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Summary

Glaucoma is the third-leading cause of blindness in
the world, affecting >13.5 million people. Adult-on-
set primary open-angle glaucoma (POAG) is the most
common form of glaucoma in the United States. We
present a family in which adult-onset POAG is inher-
ited as an autosomal dominant trait. Twelve affected
family members were identified from 44 at-risk indi-
viduals. The disease-causing gene was mapped to
chromosome 3q21-24, with analysis of recombinant
haplotypes suggesting a total inclusion region of 11.1
cM between markers D3S3637 and D3S1744. This is
the first report of mapping of an adult-onset POAG
gene to chromosome 3q, gene symbol GLC1C.

Introduction

Glaucoma is a leading cause of blindness in the world;
the most common form is adult-onset primary open-
angle glaucoma (POAG) (MIM 137760; McKusick
1992). The term "open angle" refers to a lack of me-
chanical closure of the chamber angle by the iris in which
the trabecular meshwork appears normal (Shields et al.
1996). In spite of the open angle, POAG patients typi-
cally have obstructed aqueous humor outflow and ele-
vated intraocular pressure (TOP). If untreated, this usu-
ally leads to damage of the optic nerve and loss of
peripheral vision. The increase in IOP is termed "ocular
hypertension" when it is consistently >21 mm Hg in
both eyes and may precede optic nerve damage by many
years. Because the specific defect(s) leading to POAG is
unknown, treatment is directed at lowering 1OP. This
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is not always successful, however, in arresting loss of
peripheral vision.

Adult-onset POAG is usually recognized as a com-
plex non-Mendelian disorder with a few families seg-
regating the disease as an autosomal dominant or au-
tosomal recessive trait (Johnson et al. 1996a).
Identifying the pattern of transmission is hampered
by the late-onset of the disease; thus, it is difficult to
determine whether younger generations are at risk. It
is well recognized, however, that a family history of
glaucoma increases one's risk for development of
glaucoma (Johnson et al. 1996a). In a population-
based survey, Tielsch et al. (1994) reported 16% of the
individuals diagnosed with POAG as having a positive
family history. A twin study in Finland estimated the
heritability as 10.2% (Teikari 1987). These studies
suggest that a multifactorial mode of inheritance is
probably the mode of transmission in the majority of
cases. However, identifying the glaucoma gene, even
in rare families in which POAG is inherited as an au-
tosomal dominant trait, would have a major impact
on our understanding of glaucoma (Wiggs 1995).

Juvenile glaucoma, a rare form of open-angle glau-
coma, has been localized to chromosome 1, in 10 fami-
lies (Sheffield et al. 1993; Meyer et al. 1994; Richards
et al. 1994; Wiggs et al. 1994; Graff et al. 1995; Moris-
sette et al. 1995; Johnson et al. 1996b). In juvenile glau-
coma, the age at diagnosis is between 10 and 35 years,
in contrast to adult-onset POAG, which is defined by
an age at diagnosis of >35 years (Johnson et al. 1996a).
Nine of the juvenile glaucoma families clearly have a
early age at diagnosis in all affected members. The 10th
family is a huge multigenerational French Canadian
family in which both juvenile and adult-onset glaucoma
are being transmitted and both map to chromosome 1
(Morissette et al. 1995) . An adult-onset gene(s) in fami-
lies in which all affected members have high IOP and
are diagnosed after the age of 35 years has not yet been
mapped.

In this paper, we present clinical and genetic analysis
of a North American Caucasian family with POAG. The
gene for POAG in this Oregon family maps to chromo-
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some 3q. This is the first report of the mapping of an

adult-onset POAG gene to chromosome 3q.

Subjects, Material, and Methods

Subjects
The patients from the Oregon family described in this

report are descendants of a man who settled in Oregon
with his wife at the turn of the century. Forty-eight
family members and spouses were examined, and blood
was obtained from each individual. Records of two addi-
tional individuals, one of whom was deceased, were ob-
tained from local ophthalmologists. Blood was obtained
from six individuals who were not examined by us either
because they lived a long distance away or were in a

nursing home. Altogether, blood was collected from 44
family members. Fibroblast cultures were established
from skin biopsies from six individuals. This study has
been approved by the Institutional Review Board (IRB
3352); informed consent was obtained from each indi-
vidual before samples were obtained.

All family members were examined by gonioscopy
with a Zeiss lens and following the Schaffer grading
system, in which grade IV indicates that the iridocorneal
angle is ¢40' (Kolker and Hetherington 1976). Patients
were considered affected if they met one of the following
criteria: (1) treatment for glaucoma had been instigated
prior to our study; (2) two or more of the following
findings were present: (a) untreated IOP of 24 mm Hg
measured by Goldman applanation tonometry (Pohjan-
pelto and Plava 1974); (b) optic nerve head and/or nerve

fiber layer analysis was compatible with moderately ad-
vanced glaucomatous damage (i.e., a vertical cup/disk
ratio >0.7 with or without erosion of the rim) (Hitch-
ings and Wheeler 1980); (c) abnormal Humphrey glau-
coma hemifield test; (3) definite bilateral nasal steps on

Humphrey glaucoma hemifield test.
Individuals were defined as "possibly affected" if they

met one of the following criterion: (1) marginal cupping
(i.e., vertical cup/disk ratio >0.3 but <0.5); (2) moder-
ate cupping (i.e., vertical cup/disk ratio ¢0.5); (3) un-

treated IOP >24 mm Hg; (4) moderate cupping and
untreated pressure >24 mm Hg; (5) early nasal steps
on Humphrey glaucoma hemifield test. Five to 40 ml of
blood were obtained, with informed consent, from 9
affected people, 7 possibly affected individuals with op-

tic nerve cupping (2 of whom also had high IOPs), 28
family members, who met none of the three criteria for
glaucoma, and 10 unrelated spouses.

Microsatellite Marker Typing
Microsatellite markers reported by Gyapay et al.

(1994) and the Utah Marker Development Group
(1995) were purchased from Research Genetics. PCR

reactions contained 0.25-0.5 U Taq polymerase in 6.25-
p1 volume containing 10 ng of forward and reverse prim-
ers, 0.2 mM of each deoxyribonucleotide triphosphates
(dATP, dCTP, dGTP, and dTTP), 50 mM KCI, 3 mM
MgCl2, and 10 mM Tris-HCl (pH 9.0 at 250C). Follow-
ing 5 min at 940C, 29 cycles of PCR were performed
(940C, 10 s; 550C, 10 s; and 740C, 30 s), followed by 5
min at 720C and stored at 40C. The resulting PCR prod-
ucts were mixed 1:1 with formamide loading buffer
(Sambrook et al. 1989) and 2 jl was applied to an 8%
denaturing acrylamide gel containing 5.6 M urea and
32% formamide (Litt et al. 1993). The bands were trans-
ferred by capillary blotting to a positively charged nylon
membrane (Litt et al. 1993) (Boehringer-Mannheim),
probed with a (CA)15 3' oligomer labeled with digoxi-
genin-11-dUTP, and detected colorimetrically with the
Genius Kit from Boehringer-Mannheim. Amplification
reactions were repeated, if they were not readable. If
still ambiguous, the sample was omitted from the analy-
sis. Two individuals scored the gels independently.

Linkage Analysis
We conducted two-point and multipoint linkage anal-

yses with the FASTLINK (Cottingham et al. 1993; Schaf-
fer et al. 1994) and VITESSE (O'Connell and Weeks
1995) computer packages. Estimates of the prevalence
of POAG in the general population vary from 0.5% to
1.6% (Hollows and Graham 1966; Kahn and Milton
1980; Bengtsson 1981). Wiggs (1995) reports that 2%
of Caucasian North Americans >40 years of age are
affected with glaucoma. Although as much as 50% of
these cases may be genetic in origin (Shin et al. 1977),
most are consistent with multifactorial inheritance
(Teikari 1987), and only a subset appears to be inherited
as an autosomal dominant trait (Lawford 1907-1908;
Posner and Schlossman 1949; Kellerman and Posner
1955). Therefore, we assumed autosomal dominant in-
heritance of a rare gene (frequency = .0001) with age-
dependent penetrance. A step-wise age correction was
incorporated into the analysis, based on age-at-onset
data from the 10 affected individuals in this family for
whom data were available (table 1). Four of these 10
had onset between 35 and 50 years of age; the remaining
6 had onset after 50 years of age. We specified this
distribution in terms of five liability classes, in which
penetrance increased from 0 at age 35 years to .75 at
age 70 years, after which it remained constant at .75.
We based this penetrance estimate on the disease pattern
in this kindred, as well as a published estimate of .74-
.80 (Posner and Schlossman 1949). Only those individu-
als who satisfied one of the three diagnostic criteria de-
scribed above were considered affected in the linkage
analysis; possibly affected individuals were considered
unknown with respect to disease status.
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Table 1

Clinical Findings in Affected Members

AGE AT CUP/DISKb TENSION'
PEDIGREE DIAGNOSIS CRITERIA FOR
No.a (years) OD OS OD OS GONIOSCOPY VISUAL FIELDS TREATMENT INCLUSIONd

2004 55e .95 .9 26 26 IV Severe loss OU Trabeculectomy OU 1
3001 48e .9 .9 26 22 IVh Severe loss OU Trabeculectomy OU 1
3005 38' .7 .7 21 22 IV Nasal step OS' None 3
3010 68e .8 .8 24 23 IV Superior loss OD 5-blockers OU 2
3012 57' .6 .6 22 22 IV Nasal step OU None 2
3016 509 .9 .9 18 12 IV NA Laser Trabeculoplasty 1
4004 60 .7 .6 26 24 IV NA None 2
4010 47' .7 .8 24 24 IV Nasal step OS None 2
4024 55' .5 .7 21 25 IV Nasal step OS' None 3
4025 -809 .5 .9 25 32 IV NA Pilocarpine, j-blockers OU 1

NOTE.-NA = not available.
a As in figure 1.
b Vertical cup/disk ratio: OD = left eye; OS = right eye.
'Tension at visit with us or last visit with ophthalmologist.
d 1 = treatment (prior to our study); 2 = two or more of the following: (a) untreated pressure of a24 mm Hg; (b) cup/disk ratio of ¢0.7;

(c) abnormal Humphrey glaucoma hemifield test; 3 = definite bilateral nasal steps on Humphrey glaucoma hemifield test.
e Determined by ophthalmologist.
f Determined by Dr. Samples.
g Self reported or family reported.
'With peripheral anterior synechia in angle.
'Interpreted as borderline by Humphrey Glaucoma Hemifield test.

We also conducted an affecteds-only analysis, in
which only those individuals with definite POAG were

coded for affected status. All others (currently unaf-
fected and possible cases) were considered unknown
with respect to affected status. Although this results in
a loss of statistical power, it accommodates ambiguity
with reference to penetrance.
POAG is common in the general population, but the

autosomal dominant form(s) is rare. This raises the pos-

sibility of phenocopies in families with autosomal domi-
nant POAG. Therefore, we specified a generous pheno-
copy rate of 2% and assumed the same age-at-onset
distribution for phenocopies as for the other affected
members.
We analyzed four linked marker loci that span

-11.1 cM on chromosome 3q. The map order and
distances between D3S3637, D3S1535, and D3S1569
reflect the results of the most-recent Chromosome 3
Workshop (Smith et al. 1995) and Genethon (Dib et
al. 1996). D3S1744 has been mapped to approxi-
mately the same location as D3S1593 by the Coopera-
tive Human Linkage Center (CHLC) Sheffield et al.
(1995); Murray et al. (1994); Sheffield et al. (1995);
Gastier et al. (1995). Therefore, the distance between
D3S1593 and D3S1569 from the Chromosome 3
Workshop was used as the distance between D3S1744
and D3S1569. D3S1535 and D3S1569 have been

mapped to 3q22 and 3q23 (Smith et al. 1995). Pub-
lished allele frequencies were available for three mark-
ers, D3S3637, D3S1569 (Gyapay et al. 1994; Dib et
al. 1996), and D3S1744 (CHLC); Murray et al.
(1994); Sheffield et al. (1995); Gastier et al. (1995).
These frequencies were comparable to those calcu-
lated from 44 control chromosomes from our glau-
coma population. Allele frequencies for D3S1535
(The Utah Marker Development Group 1995) were
estimated by counting alleles in 72 control chromo-
somes in our laboratory, since published frequencies
were not available.

Results

Inheritance of POAG
POAG was transmitted through three generations in

the Oregon family (fig. 1). The founder, who is deceased,
was never seen by an ophthalmologist; his diagnosis is
based on family reports that he had difficulty seeing in
later years and was almost blind near his death in his
90s. All affected individuals have an affected parent,
and affected males and females are present in equal pro-
portions (6:6). Seven of the 12 individuals had been
identified as having open-angle glaucoma prior to our
examining them. Three of the affected members are
dead, but we have clinical data on one of them. Thus,
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Table 2

Clinical Findings in Possibly Affected Individuals

AGE AT CUP/DISK TENSIONb
PEDIGREE EXAM CRITERIA FOR
No.a (years) OD OS OD OS GQNIOSCOPY VISUAL FIELDS INCLUSIONc

3006 52 .3 .3 20 20 IV Nasal step OU S
3011 49 .5 .5 25 26 IV NA 4
3019 49 .4 .3 25 26 IV Normal 3
4013 27 .5 .5 18 18 IV NA 2
4023 54 .5 .5 14 14 IV Normal 2
4056 38 .7 .7 21 22 IV NA 2
4075 19 .4 .5 17 18 IV NA 1

a As in figure 1.
b Tension at visit with us.
c 1 = marginal cupping; 2 = moderate cupping; 3 = untreated intraocular pressure >24 mmHg; 4 = moderate cupping and untreated

pressure >24 mm Hg; 5 = early bilateral nasal steps on Humphrey glaucoma hemifield test.

we have clinical data on 10 and blood data on 9 of the
affected members.

All affected members for whom clinical data were
available had grade IV open angles, by gonioscopy and
abnormal cup/disk ratio as shown in table 1. In addition,
high IOP was a common finding. Pressures measured in
individual 3016 were in the normal range, presumably
because she was on medication. The age at diagnosis
ranged from 38 years to approximately in the 80s, con-
sistent with adult-onset POAG. The age at diagnosis was
defined as when the patient had both high IOP ( :24 mm
Hg) and cup/disk ratio of :0.7 or abnormal Humphrey
visual field tests. However, for two of the affected indi-
viduals (3016 and 4025), records were not available to
assess accurately the actual age at diagnosis; instead, the
approximate age reported by family or the individual
was used.

In six of the seven possibly affected family members,
vertical cup/disk ratios were above the normal range of
0.3 (see table 2) (Armaly 1967). In addition, the pressure
was high in two of seven possibly affected individuals
(>24 mm Hg). The youngest possibly affected individu-
als had normal pressures but showed some optic cup-
ping. One of the possibly affected individuals had early
bilateral steps, on a Humphrey glaucoma hemifield test.
Thus, all of the possibly affected individuals are at risk
for developing glaucoma, on the basis of their family
history and the presence of high IOP, abnormal cupping,
or abnormal Humphrey visual fields.

Case Report
The proband, a 79-year-old woman, pedigree 3001,

was referred for glaucoma surgery. POAG had been di-
agnosed at age 48 years. At presentation, the patient,
whose only medical condition was hypertension, gave a

history that at least five of her six siblings had been
diagnosed as having open-angle glaucoma. There was
no history of other risk factors such as diabetes or myo-
pia. The patient had undergone a trabeculectomy in her
right eye 4 years earlier and had undergone a cataract
extraction with posterior chamber lens implantation in
her right eye 1 year earlier. The patient was using
maximal pressure-lowering medication, including acet-
azolamide (250 mg orally times a day), levobunolol
(0.5% one drop in both eyes [OU] twice a day), epifrin
(1% one drop OU twice a day), and pilocarpine, (4%
in the right eye [OD] and 2% in the left eye [OS]) four
times a day.
On examination, the patient was found to have visual

acuity of 20/70 OD and 20/200 OS. IOPs were 16 mm
Hg OD and 20 mm Hg OS. Gonioscopy showed both
angles to be open for 360°. There was no evidence of
pigmentary dispersion or pseudoexfolation in the ante-
rior segments. A partially functioning filter was present
in the right eye, and a moderate cataract was noted in the
left eye. The vertical cup/disk ratios were far in excess of
0.9 OU, and erosion of the nerve fiber substance was
noted into the superior and inferior rim of both optic
nerves with "notching." Visual fields are shown in figure
2. On the basis of the advanced visual field loss and
advanced glaucomatous optic neuropathy, trabeculec-
tomy for the left eye was recommended.

Exclusion of Candidate Genes/Regions
A rare form of POAG with juvenile onset has been

mapped to chromosome lq (Sheffield et al. 1993; Meyer
et al. 1994; Richards et al. 1994; Wiggs et al. 1994;
Graff et al. 1995; Morissette et al. 1995; Johnson et al.
1996b). Posner and Schlossman (1949) and Francois
(1966) have proposed that juvenile glaucoma is not a
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Figure 2 Goldman visual fields of proband at initial presenta-
tion. a, OD. b, OS. This field shows end-stage glaucoma, which has
left the proband with only small central vision. End-stage glaucoma
often leaves individuals with either small central islands or central and
temporal islands. Early glaucomatous field loss starts in the periphery
and works its way into the center.

separate entity but instead represents either late-onset
congenital glaucoma or early-onset adult POAG. To de-
termine whether our adult-onset glaucoma family
mapped to chromosome 1q21-31, we performed a

multipoint analysis based on four markers that span the
region: D1S194, D1S196, D1S210, and D1S218. The
entire 12-cM region spanned by these markers was ex-

cluded for linkage with POAG; that is, LOD scores were

<-2.0 (data not shown). In conclusion, POAG in the
Oregon family does not map to chromosome 1q21-31.
We analyzed four proteoglycans expressed in the tra-

becular meshwork that are likely candidate genes. These
included perlecan, syndecan, versican, and decorin, lo-
calized on chromosomes lp36.1-p35, 2p24-p23, 5q12-
q14, and 12q21-22, respectively (Ala-Kapee et al. 1990;
Kallunki et al. 1991; Iozzo et al. 1992; Pulkkinen et al.
1992). No evidence for linkage was found with any of
the four chromosomal regions.

Genomewide Search
We initiated a genomewide search with microsatellite

markers averaging 15 cM apart. In the process, we
found encouraging LOD scores on chromosome 3q21-
24. Two-point LOD scores are reported in table 3 for
both the full-family and the affecteds-only analyses. The
maximum pairwise LOD score was obtained with
D3S1535 (LOD score = 3.02 at 0 = 0 for the full-family
data). Simulation of a two-point analysis with a fully
informative marker in the full-family analysis resulted
in a maximum LOD score of 3.42 (0 = 0). Crossovers
occurred at D3S3637 and D3S1744. We conducted a
multipoint analysis with all four markers and POAG,
which resulted in increased evidence for linkage. The
maximum multipoint LOD score was 3.20 at D3S1569
in the full-family analysis and 2.72 at D3S1535 in the
affecteds-only analysis (fig. 3). Haplotype data are given
in figure 1. Critical crossovers occurred in two affected
individuals: 4024 shows a D3S3637-D3S1535 cross-
over; 4004 shows a D3S1569-D3S1744 crossover.
These data indicate that a gene for adult-onset POAG is
located within the 1 1.1-cM region bounded by D3S3637
and D3S1744.

Six of the seven possible POAG cases carry at least
part of the disease-bearing chromosome in the Oregon
family. They range in age from 19 to 54 years; half are
younger than the earliest age at onset (see table 2). Four
currently unaffected individuals carry the disease haplo-
type; three of these four are <37 years of age.

Discussion

This is the first report of the mapping of adult-onset
POAG phenotypically characterized by the triad of high
lOP, compromised disk/cup ratio, and field-vision loss.
A gene for normal tensive glaucoma, which is less com-
mon than POAG, has recently been mapped to chromo-
some 2 (Stoilova et al. 1996). Our mapping of adult-
onset POAG to chromosome 3 is an important finding
because glaucoma is a leading cause of blindness, affect-
ing >2% of the population in the United States (Hol-
lows and Graham 1966). We believe that correct identi-
fication of the adult-onset glaucomatous phenotype
represents a significant challenge. Clinically, we chose
a fairly rigorous definition and have defined possibly
affected as adult family members with marginal eleva-
tions of lOP or marginal cupping but without field or
nerve changes attributable to glaucoma. It is critical to
incorporate the possibility of phenocopies in linkage
analysis of common, adult-onset disorders, to avoid
false-negative linkage results (i.e., affected family mem-
ber who may actually be a phenocopy is considered a
crossover, resulting in negative LOD scores at least at
small values of 0). In this family, however, all affected
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Table 3

Results of Pairwise Linkage Analyses in POAG Family on Chromosome 3

LOD SCORE AT 0 =

MARKER .00 .01 .05 .10 .20 .30

D3S3637:
Full family -2.53 -.07 .55 .73 .70 .47
Affecteds only -1.38 0 .52 .61 .50 .28

D3S1535:
Full family 3.02 2.98 2.82 2.56 1.95 1.25
Affecteds only 2.12 2.08 1.89 1.65 1.16 .65

D3S1569:
Full family 1.66 1.62 1.49 1.31 .94 .56
Affecteds only 1.57 1.53 1.38 1.19 .81 .44

D3S1744:
Full family -2.82 -.37 .18 .30 .25 .14
Affecteds only -1.97 -.83 -.26 -.09 -.02 -.01

individuals carried the same disease haplotype at
D3S1535-D3S1569. Thus, reduction of the phenocopy
from 0.02 to 0.01 (or even to 0) had very little effect
on LOD scores.
Most of the currently unaffected individuals >50

years of age do not carry the disease haplotype. In the
full-family analysis, these are considered nonrecombi-
nant individuals and, as such, make a substantial con-
tribution to the LOD score. In the affecteds-only anal-
ysis, the reduction in the LOD scores is primarily
because of the removal of these older, unaffected indi-
viduals.
The POAG reported in the Oregon family represents

a fairly typical picture of POAG in the general popula-
tion, with onset after the age of 35 years, high (>.24
mm Hg) IOPs in affected members, and 3 of the 10

2
0

0

0

D333637 3.3cM DS1U3S 8351636 0381.c..5scM

Distance

Figure 3 Multipoint linkage results for the analysis with full-
family analysis (solid line) and affecteds-only analysis (dotted line).

affected individuals having to resort to surgery to con-
trol their pressures. The recent report by Stoilova et
al. (1996) of adult-onset POAG mapping to chromo-
some 2 in families with normal tension glaucoma rep-
resents a less common form of glaucoma (Hollows and
Graham 1966). Lichter (1994) reports three POAG
families, two of which are consistent with autosomal
dominant inheritance. Two of these families are simi-
lar to the one in this report, in that the earliest age at
diagnosis is in the 30s, the IOPs are in the 20s and
30s, and the response to medical therapy is fair. The
third family is a Black family with an earlier age at
diagnosis of 29 years. Other families with autosomal
dominant inheritance of adult-onset POAG have been
reported in the literature; however, data on IOPs, cup/
disk ratio, and visual fields were not presented, so it
is difficult to compare these families with the one in
this report (Francois 1966).

There are > 11 genes mapped, to date, to chromo-
some 3q, between D3S3637 and D3S1744, that are
potential candidate genes. These include a membrane
endopeptidase (MME), also known as neutral endo-
peptidase 24.11 and CD10, interleukin 12A, trans-
ferrin, ribophorin I, ceruloplasmin, angiotensin recep-
tor I, carboxypeptidase A3, pentaxin-related gene,
sucrase isomaltase, and butyrl cholinesterase (Yang et
al. 1984; Barker et al. 1989; Gaughan et al. 1991;
Brevario et al. 1992; Sieburth et al. 1992; Pollak et
al. 1993; Naylor et al. 1994; Rolfs et al. 1994; Suzu-
kawa et al. 1994; Smith et al. 1995;). Of these, MME
is the most likely candidate gene for POAG. MME
is a 100-kD type II integral membrane glycoprotein
expressed on many cell types (Shipp and Look 1993),
including the trabecular meshwork (data not shown).
This glycoprotein is a neutral endopeptidase that has
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been implicated in control of IOP (Wolfensberger et
al. 1994). Mutational analysis of this gene is now un-
derway in our POAG family.
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