleotides (GensetOligos/Proligo, France) constituting both strands of (CCTTT)14-microsatellite corresponding to the (CCTTT)14 allele were synthesized and annealed to
get double stranded (DS) products at a final concentration of
1.75 pmol/µl. Only the microsatellite and no flanking sequences were used. DS oligonucleotides were labeled with
(γ32P) ATP (3,000 Ci/mmolat 10 mCi/ml).
Single stranded (CCTTT)14 and (AAAGG)14 was annealed
to obtain double strands and treated with Klenow-fragment
(Invitrogen, Carlsbad, CA). The product was loaded on a 4.5%
NuSieve® GTG® agarose (Cambrex, Rockland, ME) in 1X

TABLE 2. ALLELE DISTRIBUTION OF CCTTT-MICROSATELLITE IN POAG PATIENTS, AGE-MATCHED CONTROLS, AND RANDOM POPULATION
Number
of
repeats
------8
9
10
11
12
13
14
15
16
17
------Total

POAG patients
-------------------------Allele
Number of
frequency
homozygotes
---------------------4 (0.0100)
0 (0.00)
17 (0.0425)
0 (0.00)
37 (0.0925)
1 (0.0050)
81 (0.2025)
9 (0.0450)
160 (0.4000)
29 (0.1450)
42 (0.1050)
3 (0.0150)
41 (0.1025)
3 (0.0150)
9 (0.0225)
0 (0.00)
8 (0.0200)
0 (0.00)
1 (0.0025)
0 (0.00)
---------------------400
45

Age-matched controls
-------------------------Allele
Number of
frequency
homozygotes
---------------------2 (0.0050)
0 (0.00)
9 (0.0225)
0 (0.00)
55 (0.1375)
5 (0.0250)
83 (0.2075)
10 (0.0500)
151 (0.3775)
30 (0.1500)
65 (0.1625)
8 (0.0400)
22 (0.0550)
1 (0.0050)
6 (0.0150)
0 (0.00)
6 (0.0150)
0 (0.00)
1 (0.0025)
0 (0.00)
---------------------400
54

Random population
-------------------------Allele
Number of
frequency
Homozygotes
---------------------2 (0.0049)
0 (0.00)
15 (0.0369)
0 (0.00)
58 (0.1429)
6 (0.0148)
73 (0.1798)
7 (0.0172)
137 (0.3374)
24 (0.0591)
78 (0.1921)
10 (0.0246)
33 (0.0813)
6 (0.0148)
7 (0.0172)
0 (0.00)
2 (0.0049)
0 (0.00)
1 (0.0025)
0 (0.00)
---------------------406
53

The allele frequency and number of homozygotes for each allele is presented in numbers and percentage (in parentheses) compared between
primary open-angle glaucoma (POAG) patients, age-matched controls, and the random population. The column “Number of repeats” refers to
how many times the CCTTT is repeated without any interruption (the perfect repeat).
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TAE together with a size marker. The oligonucleotide was visualized on a UV table and a defined band was cut out of the
gel. DNA was purified on a GFX™ column (Amersham Biosciences, Buckinghamshire, England) and labeled as above.
To investigate binding properties of the microsatellite, different reactions were performed using DS (CCTTT)14 as a model.
The negative reaction contained only labeled DS oligonucleotide and poly d(I-C), whereas the positive reaction contained
labeled DS oligonucleotide, poly d(I-C), and HeLa nuclear
extract. The specific competitor reaction was performed as
the positive reaction including 50x excess of unlabeled DS
oligonucleotide, while the unspecific competitor reaction included 50x excess unlabeled Sp1 oligonucleotide in addition
to the material in the positive reaction. For supershift, 0.2 µg
of antibody was added and the sample was incubated 30-45

min in room temperature. Applied antibodies were for PTB
(hnRNPI N-20), hnRNPK (H-300), and AP-2α (3B5) purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Final volume of each mix was 10 µl. Samples were loaded on a
native 4% polyacrylamide gel and electrophoresed at 350 V
for 30-45 min. Products were analyzed using Fuji Film BAS1800 II Phosphoimager instrumentation with exposure times
varying from 2 h to overnight. Where mentioned, 1,10Phenantroline (Sigma, England) was added to a positive reaction (see above) to a final concentration of 3.5 or 5 nmols in
10 µl.
Haplotype reconstruction: All SNP-genotypes for the
patients and controls were made as one input file for the haplotype reconstruction program PHASE version 1.0 (Oxford
University, England) [36,37]. The frequency of each haplotype for each group was counted using the output data. In addition, the total haplotype, including SNPs, microsatellites,
and the insertion/deletion for a material with parent-offspring
trios were reconstructed separately. These were corrected
manually by comparing the offspring haplotypes with their
parents.
Statistical analysis: The χ2 test applied on the genotyping
results was the two way contingency table in STATView®
version 4.5 (Abacus Concepts, Cary, NC). An α level of 0.05
was chosen.
RESULTS
Selection of study subjects: For a genetic study of primary open angle glaucoma (POAG), 200 patients were collected based on two inclusion criteria; (1) glaucomatous damage to the optic nerve head (ONH) and/or glaucomatous damage to the visual field, and (2) increased IOP. Thus, all the
individuals included in the study group were high tension glaucoma patients. These were matched by age, sex, geographic,
and ethnic origin to 200 control individuals in whom glaucoma was excluded by IOP measurements and examiniation
of the optic disc.
Genotyping of the CCTTT-microsatellite reveals a difference: The initial step of this work was to genotype the CCTTTmicrosatellite in the POAG patients and age-matched controls
to determine the allele frequencies of this polymorphism in
the Swedish population. The distribution of the alleles was
essentially in concordance with previous studies in the European population, with the peak at the (CCTTT)12 (Table 2)
[38]. Comparing POAG patients with age-matched controls
indicated a difference in overall distribution of alleles
(χ2=18.456, df=7, p=0.0101). To corroborate this, a group of
204 randomly chosen individuals, called “Random population”, was genotyped for the microsatellite. Correspondingly,
a difference could be detected between the POAG patients
and the “Random population” (χ2=21.167, df=6, p=0.0017).
There was no difference in allele frequency between agematched controls and “Random population” (χ2=6.416, df=6,
p=0.3783). Furthermore, among POAG patients the (CCTTT)14
had a higher frequency (χ2=6.220, Fisher’s exact p=0.0175),
and the (CCTTT)13 had a lower frequency (χ2=5.707, Fisher’s
exact p=0.0220) compared to age-matched controls, while

Figure 1. Specific protein binding by the DS (CCTTT)14 allele of the
microsatellite in the iNOS promoter. An EMSA was performed with
Klenow-fragment treated, labeled, double stranded (CCTTT)14 oligonucleotide, incubated with HeLa nuclear extract to examine nuclear
factor binding capability of the microsatellite. Lane 1: Negative reaction containing labeled DS (CCTTT)14 oligonucleotide. Lane 2:
Positive reaction with labeled DS (CCTTT)14 oligonucleotide and
1.5 µl of HeLa nuclear extract (concentration of stock >2.4 µg/µl).
Lanes 3-5: Specific competitor reaction with same components as
Lane 2 with 10x, 25x, and 50x excess of unlabeled DS (CCTTT)14
oligonucleotide added. Lane 6: A competitor reaction with 50x excess of unlabeled Sp1 oligonucleotide. Lanes 7-9: Supershift with
0.2 µg of antibody against PTB, hnRNPK, and Ap2.
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compared to “Random population”, the (CCTTT)10 and
(CCTTT)13 were less frequent (χ2=4.194, Fisher’s exact
p=0.0290; χ2=12.068, Fisher’s exact p=0.0005; respectively).
Nuclear factors bind to the microsatellite: (CCTTT)14
has been demonstrated to enhance the activity of a minimal
iNOS promoter more than three other alleles of the same
microsatellite, upon induction by IL-1β [29]. One way of
mediating such an effect is through binding of nuclear factors.
This was studied in an electrophoretic mobility shift assay
(EMSA) with a labeled double stranded (CCTTT)14 oligonucleotide. Repeat-oligonucleotides anneal in a way so that double
strands with single strand overhang, and possibly other alternative structures, along with the regular double strands may
form. Therefore, to ensure that the nuclear factor was binding
to DS-oligonucleotides, single stranded (CCTTT)14 and
(AAAGG)14 oligonucleotides were annealed and then treated
with Klenow-fragment. Klenow-fragment can elongate partially single-stranded oligonucleotides to double strands and
has an exonuclease activity that removes single strands from
3' to 5'. This would result in a pool of double stranded oligonucleotides with somewhat differing sizes. The reaction was
then analyzed on a 4.5% agarose gel, a defined band was excised, and DNA was isolated by extraction. When analyzed
by EMSA, binding of nuclear factors to the DS oligonucleotide was detected, which was competed by DS unlabeled
(CCTTT), but not a Sp1-oligonucleotide (Figure 1). Our unpublished data indicate a similar specific binding of nuclear
factors by other alleles of this microsatellite. Polypyrimidine
tract binding protein (PTB) has been suggested to interact with
single strand pyrimidine containing sequences [39]. However,
using an antibody against PTB did not lead to a supershift and
PTB can therefore be excluded as a candidate for binding to
the double stranded (CCTTT) microsatellite.
Investigating the interacting factor(s): An attempt was

©2005 Molecular Vision

made to identify protein(s) binding to the microsatellite. The
web-based program, MatInspector version 2.2 [40], was used
to predict possible candidates, where NFAT and GKLF were
indicated as most probable binders. A third candidate was
GABP, which belongs to ETS family of transcription factors,
with CCTTN as their core binding sequence. All three factors
were evaluated in EMSA using specific DS oligonucleotides
with the consensus sequence for each factor. NFAT did not
seem to be expressed in HeLa cells, while neither GKLF- nor
GABP-binding was abrogated by cold (CCTTT)n-oligonucleotide (data not shown).
To restrict the number of probable candidates, an EMSA
was performed using 1,10-phenantroline, which is a potent
Zn-chelator, preventing DNA from interacting with zinc finger proteins. 1,10-Phenantroline treatment completely abolTABLE 4. OCCURRENCE OF SNP-HAPLOTYPES IN POAG PATIENTS
AND AGE-MATCHED CONTROLS
Identifier
---------1
2
3
4
5
6
7
8
9
---------Total

Haplotype
--------CCCCGATC
CCCCGACT
TCGCTGCC
CTGTTGCT
CCGCGGCC
CCCCGACC
CTGTTGCC
TCGCTGTC
Other
---------

POAG
patients (%)
-----------156 (0.390)
84 (0.210)
69 (0.173)
38 (0.095)
18 (0.045)
13 (0.033)
13 (0.033)
2 (0.005)
7 (0.018)
-----------400

Age-matched
controls (%)
-----------153 (0.383)
87 (0.218)
64 (0.160)
30 (0.075)
38 (0.095)
13 (0.033)
5 (0.013)
5 (0.013)
5 (0.013)
-----------400

Frequency and percentage of each haplotype is presented for the primary open-angle glaucoma (POAG) patients and controls. The order
of SNPs in each haplotype is from 5' (left) to 3' (right) of the regulatory sequences and 5'-UTR. Haplotypes with a frequency less than
1% in both groups are summarized as “other”.

TABLE 3. SNP-ALLELE FREQUENCIES IN POAG PATIENTS AND AGE-MATCHED CONTROLS

rs-number
--------2779251

Position
--------3761

11080358

-3031

2779250

-2441

8078340

-1659

2779249

-1026

2779248

-277

6505483

1211

3730013

1638

SNP
--C
T
C
T
C
G
C
T
G
T
A
G
C
T
C
T

POAG patients
------------------------Number of
alleles (%)
Homozygotes
--------------------328 (0.820)
134
72 (0.180)
6
349 (0.873)
154
51 (0.128)
5
258 (0.645)
84
142 (0.355)
26
349 (0.873)
154
51 (0.128)
5
275 (0.288)
94
125 (0.313)
19
257 (0.643)
83
143 (0.358)
26
240 (0.600)
75
160 (0.400)
35
274 (0.685)
98
126 (0.315)
24

Age-matched controls
------------------------Number of
alleles (%)
Homozygotes
--------------------330 (0.825)
137
70 (0.175)
7
365 (0.913)
166
35 (0.088)
1
255 (0.638)
80
145 (0.363)
25
365 (0.913)
166
35 (0.088)
1
293 (0.733)
105
107 (0.268)
12
254 (0.635)
79
146 (0.365)
25
240 (0.600)
73
160 (0.400)
33
280 (0.700)
98
120 (0.300)
18

Frequency of each SNP-allele is compared between primary open-angle glaucoma (POAG) patients and controls. Allele frequency and number of homozygotes for each allele is presented in numerals and per cent (in parentheses). rs-numbers were obtained from the International
HapMap Project web site. Position is relative to transcriptional start site.
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ished binding of Sp1 to its specific DS oligonucleotide, which
is in agreement with the fact that Sp1 is a Zn-finger protein.
This was not the case when the reagent was used in a similar
assay with (CCTTT) DS oligonucleotides and HeLa extract
(data not shown). The results therefore suggest that the
protein(s) binding the microsatellite does not contain a zinc
finger domain.
Polynucleotide polymorphisms are equally distributed:
The bi-allelic microsatellite (TAAA)3/4 (GeneCard number
rs12720460), at position -752 [41], in the iNOS promoter is
reported to have protein binding capacities and differential
regulatory activity depending on the allele [42]. In this study,
there was no difference in allele frequencies for this polymorphism or for the insertion/deletion (GTGTGTT; GeneCard
number rs1799765) at position -453, among POAG patients
and age-matched controls (data not shown).
Single nucleotide polymorphisms in the iNOS regulatory
region: To identify other genetic variants in iNOS, 4 kb upstream of the transcriptional start site, exon 1, and intron 1 of
the promoter were resequenced in 12 individuals. This led to
the finding of 8 SNPs over a 5,700 bp sequence, out of which
4 had not been reported in other studies at the time of this
experiment. These were then genotyped by SNaPshot™. No
difference in SNP-allele frequencies could be detected between
POAG patients and age-matched controls (Table 3).
Haplotypes of the SNPs were constructed using PHASE
(Table 4) [36,37]. Although no difference in overall haplotype
distribution could be noted, SNP-haplotype 5 was found to be
less frequent in POAG patients (χ2=7.680, Fisher’s exact
p=0.0056).
Due to the high number of alleles, PHASE could not include the CCTTT-microsatellite in the haplotypes. Genotyping
of all polymorphisms investigated in this study, in nuclear families, verified that each CCTTT allele is present on several SNPhaplotypes, (as expected the repeat polymorphism shows evidence of higher mutation rate than the SNP-haplotypes; data
not shown).

we favor the hypothesis that the association is mediated by
the CCTTT-microsatellite rather than the SNPs.
Primary open angle glaucoma is a complex disease associated with several loci and genes [43]. Thus far, no common
variant has been reported to be associated with this disorder,
making it an example of a common disease with many rare
variants contributing to its pathogenesis. Functional studies
of iNOS have indicated that this gene is induced in high pressure glaucoma [3] and is contributing to the disease [44], making it possible that inherited predisposition to glaucoma could
be mediated by this gene. However, a recent study [45] has
not been able to confirm such a functional association. While
our study shows an association between this gene and POAG,
there is obviously a need of extensive experiments to establish the role of iNOS in pathogenesis of this disorder.
We hypothesize that the CCTTT-microsatellite may be
involved in the regulation of iNOS in either (or a combination) of two ways. For one thing, it may function as an enhancer. Currently two characteristics define enhancers; (1) the
ability to bind nuclear factors and (2) the independency of
orientation or distance relative to the transcriptional start site
[46]. The CCTTT-microsatellite clearly exhibited nuclear factor binding in our study. Furthermore, in the Warpeha et al.
[29] study, the microsatellite was transferred from its original
position, at 2.6 kb upstream of transcriptional start site, to the
5'-end of a 1.2 kb fragment of the iNOS promoter, where it
was able to enhance transcription of the construct with different strength depending on the allele tested. A second possible
function of the microsatellite is as a spacer element. In E. coli
the length of the spacer region between -10 and -35 boxes in
the promoter have been suggested to be more important for
regulation than the actual sequence [47], a model that can be
partially applicable for microsatellites in promoters of human
genes. Increased spacing by a tandem repeat may create flexibility in the DNA-chain, facilitating for interactions between
sequences that flank the repeat. The (CCTTT)14 might be an
adequate spacing (70 bp) for bringing nuclear factor binding
elements, immediately upstream of the microsatellite, closer
to the proximal promoter leading to the high activity reported
for this allele. One should also consider that the microsatellite
is in a position that is approximately halfway between several
important NF-κB binding sites located at 5-6 kb upstream of
the transcriptional start site [15] and the transcriptional initiation site. Deletion of a large sequence, including the
microsatellite, between the response elements and the core
promoter as in the two reported studies [15,32], may fulfill
the requirements for bringing the distal sequences closer and
thereby eliminating the need for a spacer element.
In this study, frequency of single nucleotide polymorphisms and their haplotypes in the Swedish population was
also determined. Although no difference in frequency of SNPs
or total distribution of haplotypes could be found, haplotype 5
was found to be less abundant among patients. Whether a part
of this haplotype is directly involved or in linkage disequilibrium with a functional element in the promoter is unknown. It
is possible that different alleles of a certain SNP in a promoter
affect the transcription factor-binding capacity of the response

DISCUSSION
In this study, we provide evidence of a genetic association
between iNOS and glaucoma based on genotyping of the
CCTTT-microsatellite in the inducible nitric oxide synthase
regulatory sequence, where a difference in the overall distribution of alleles was discovered between primary open angle
glaucoma patients and age-matched controls. Furthermore, our
EMSA study revealed the capability of nuclear protein binding for this microsatellite. Even though the specificity of this
binding was proven, additional EMSAs are required for characterizing the nuclear factor. As mentioned before, a previous
study demonstrates a higher transcriptional activity for
(CCTTT)14 compared to alleles (CCTTT)9, (CCTTT)12, and
(CCTTT)15 [29]. This is in agreement with our data, indicating (CCTTT)14 as one of the possible risk factors for primary
open angle glaucoma, although the genetic effect is most likely
more complicated with other alleles of this repeat involved.
Since there was no overall difference in SNP-haplotype distribution between POAG patients and age-matched controls,
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7. Moncada S, Higgs EA. Endogenous nitric oxide: physiology, pathology and clinical relevance. Eur J Clin Invest 1991; 21:36174.
8. Kim YM, Bombeck CA, Billiar TR. Nitric oxide as a bifunctional
regulator of apoptosis. Circ Res 1999; 84:253-6.
9. Xu W, Liu L, Emson P, Harrington CR, McKeith IG, Perry RH,
Morris CM, Charles IG. The CCTTT polymorphism in the
NOS2A gene is associated with dementia with Lewy bodies.
Neuroreport 2000; 11:297-9.
10. Chung KK, Thomas B, Li X, Pletnikova O, Troncoso JC, Marsh
L, Dawson VL, Dawson TM. S-nitrosylation of parkin regulates ubiquitination and compromises parkin’s protective function. Science 2004; 304:1328-31.
11. Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N
Engl J Med 1993; 329:2002-12.
12. Liu J, Zhao ML, Brosnan CF, Lee SC. Expression of type II nitric
oxide synthase in primary human astrocytes and microglia: role
of IL-1beta and IL-1 receptor antagonist. J Immunol 1996;
157:3569-76.
13. Liu B, Neufeld AH. Nitric oxide synthase-2 in human optic nerve
head astrocytes induced by elevated pressure in vitro. Arch
Ophthalmol 2001; 119:240-5.
14. Marks-Konczalik J, Chu SC, Moss J. Cytokine-mediated transcriptional induction of the human inducible nitric oxide synthase gene requires both activator protein 1 and nuclear factor
kappaB-binding sites. J Biol Chem 1998; 273:22201-8.
15. Taylor BS, de Vera ME, Ganster RW, Wang Q, Shapiro RA, Morris
SM Jr, Billiar TR, Geller DA. Multiple NF-kappaB enhancer
elements regulate cytokine induction of the human inducible
nitric oxide synthase gene. J Biol Chem 1998; 273:15148-56.
16. Ganster RW, Taylor BS, Shao L, Geller DA. Complex regulation
of human inducible nitric oxide synthase gene transcription by
Stat 1 and NF-kappa B. Proc Natl Acad Sci U S A 2001; 98:863843.
17. Oleksiak MF, Churchill GA, Crawford DL. Variation in gene
expression within and among natural populations. Nat Genet
2002; 32:261-6.
18. Morley M, Molony CM, Weber TM, Devlin JL, Ewens KG,
Spielman RS, Cheung VG. Genetic analysis of genome-wide
variation in human gene expression. Nature 2004; 430:743-7.
19. Albanese V, Biguet NF, Kiefer H, Bayard E, Mallet J, Meloni R.
Quantitative effects on gene silencing by allelic variation at a
tetranucleotide microsatellite. Hum Mol Genet 2001; 10:178592.
20. Yamada N, Yamaya M, Okinaga S, Nakayama K, Sekizawa K,
Shibahara S, Sasaki H. Microsatellite polymorphism in the heme
oxygenase-1 gene promoter is associated with susceptibility to
emphysema. Am J Hum Genet 2000; 66:187-95. Erratum in:
Am J Hum Genet 2001; 68:1542.
21. Gharani N, Waterworth DM, Batty S, White D, Gilling-Smith C,
Conway GS, McCarthy M, Franks S, Williamson R. Association of the steroid synthesis gene CYP11a with polycystic ovary
syndrome and hyperandrogenism. Hum Mol Genet 1997; 6:397402.
22. Lapoumeroulie C, Castiglia L, Ruberto C, Fichera M, Amata S,
Labie D, Ragusa A. Genetic variations in human fetal globin
gene microsatellites and their functional relevance. Hum Genet
1999; 104:307-14.
23. Chiba-Falek O, Kowalak JA, Smulson ME, Nussbaum RL. Regulation of alpha-synuclein expression by poly (ADP ribose) polymerase-1 (PARP-1) binding to the NACP-Rep1 polymorphic
site upstream of the SNCA gene. Am J Hum Genet 2005; 76:47892.

element and thereby play a role in the regulation of a gene.
For example, CHGA haplotypes are demonstrated, by reporter
activity assay, to alter level of expression of the gene [48]. In
addition, haplotypes of iNOS are related to other diseases including malaria [33] and hepatitis C virus infection [49]. Even
though the functionality of these haplotypes for iNOS has not
been evidenced by reporter assay, the C nucleotide at position
-1659 displays binding of more protein than the T-allele, in an
EMSA study [33]. For a better understanding of how the different SNPs and the haplotypes of iNOS promoter affect the
expression of the gene, more extensive functional studies are
required [50].
In conclusion, we provide evidence of an association between iNOS and glaucoma and for the possible role of CCTTTmicrosatellite in the pathogenesis of this disease. A look at the
published sequences of the human genome reveals a gene
desert of about 75 kb upstream and 100 kb downstream of the
exons of iNOS. Gene deserts may contain regulatory elements
affecting the expression of nearby genes [51]. A study of the
polymorphisms and other regulatory elements in the flanking
sequences of the exons will give a more complete and accurate picture of the elaborate regulation of inducible nitric oxide synthase.
ACKNOWLEDGEMENTS
We are grateful to Dr. Gunnar Westin at the Department of
Surgical Sciences, University Hospital, Uppsala, for his guidance on the EMSA-studies, and are obliged for Ola
Wallerman’s help with the haplotype reconstruction in PHASE.
We also thank and send our appreciation to the patients and
controls for their participation in this study and Drs. Lill-Inger
Larsson and Lidia Tomic for their assistance on gathering the
samples. This work was funded by The Swedish Research
Council (09747, 12493, 12717), the Markus Borgström Foundation, The Swedish Society of Medical Research, Insite Vision, and Crown Princess Margaretes Foundation for the visually impaired.
REFERENCES
1. Quigley HA. Number of people with glaucoma worldwide. Br J
Ophthalmol 1996; 80:389-93.
2. Guo L, Moss SE, Alexander RA, Ali RR, Fitzke FW, Cordeiro
MF. Retinal ganglion cell apoptosis in glaucoma is related to
intraocular pressure and IOP-induced effects on extracellular
matrix. Invest Ophthalmol Vis Sci 2005; 46:175-82.
3. Liu B, Neufeld AH. Expression of nitric oxide synthase-2 (NOS2) in reactive astrocytes of the human glaucomatous optic nerve
head. Glia 2000; 30:178-86.
4. Liu B, Neufeld AH. Activation of epidermal growth factor receptor signals induction of nitric oxide synthase-2 in human optic
nerve head astrocytes in glaucomatous optic neuropathy.
Neurobiol Dis 2003; 13:109-23.
5. Neufeld AH, Sawada A, Becker B. Inhibition of nitric-oxide synthase 2 by aminoguanidine provides neuroprotection of retinal
ganglion cells in a rat model of chronic glaucoma. Proc Natl
Acad Sci U S A 1999; 96:9944-8.
6. Bredt DS, Hwang PM, Snyder SH. Localization of nitric oxide
synthase indicating a neural role for nitric oxide. Nature 1990;
347:768-70.
956

Molecular Vision 2005; 11:950-7 <http://www.molvis.org/molvis/v11/a114/>

24. The International HapMap Consortium. The International
HapMap Project. Nature 2003; 426:789-96.
25. Xu W, Liu L, Emson PC, Harrington CR, Charles IG. Evolution
of a homopurine-homopyrimidine pentanucleotide repeat sequence upstream of the human inducible nitric oxide synthase
gene. Gene 1997; 204:165-70.
26. Kun JF, Mordmuller B, Lell B, Lehman LG, Luckner D, Kremsner
PG. Polymorphism in promoter region of inducible nitric oxide
synthase gene and protection against malaria. Lancet 1998;
351:265-6.
27. Burgner D, Xu W, Rockett K, Gravenor M, Charles IG, Hill AV,
Kwiatkowski D. Inducible nitric oxide synthase polymorphism
and fatal cerebral malaria. Lancet 1998; 352:1193-4.
28. Glenn CL, Wang WY, Morris BJ. Different frequencies of inducible nitric oxide synthase genotypes in older hypertensives.
Hypertension 1999; 33:927-32.
29. Warpeha KM, Xu W, Liu L, Charles IG, Patterson CC, Ah-Fat F,
Harding S, Hart PM, Chakravarthy U, Hughes AE. Genotyping
and functional analysis of a polymorphic (CCTTT)(n) repeat of
NOS2A in diabetic retinopathy. FASEB J 1999; 13:1825-32.
30. Johannesen J, Tarnow L, Parving HH, Nerup J, Pociot F. CCTTTrepeat polymorphism in the human NOS2-promoter confers low
risk of diabetic nephropathy in type 1 diabetic patients. Diabetes Care 2000; 23:560-2.
31. Konno S, Hizawa N, Yamaguchi E, Jinushi E, Nishimura M.
(CCTTT)n repeat polymorphism in the NOS2 gene promoter is
associated with atopy. J Allergy Clin Immunol 2001; 108:8104.
32. de Vera ME, Shapiro RA, Nussler AK, Mudgett JS, Simmons
RL, Morris SM Jr, Billiar TR, Geller DA. Transcriptional regulation of human inducible nitric oxide synthase (NOS2) gene
by cytokines: initial analysis of the human NOS2 promoter. Proc
Natl Acad Sci U S A 1996; 93:1054-9.
33. Burgner D, Usen S, Rockett K, Jallow M, Ackerman H, Cervino
A, Pinder M, Kwiatkowski DP. Nucleotide and haplotypic diversity of the NOS2A promoter region and its relationship to
cerebral malaria. Hum Genet 2003; 112:379-86. Erratum in:
Hum Genet. 2004; 114:401.
34. Neufeld AH, Hernandez MR, Gonzalez M. Nitric oxide synthase
in the human glaucomatous optic nerve head. Arch Ophthalmol
1997; 115:497-503.
35. Kotikoski H, Moilanen E, Vapaatalo H, Aine E. Biochemical
markers of the L-arginine-nitric oxide pathway in the aqueous
humour in glaucoma patients. Acta Ophthalmol Scand 2002;
80:191-5.
36. Stephens M, Smith NJ, Donnelly P. A new statistical method for
haplotype reconstruction from population data. Am J Hum Genet
2001; 68:978-89.
37. Stephens M, Donnelly P. A comparison of bayesian methods for
haplotype reconstruction from population genotype data. Am J
Hum Genet 2003; 73:1162-9.

©2005 Molecular Vision

38. Xu W, Humphries S, Tomita M, Okuyama T, Matsuki M, Burgner
D, Kwiatkowski D, Liu L, Charles IG. Survey of the allelic frequency of a NOS2A promoter microsatellite in human populations: assessment of the NOS2A gene and predisposition to infectious disease. Nitric Oxide 2000; 4:379-83.
39. Brunel F, Zakin MM, Buc H, Buckle M. The polypyrimidine
tract binding (PTB) protein interacts with single-stranded DNA
in a sequence-specific manner. Nucleic Acids Res 1996;
24:1608-15.
40. Quandt K, Frech K, Karas H, Wingender E, Werner T. MatInd
and MatInspector: new fast and versatile tools for detection of
consensus matches in nucleotide sequence data. Nucleic Acids
Res 1995; 23:4878-84.
41. Bellamy R, Hill AV. A bi-allelic tetranucleotide repeat in the promoter of the human inducible nitric oxide synthase gene. Clin
Genet 1997; 52:192-3.
42. Morris BJ, Markus A, Glenn CL, Adams DJ, Colagiuri S, Wang
L. Association of a functional inducible nitric oxide synthase
promoter variant with complications in type 2 diabetes. J Mol
Med 2002; 80:96-104.
43. Ray K, Mukhopadhyay A, Acharya M. Recent advances in molecular genetics of glaucoma. Mol Cell Biochem 2003; 253:22331.
44. Neufeld AH, Liu B. Glaucomatous optic neuropathy: when glia
misbehave. Neuroscientist 2003; 9:485-95.
45. Pang IH, Johnson EC, Jia L, Cepurna WO, Shepard AR, Hellberg
MR, Clark AF, Morrison JC. Evaluation of inducible nitric oxide synthase in glaucomatous optic neuropathy and pressureinduced optic nerve damage. Invest Ophthalmol Vis Sci 2005;
46:1313-21.
46. Blackwood EM, Kadonaga JT. Going the distance: a current view
of enhancer action. Science 1998; 281:60-3.
47. Hidalgo E, Demple B. Spacing of promoter elements regulates
the basal expression of the soxS gene and converts SoxR from a
transcriptional activator into a repressor. EMBO J 1997; 16:105665.
48. Wen G, Mahata SK, Cadman P, Mahata M, Ghosh S, Mahapatra
NR, Rao F, Stridsberg M, Smith DW, Mahboubi P, Schork NJ,
O’Connor DT, Hamilton BA. Both rare and common polymorphisms contribute functional variation at CHGA, a regulator of
catecholamine physiology. Am J Hum Genet 2004; 74:197-207.
49. Yee LJ, Knapp S, Burgner D, Hennig BJ, Frodsham AJ, Wright
M, Thomas HC, Hill AV, Thursz MR. Inducible nitric oxide synthase gene (NOS2A) haplotypes and the outcome of hepatitis C
virus infection. Genes Immun 2004; 5:183-7.
50. Hoogendoorn B, Coleman SL, Guy CA, Smith K, Bowen T,
Buckland PR, O’Donovan MC. Functional analysis of human
promoter polymorphisms. Hum Mol Genet 2003; 12:2249-54.
51. Nobrega MA, Ovcharenko I, Afzal V, Rubin EM. Scanning human gene deserts for long-range enhancers. Science 2003;
302:413.

The print version of this article was created on 4 Nov 2005. 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. α
957

