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Posterior polymorphous corneal dystrophy
(PPCD) is an autosomal dominant disorder characterized by corneal endothelial abnormalities,
which can lead to blindness due to loss of corneal
transparency and sometimes glaucoma. We mapped a new locus responsible for PPCD in a family
in which we excluded the previously reported
PPCD locus on 20q11, and the region containing
COL8A2 on chromosome 1. Results of a 317-marker
genome scan provided significant evidence of
linkage of PPCD to markers on chromosome 10,
with single-point LOD scores of 2.63, 1.63, and 3.19
^ ¼ 0.03), D10S1780
for markers D10S208 (at u
^ ¼ 0.00), and D10S578 (at u
^ ¼ 0.06). A maximum
(at u
multi-point LOD score of 4.35 was found at marker
D10S1780. Affected family members shared a
haplotype in an 8.55 cM critical interval that was
bounded by markers D10S213 and D10S578.
Our finding of another PPCD locus, PPCD3, on
chromosome 10 indicates that PPCD is genetically
heterogeneous. Guttae, a common corneal finding
sometimes observed along with PPCD, were found
among both affected and unaffected members of
the proband’s sib ship, but were absent in the
younger generations of the family. Evaluation of
phenotypic differences between family members
sharing the same affected haplotype raises questions about whether differences in disease severity, including differences in response to surgical
interventions, could be due to genetic background
or other factors independent of the PPCD3
locus.
ß 2004 Wiley-Liss, Inc.

INTRODUCTION
Posterior polymorphous corneal dystrophy (PPCD
[MIM122000]), also sometimes referred to as PPMD, is a
corneal dystrophy characterized by thickening of Descemet’s
membrane and transformation of corneal endothelial cells
into cells with an epithelial-like appearance [Krachamer,
1985]. The clinical phenotype of PPCD can vary from relatively
benign Descemet’s thickening to severe progression towards
vision loss from corneal edema [Cibis et al., 1977; Threlkeld
et al., 1994; Weisenthal and Streeten, 1997]. In about 40% of
the cases, PPCD includes glaucoma [Bourgeois et al., 1984].
In the subject of this report, family UM:139, Moroi et al. [2003]
previously found that PPCD is excluded from the 30 cM genetic
inclusion interval for autosomal dominant PPCD [Heon et al.,
2002] on chromosome 20q11. This locus, which was referred to
as a PPMD locus when reported by Heon et al. [2002], has been
designated PPCD1 by the Human Genome Nomenclature
Committee. Moroi et al. [2003] also indicated that PPCD in
family UM:139 is unlikely to be the result of a mutation at the
autosomal dominant congenital hereditary endothelial dystrophy locus (CHED1 [MIM121700]) located within and potentially allelic to the chromosome 20q PPCD locus [Toma et al.,
1995], the autosomal recessive CHED2 locus (MIM217700) on
chromosome 20p [Chan et al., 1982; Hand et al., 1999]. This
paper also found that PPCD in this family is unlikely to be the
result of mutations in the COL8A2 gene (MIM120252) on
chromosome 1p [Biswas et al., 2001], which causes Fuchs
endothelial corneal dystrophy (FECD) and has been given the
alias PPCD2 by the Human Genome Nomenclature Committee
because of the observation of a COL8A2 FECD mutation in two
members of one PPCD family [Biswas et al., 2001]. In this study
we provide significant evidence of a new PPCD locus, PPCD3,
and discuss phenotypic variability within a single large family
with PPCD.
METHODS
Subjects
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Twenty-six members of family UM:139 provided informed
consent and blood samples according to a protocol approved by
the Institutional Review Board for Human Subject Research of
the University of Michigan Medical School. One or more of the
authors (MTS, AS, ME, and SEM) performed complete ocular
examinations on 23 of the family members, which included slit
lamp bio-microscopy, gonioscopy, measurement of intraocular
pressure, optic disc examination, and corneal pachymetry.
The remaining three individuals were assessed based on
records obtained from their ophthalmologists. The presence
or absence of guttae in the central portion of the cornea was
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evaluated by using a thin slit beam on the highest magnification on a slit lamp biomicroscope. Specular microscopy was not
performed on this family.
Based on slit-lamp biomicroscopic evaluation of the cornea
[Cibis et al., 1977; Miller and Krachmer, 1997], participants
were classified as having PPCD if they showed any of the
following: vesicular, geographic, or band-like lesions at the
level of Descemet’s membrane, or posterior vesicles in at least
one eye. If outside ophthalmologic records did not specify the
presence or absence of bands and vesicles, then the affected
status was based on the clinical diagnosis of PPCD. In addition,
all subjects examined by the authors were evaluated for
the presence of guttae based on the finding of excrescences
visible on specular reflection of the posterior corneal surface.
The physicians who carried out the exams and assigned
affection status had no knowledge of the subjects’ genotypes.
Based on a lack of reported hearing problems or a history
of kidney disease among family members, we presumed that
we were not dealing with Alport syndrome (MIM 301050,
MIM104200, MIM 203780), which can sometimes include
PPCD as a feature of the disease [Alport, 1927; Colville and
Savige, 1997].
Molecular Genetic Analysis
Genomic DNA was isolated from 26 members of UM:139
using Puregene (Gentra Systems, Minneapolis, MN) according
to the manufacturer’s instructions. An initial genome scan
using 317 fluorescence-labeled microsatellite autosomal markers from the ABI Prism Linkage Mapping Set MD-10 Version
1 was performed (Applied Biosystems MD-10 v. 1, Foster City,
CA). Markers were PCR-amplified according to the manufacturer’s recommended protocols and size fractionated on 4%
acrylamide gel using an ABI377 automated sequencer (Applied
Biosystems). Based on data suggesting possible linkage, we
tested eight additional markers on chromosome 10, and six
additional markers on chromosome 13 (ABI Prism Linkage
Mapping Set MD-10 Version 2 (Applied Biosystems; Research
Genetics, Foster City). Previously, another 15 markers had
been run in the vicinity of the PPCD-related loci on chromosomes 1 and 20 [Moroi et al., 2003].
Data were transferred electronically from the ABI sequencer
into the Cicada database (E. Trager, University of Michigan,
Eyegene Server http://eyegene.ophthy.med.umich.edu) and
formatted with the use of an analysis and formatting program
called Madeline (E. Trager, University of Michigan, Eyegene
Server http://eyegene.ophthy.med.umich.edu). Clinical data
were managed with the use of an Access database (Microsoft
Corp., Redman, WA) and were displayed with Cyrillic
(Cherwell Scientific Publishing Ltd., Palo Alto, CA) and
Madeline.
Marker allele frequencies were estimated by a maximum
likelihood method using all family members and taking their
relationships into account [Boehnke, 1991]. Possible genotyping incompatibilities were evaluated by the method of
O’Connell and Weeks [1998] with the use of the program
Pedcheck and by the method of Sobel and Lange [1996] as
implemented in SIMWALK2. Single-point linkage analysis
was performed by the method of LOD scores [Morton, 1955]
using the program MENDEL [Lange et al., 1988]. Multi-point
linkage analysis was performed with the use of the Markov
chain Monte Carlo method of Sobel and Lange [1996] through
use of the program SIMWALK2. Haplotype construction was
conducted independently by manual haplotype construction
and by using SIMWALK2 [Sobel and Lange, 1996]. The test for
linkage was performed under an autosomal dominant model,
assuming a disease allele frequency of 0.001, 1% sporadic rate,
and 90% penetrance based on one apparent case of nonpenetrance in this family. For purposes of analysis, individuals
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were designated affected if they were diagnosed with PPCD
or unaffected if they had a normal ophthalmologic exam.
Individuals with other ophthalmologic findings were treated as
having unknown phenotype for purposes of analysis. Tests for
significant differences in the pachymetry data used a twosample t-test and the data appeared approximately normally
distributed.
RESULTS
We have previously reported that the transmission of PPCD
in family UM:139 appears to be autosomal dominant with
incomplete penetrance (Fig. 1) [Moroi et al., 2003]. The 26
sampled individuals include 13 individuals affected with
PPCD and one case of apparent non-penetrance that may
represent age-related penetrance (IV-2). The posterior corneal
findings, pachymetry, iris features, angle features on gonioscopy, and ocular diagnosis for examined family members are
summarized in Table I.
The proband (IV-10) has been described in detail previously
[Moroi et al., 2003]. Her clinical course showed an aggressive
form of PPCD that required 17 procedures on her left eye and
eight procedures on her right eye. An unusual manifestation of
her disease was the documented growth of the retrocorneal
membrane onto the crystalline lens and intraocular lens. Our
previous paper [Moroi et al., 2003] presented data supporting
the diagnosis of PPCD in the proband, including images from
light and transmission electron microscopy of the corneal
button as well as use of anticytokeratin antibodies to evaluate
presence or absence of cytokeratins in the epithelial and
endothelial layers of the corneal button. Only one other family
member, IV-11, has needed penetrating keratoplasty; however, his clinical course has, so far, not been complicated by
the aggressive growth of a retrocorneal membrane and
development of secondary glaucoma.
The presence of guttae in seven of the eight siblings for whom
information is available, and in no one in the two younger
generations, is consistent with prior reports of guttae as being
an age-related finding [Kaufman et al., 1966; Lorenzetti et al.,
1967; Jackson et al., 1999]. Guttae were present in both
affected and unaffected individuals, and not present in one of
the individuals with PPCD, which we interpret to mean that
guttae in this family may be independent of the PPCD
phenotype.
The mean corneal thickness, obtained by pachymetry, was
larger for the PPCD family members (mean 600 microns,
standard deviation (SD) 41 microns) than for the normal
family members (mean 577 microns, SD 29 microns). For all
individuals carrying the affected haplotype, including individual V-18 who carries the affected haplotype for part of the
identified genetic inclusion interval, the mean was 592 microns
(SD 47). In individuals with guttae, the mean thickness was
578 microns (SD 47). There was substantial overlap of the
ranges and no strong evidence for a difference in mean values
(P > 0.13 for all pairwise comparisons).
Single-point analyses of family UM:139 suggested linkage of
PPCD to markers on chromosome 10. Utilizing data from the
whole family, we obtained maximum single-point LOD scores
of 2.63, 1.63, and 3.19 for markers D10S208 (at ^
y ¼ 0.03),
D10S1780 (at ^
y ¼ 0.00), and D10S578 (at ^
y ¼ 0.06), respectively
(Table II). An affecteds-only analysis produced maximum
single-point LOD scores of 2.76, 1.32, and 2.05 at markers
D10S208 (at ^
y ¼ 0.00), D10S1780 (at ^
y ¼ 0.00), and D10S578 (at
^
y ¼ 0.06), respectively.
Subsequent multi-point analyses of family UM:139 suggested significant evidence of linkage on the short arm of
chromosome 10 according to the criteria of Morton [1955]. A
maximum multi-point LOD score of 4.3 was found at marker
D10S1780 when data from the whole family were used (Fig. 2),
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Fig. 1. Family UM:139 with PPCD. Among those individuals for whom
molecular data were generated for use in the analysis (marked with þ), filled
symbols are individuals with PPCD, open symbols are individuals deemed
unaffected with PPCD, and a cross within symbol indicates individuals who
were scored as having an indeterminate PPCD status for purposes of
analysis. Open symbols not marked with þ are individuals for whom
molecular data were not generated; they are free of PPCD by family report,
but were not examined by us. Arrow indicates proband. Squares represent
males; circles represent females. Diagonal line through symbol indicates
individual is deceased. Box to the left of the þ indicates presence (black dot)
or absence (gray box) of guttae. Data on guttae are not available for

individuals not marked with a box. Other significant eye disease in the
family includes: angle-closure glaucoma in the proband (IV-10); primary
open-angle glaucoma (POAG) in III-11; blindness from an accident in I-1;
blindness from unspecified glaucoma in II-5; and blindness from cataract
surgery in III-1. Haplotypes are displayed for each individual genotyped,
with a genetic inclusion interval between D10S213 and D10S578 indicated
by recombination events apparent in data for individuals V-2 and VI-1. A
recombination event in individual V-18 is not considered to further reduce
the interval since this individual is unaffected in a family showing evidence
of reduced penetrance.

with a 5.1 cM one-LOD support interval whose boundaries are
roughly approximated by D10S208 and D10S578. An analogous affecteds-only multipoint analysis also suggested significant evidence of linkage of PPCD with a maximum multipoint LOD score of 3.53 at marker D10S208 (Fig. 2), although it
appears that the LOD score value remains almost constant
between D10S280 and D10S1780. An affected haplotype was
identified and recombination events were identified that flank
the 8.55 cM critical interval between markers D10S213 and
D10S578.
In addition to the region with the highest observed LOD
score, we also evaluated other regions showing some evidence
of linkage. We were initially interested in the possibility of an
alternative location on chromosome 13 because of the maximum single-point LOD score of 2.60 at D13S263 in the
affecteds-only analysis. To follow up on this result, we evaluated this region at the 5 cM level by screening six additional
markers, including three markers in an 18 cM region surrounding D13S263. The result was a broad peak with
maximum multipoint LOD score of 1.76 at D13S263 for the
affecteds-only analysis and a narrower peak with maximum
multipoint LOD score of 1.51 between D13S217 and D13S1287
when all data from the family were used. Haplotype analysis
failed to identify any single haplotype shared by all affected

family members, and all haplotypes present in affected family
members were also present in unaffected individuals.
As further support for the argument that the gene responsible for PPCD in this family is located on chromosome 10p, it is
important that data from other points in the genome fail to
identify alternative locations and that such data support
exclusion of other PPCD-associated regions previously reported. Our previous report excluded the region on chromosome
20 containing PPCD1 and the VSX1 gene (MIM605020) and
the region on chromosome 1 containing COL8A2 (MIM 120252)
[Hand et al., 1999; Biswas et al., 2001; Heon et al., 2002; Moroi
et al., 2003]. We conclude that we have excluded the region on
chromosome 2q that contains two of the Alport syndrome genes
COL4A3 (MIM120070) and COL4A4 (MIM120131) [Kashtan,
1999; Kent et al., 2002] based on our finding of LOD scores
below 3.0 across that whole region of chromosome 2. In
addition, we can dismiss the X-linked Alport syndrome gene
COL4A5 (MIM 303630) [Kashtan, 1999] based on the autosomal dominant mode of inheritance in this family.
Once we had confirmed that our data suggest a locus on
chromosome 10 and do not support locations elsewhere, we
considered possible candidate genes within the PPCD3 genetic
inclusion interval. The 8.55 cM region between D10S213 and
D10S578 contains 26 known genes and hundreds of predicted
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TABLE I. Summary of Ocular Findings and Ocular Diagnoses in Examined Members of Family UM:139
Iris findings (OD/OS)

Corneal findings (OD/OS)
Affected
status

Individual
III-11
III-19
IV-2
IV-3
IV-5
IV-7
IV-10
(proband)

I
U
I
I
A
A
A

IV-11
IV-12
IV-15
IV-17
V-2
V-5
V-13
V-18
V-21
V-22
V-23
V-24
V-25
V-26
V-27
V-28
VI-1
VI-3
VI-12

A
A
I
I
A
U
A
U
A
A
U
U
A
U
U
U
A
A
A

Ocular diagnosis

Gonioscopy (OD/OS)

Posterior
vesicles

Posterior
band

Guttae

Pachymetry
OD/OS (mm)

Ectropionuveae

/
/
/
/
/
þ/þ
þ/þ

/
/
/
/
þ/
/
/

/
/
þ/þ
þ/þ
þ/
/
þ/þ

548/550
618/601
521/522
589/579
563/589
582/567
580/680

/
/
/
/
/
/
þ/þ

/
/
/
/
/
/
þ/þ

/
N/A
/
/
/
/
/

/þ
þ/
/
/
þ/þ
/
þ/þ
/
þ/
þ/þ
/
/
þ/þ
/
/
/
þ/þ
þ/þ
þ/þ

þ/
þ/
/
/

N/A
þ/þ
þ/þ
þ/þ
/
/
/
/
/
/
/
/
/
/
/
/
/
/

/
/
/
/
N/A
/
/
/
/
/
/
/
/
/
/
N/A
N/A
N/A
/

/
/
/
/

/
þ/þ
/
/
/
/
/
/
/
/
/
/
/
/

720/610
567/603
N/A
N/A
N/A
520/523
637/656
571/582
582/575
611/586
599/602
593/592
640/623
581/565
607/590
N/A
N/A
540/550
573/574

/
/
/
/
N/A
/
/
/
N/A
/
/
/
/þ
/
/
N/A
N/A
N/A
N/A

POAG
Normal
Guttae
Guttae
PPCD guttae
PPCD
PPCD guttae
angle-closure
glaucoma
PPCD
PPCD Guttae
Guttae
Guttae
PPCDa
Normal
PPCD
Normal
PPCD
PPCD
Normal
Normal
PPCD
Normal
Normal
Normal
PPCDa
PPCDa
PPCD

‘‘glass
Fine
Broad
membrance’’ Synechiae synechiae

/
/
/
/
/
/
/
/
/
/

/

/
/
/
/
/
þ/þ
/
/
/
/
/
/
/
/
/
/
/þ
/
/

a

Diagnosis based on records from outside ophthalmologist, OD, right eye; OS, left eye; I, indeterminate status for purposes of analysis; A, affected status for
purposes of analysis; U, unaffected status for purposes of analysis, N/A indicates that the information is not available.

genes and expressed sequence tags (EST’s) [Kent et al., 2002].
Since the homeodomain transcription factor VSX1 has been
implicated in PPCD [Heon et al., 2002], it is of interest to note
that the PPCD3 critical interval contains the transcription
factor, TCF8 (MIM189909), which has both homeodomain and
zinc finger motifs [Williams et al., 1992; Funahashi et al., 1993;
Franklin et al., 1994; Kent et al., 2002]. Although several
collagen genes have been implicated in PPCD [Biswas et al.,
2001] and in Alport syndrome, which can include PPCD
[Colville and Savige, 1997; Kashtan, 1999], none of the known
collagen genes are located in the interval between D10S213
and D10S578. Prioritization of candidate genes within this
interval will call for additional bioinformatic analysis and
evaluation of gene expression in relevant ocular tissues.

DISCUSSION
Analysis of the genome scan data for family UM:139 has
provided significant evidence for a new PPCD locus (PPCD3) in
a 8.55 cM region on chromosome 10p near D10S1780. While we
initially identified substantial single-point linkage evidence
for a marker on chromosome 13, additional marker genotyping
and multipoint analysis resulted in a substantial decrease in
the linkage evidence. Thus, while chromosome 13 has not been
formally excluded as containing a locus responsible for PPCD
in this family, the evidence for this region is not strong. We
cannot rule out the possibility that a locus in this region might
be playing a role in the phenotype in some members of family
UM:139, but there is no evidence of correlation of a specific

TABLE II. Single Point Analysis of Linkage of Chromosome 10 Markers to PPCD for all Data in Family UM:139
Recombination fraction
Marker

[

D10S197
D10S213
D10S208
D10S1780
D10S578
D10S220
D10S567
D10S539
D10S1790
D10S1652
D10S581
D10S537

Position on
chromosome 10a
52.10
57.42
60.64
63.83
65.97
70.23
71.83
72.90
75.57
80.77
82.50
91.13

0.01

0.05

0.10

0.20

0.30

0.40

Z^

^

ð2Þ

0.26
0.52
2.61
1.61
2.97
1.51
1.05
1.44
0.79
0.64
0.73
0.03

0.62
1.20
2.62
1.49
3.19
1.38
1.54
1.70
1.63
0.56
1.30
1.06

0.98
1.38
2.48
1.34
3.11
1.21
1.58
1.69
1.80
0.94
1.41
1.32

1.08
1.26
1.96
1.01
2.58
0.85
1.32
1.38
1.54
1.00
1.24
1.24

0.81
0.88
1.26
0.64
1.79
0.51
0.90
0.88
0.98
0.73
0.87
0.88

0.36
0.37
0.49
0.27
0.82
0.20
0.37
0.31
0.31
0.34
0.39
0.40

1.10
1.39
2.63
1.63
3.19
1.55
1.59
1.71
1.80
1.03
1.41
1.35

0.17
0.12
0.03
0.00
0.06
0.00
0.08
0.07
0.10
0.16
0.10
0.13

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Marker positions in cM from the tip of the short arm of the chromosome taken from the Marshfield Institute sex averaged map. Z^ ¼ maximum LOD score,
displaying only those markers on chromosome 10 with Z^  1:0, ^ ¼ recombination fraction at which the LOD score is maximized, ð2Þ ¼ region around the
marker that can be excluded at a level of LOD ¼ 2.00 or less. Bracket flanks proposed genetic inclusion interval.

a
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Fig. 2. Multipoint analysis of markers on 10p provides strong evidence of linkage with a maximum multipoint LOD score of 4.35 at marker D10S1780
when data from the whole family were used (solid line), and 3.53 at marker D10S208 when an affecteds-only analysis was done (dotted line). The map position
indicates the distance from the tip of the short arm of the chromosome to the position of the marker tested. The LOD score indicates the level of statistical
significance associated with the finding of possible linkage for each of the loci tested along the chromosome.

haplotype with disease severity or presence of specific characteristics such as guttae.
Our data allow us to exclude the region on chromosome 2 that
contains two collagen genes implicated in Alport syndrome
[Kashtan, 1999]. Previously, we excluded both the mapped
PPCD locus on chromosome 20 [Heon et al., 2002] and the
reported candidate PPCD gene on chromosome 1 [Biswas et al.,
2001] as being responsible for PPCD in this family. Thus, the
validity of this new PPCD locus is supported by: (1) significant
evidence of linkage to markers in the vicinity of D10S1780, (2) a
lack of evidence that the locus is elsewhere in the genome, and
(3) evidence of exclusion of the other regions of the genome
reportedly involved in PPCD.
In family UM:139, the expressivity of the PPCD phenotype
varied widely, a characteristic previously described in PPCD
families [Cibis et al., 1977]. Typically, the clinical course of
PPCD is slowly progressive, and occasionally the clinical
course may be severe with corneal decompensation and
secondary glaucoma as found for proband, IV-10 [Moroi et al.,
2003]. The striking feature of the proband, IV-10, was the
documented accelerated growth of the retrocorneal membrane
on the crystalline lens and intraocular lens after surgical
interventions. A comparably aggressive pattern to the disease

has not been seen in the other 12 affected individuals, but if
surgical intervention or penetrating trauma is what induces
the membrane growth, then we would not know whether other
family members have the potential for a similarly serious
reaction since only one other family member has had a penetrating surgical procedure or trauma.
Another clinical feature worth noting is the presence of
guttae in most members of generation IV, both in those with
and those without PPCD. The underlying genetic components
of guttae remain unknown. Guttae were absent in reports of
some families with PPCD [McGee and Falls, 1953] and present
in four of five PPCD individuals in one generation of a threegeneration family [Threlkeld et al., 1994]. At present, it
appears that the guttae are segregating independently of
PPCD in the one generation affected with guttae, and our data
are consistent with previous observations of guttae as an agerelated finding [Goar, 1934; Kaufman et al., 1966; Lorenzetti
et al., 1967; Nagaki et al., 1996]. If the one member of
generation IV, who is known to currently lack guttae, were to
develop guttae, then possible mitochondrial inheritance would
become a consideration in this family with PPCD and guttae.
This concept is reinforced by the fact that multiple genetic
and biochemical scenarios have been reported for Fuchs
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endothelial corneal dystrophy (MIM136800), a disorder that
also includes guttae [Fuchs, 1910; Wilson and Bourne, 1988;
Albin, 1988; Gottsch et al., 2003].
In summary, we have identified a new PPCD3 locus on
chromosome 10p in family UM:139. Given the previously
reported locus on chromosome 20q and the report of COL8A2
involvement in PPCD, it is clear that this disease is a genetically heterogeneous disorder. Determination of the underlying genetic components of PPCD will provide fundamental
insights into the pathologic processes affecting the corneal
endothelium and Descemet’s membrane. Localization of a new
PPCD locus will also provide new tools with which to study the
relationship between PPCD and glaucoma.
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See Online Mendelian Inheritance in Man (OMIM),
http://www.ncbi.nlm.nih.gov/Omim/ for PPCD or PPMD
(MIM122000), CHED1 (MIM121700), CHED2 (MIM217700),
Alport Syndrome (MIM 301050, MIM104200, MIM 203780),
COL4A3 (MIM120070, COL4A4 (MIM 120131), COL4A5
(MIM 303630), COL8A2 (MIM120252), TCF8 (MIM189909),
and VSX1 (MIM605020).
See the Eyegene Server http://eyegene.ophthy.med.
umich.edu to download data formatting program Madeline
and its documentation without charge.

Kaufman HE, Capella JA, Robbins JE. 1966. The human corneal endothelium. Am J Ophthalmol 61:835–841.
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