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Purpose: Corneal dystrophy of Bowman’s layer (CDB) belongs to a group of dystrophies associated with mutations in
the transforming growth factor-beta-induced (TGFBI) gene. CDB is further divided into a geographic variant (CDB1/Reis
Bücklers, RBCD), and a honeycomb variant (CDB2/Thiel Behnke, TBCD). We undertook mutational analysis of TGFBI
in a family with an unusual CDB variant and describe a novel phenotype-genotype association.
Methods: Individuals from a pedigree with CDB underwent extensive phenotyping, including laser scanning in vivo
confocal microscopy, and histological examination of four corneal buttons obtained at penetrating keratoplasty.
Transmission electron microscopy of an excised allograft cornea from one affected individual was also performed.
Following informed consent, DNA samples were collected. Polymerase chain reaction (PCR) and sequencing of all coding
exons of TGFBI was performed. Family members were recruited with subsequent phenotyping and genotyping, and
paternity testing.
Results: Clinical examination and other phenotypic information confirmed a diagnosis of CDB, with various features
either more suggestive of CDB1 or of CDB2. A mutation in exon 14, H626P, segregated with the disease in this pedigree.
This mutation was confirmed with NlaIII restriction enzyme digest, and was not seen in 100 control chromosomes.
Conclusions: Within this pedigree, CDB segregates with an H626P mutation, which is previously described occurring in
lattice corneal dystrophy. The majority of mutations in TGFBI previously described segregating with CDB1 and CDB2
are R124L and R555Q, respectively. Although a Bowman’s layer dystrophy, the phenotype in this pedigree does not
closely conform to the classical diagnostic criteria for either CDB1 or CDB2, and therefore represents a novel phenotype-
genotype correlation.

Reis-Bücklers corneal dystrophy (RBCD/CDB1, OMIM
608470) was first described by Reis in 1917 as an annular
dystrophy (dystrophia anularis) [1]. Bücklers re-examined the
same pedigree in 1949 and showed that the dystrophy was
present in four consecutive generations [2], and affected
members consistently presented with painful corneal erosions
in childhood, with geographic opacities seen at the level of
Bowman’s layer. Thiel and Behnke described a similar
corneal dystrophy in 1967 that presented with recurrent
erosions, moderately reduced vision, autosomal dominant
inheritance, and honeycomb shaped opacities at the level of
Bowman’s layer (TBCD/CDB2, OMIM 602082) [3].

Since the report of Thiel and Behnke, descriptions in the
literature have varied in nomenclature and classification,
rendering differentiation between autosomal dominant CDB1
and CDB2 difficult [4-7]. In a comprehensive review
preceding genetic characterization, Küchle et al. [5] proposed
that these dystrophies are indeed two distinct entities that

Correspondence to: Dr. Andrea Vincent, Department of
Ophthalmology, Private Bag 92019, University of Auckland,
Auckland, New Zealand; Phone: +64 9 373 7599 Ext. 89883; FAX:
+64 9 367 7173; email: a.vincent@auckland.ac.nz

differ markedly in their appearance at the slit-lamp, associated
degree of visual loss, histopathological findings, transmission
electron microscopy (TEM) features, and prognosis following
corneal transplantation. Using Kuchle’s classification -
clinically, CDB1 is described as exhibiting confluent
geographic opacities at the level of Bowman’s layer and
histopathology demonstrates band shaped granular,
subepithelial deposits which stain intensely red with Masson
trichrome. TEM reveals the presence of “rod shaped bodies”
[5]. In contrast CDB2 has honeycomb shaped opacities, a
subepithelial fibrocellular layer interposed between the
epithelium and stroma, stains less strongly with Masson
trichrome and has “curly collagen” fibers present on TEM
[5]. While visual loss with CDB1 is described as early and
marked [1,2,5], with CDB2 it is later and moderate [3,5]. The
recurrence of the dystrophy after corneal transplantation is
noted to be early with CDB1 and much later with CDB2 [5].

Following linkage of CDB1 and other corneal
dystrophies (Granular, Avellino, and Lattice) to 5q31 [8,9],
Munier et al. [10] reported mutations in the TGFBI
(transforming growth factor -beta-induced) gene (OMIM
601692) correlating the R555Q mutation with CDB1.
However, later, clinical, molecular and ultrastructural
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findings have demonstrated that it is actually CDB2 that
correlates with the mutation R555Q and CDB1 to the mutation
R124L [11-14].

TGFBI, initially called BIGH3 [15], encodes for a 683
amino acid protein product, with several nomenclatures
including “keratoepithelin” and the now preferred “TGFBI
associated protein,” TGFBIp. This extracellular matrix
protein is expressed in many tissues including the corneal
epithelium [16], and contains four regions of internal
homology known as Fasciclin-like (Fas) domains. The protein
has high sequence homology to fasciclin1, an insect cell
adhesion molecule, and is thought to play a role in cell
adhesion [17]. The majority of mutations in TGFBI reported
to date have been located either within the codon encoding for
amino acid R124, or at the boundary of, or within the Fas
domain 4 [4,12], although a few mutations outside these
regions are also reported [18-22]. Immunohistological studies
have shown TGFBIp to be present in the abnormal corneal
deposits seen in certain corneal dystrophies [23], as well as in
secondary amyloidosis in corneal disease unrelated to TGFBI
mutations [24].

We report a four-generation family with an autosomal
dominant dystrophy that was initially diagnosed as CDB1 on
the basis of clinical appearance and clinical course.
Comprehensive characterization of the disease included
expert clinical assessment, in vivo confocal microscopy,
histology on four primary corneal buttons and a corneal
allograft with disease recurrence, immunohistochemical
staining, TEM, and mutational analysis of TGFBI. The results
of these investigations suggest a novel genotype-phenotype
correlation. Comparison of these data with an extensive
review of the literature supports our view that this reported
dystrophy, although exhibiting some features of both CDB1
and CDB2, does not meet the diagnostic classification for
either, thereby adding to the complexity of the pathogenesis
of the TGFBI corneal dystrophies.

METHODS
Patient recruitment: Individuals from a single four-generation
pedigree of Caucasian ethnicity (Figure 1) with autosomal
dominant CDB were recruited from the Department of
Ophthalmology, Auckland, New Zealand District Health
Board and then assessed at the University of Auckland
Ophthalmology Clinic. The study design adhered to the tenets
of the Declaration of Helsinki, with Institutional Research
Ethics Board approval. After providing verbal and written
explanations of the purpose and possible consequences of the
study participants gave their informed consent.

Clinical examination: All subjects underwent extensive
clinical examination by a single, experienced, examiner
including Snellen visual acuity, slit-lamp biomicroscopy, and
anterior segment photography. Three affected individuals (II:
1, III:1, and III:5) were also studied by laser scanning in vivo

confocal microscopy (Heidelberg Retina Tomograph II,
Rostock Corneal Module (RCM); Heidelberg Engineering
GmbH, Heidelberg, Germany).
Histopathology and transmission electron microscopy: The
corneal tissue from four affected individuals - four primary
corneal buttons (II:1, III:1, III:2, and III:5) and one allograft
(II:1) - was examined histopathologically following
penetrating keratoplasty (PKP) for reduced visual acuity.
Tissue for light microscopy was fixed in 10% formalin in 0.1
M phosphate buffer then stained with hematoxylin and eosin
(H&E), Congo red, periodic acid Schiff (PAS), alcian blue,
and Masson’s trichrome. One of these patients had undergone
repeat keratoplasty for recurrence of the dystrophy within the
corneal graft and the tissue recovered following this was also
studied by TEM. This tissue was fixed in Karnovsky’s fixative
then washed in 0.1 M phosphate buffer. The tissue was post
fixed in 0.5% osmium tetroxide in 0.1 M phosphate buffer for
2 h before being dehydrated through a graded ethanol series
and embedded in procure 812 resin. Resin blocks were cut into
sections and placed on copper grids for transmission electron
microscopy.
Immunofluorescence: One quarter of the tissue sample (II:1)
was fixed in 2.5% paraformaldehyde for 1 h, then washed and
mounted in TissueTek® OCT medium. Sections (20 μm) were
cut in an antero-posterior direction and collected onto
Superfrost Plus slides (Menzel Glaser, Germany). Standard
immunofluorescence labeling techniques were used to
incubate the sections with affinity-purified rabbit anti-TGFBI
antibody [25] (Antibody courtesy of Dr Andrew Huang,
University of Minnesota, Minneapolis, MN) overnight at 4 °C
and a CY3 conjugated secondary antibody for 2 h. Sections
were counterstained with DAPI, mounted in Citifluor medium
(Citifluor Ltd, UK) and coverslip applied. Slides were viewed
using a Leica DMRA microscope and images captured using
a Nikon Digital Sight DS-U1 camera system and NIS

Figure 1. A four-generation pedigree illustrating affected and
unaffected individuals. Either "+" or "–" denotes presence or absence
of mutant allele, and denotes all the individuals examined. The three
younger members of the pedigree (triplets) with the mutant allele
were age 3 years at time of last examination, and appeared clinically
unaffected. CDB=Bowman’s layer corneal dystrophy,
PPCD=posterior polymorphous corneal dystrophy.

Molecular Vision 2008; 14:1503-1512 <http://www.molvis.org/molvis/v14/a179> © 2008 Molecular Vision

1504

http://www.molvis.org/molvis/v14/a179


Elements BR2.30 Software. Images were combined using
Adobe Photoshop®.
Mutational analysis: Biologic samples (peripheral blood,
buccal swab, saliva) were collected from six members of the
pedigree affected with CDB, one member affected with
posterior polymorphous dystrophy (PPCD), three unaffected
members, and five individuals of unknown affected status due
to their age. Leukocyte DNA extraction was performed using
the salt extraction method [26]. Buccal and saliva DNA were
extracted following manufacturers guidelines (Purgene®
DNA purification kit; Gentra Systems, Minneapolis, MN and
Oragene; DNA Genotek, Ottawa, ON, Canada, respectively).
PCR amplification of all the coding exons of TGFBI (exons
1–17) was undertaken using previously described primers and
conditions [12]. Following column purification using a
HighPure PCR purification kit (Roche Diagnostic,
Mannheim, Germany), the product was sequenced directly
according to protocols accompanying the ABI BigDye
terminator kit v3.1. Bidirectional sequencing of amplicons
was undertaken on an ABI 3100 prism genetic analyzer
(Applied Biosystems Inc., Foster City, CA), to collect and
analyze the sequence data. Nucleotide sequences were
compared with the published TGFBI cDNA (cDNA) sequence
(GenBank NM_000358).

The exon 14 sequence variant was confirmed with NlaIII
restriction enzyme digest using 9 μl PCR product, 0.2ul NlaIII
(New England BioLabs, Beverly, MA), 1.2 μl NEBuffer 4 (50
mmol potassium acetate, 20 mM Tris acetate, 10 mmol
magnesium acetate, 1 mmol DDT, pH7.9 at 25 °C), 0.12 μl
BSA (100X), and 1.48 μl H20 (total 12 μl), which was
incubated overnight at 37 °C.
Paternity testing: Paternity testing was undertaken on
individuals I:1, and II:1 using 12 heterogeneous polymorphic
markers throughout the genome with known population allele
frequencies, which were genotyped on the ABI prism.
Parental index was calculated using Brenners formula. Fifty
unaffected control individuals (100 control chromosomes) of
matched ethnicity also underwent NlaIII restriction enzyme
digestion of the exon 14 amplicon.

RESULTS
Clinical presentation: Six members of the pedigree affected
with CDB, one member affected with PPCD, three unaffected
members, and five members of unknown affected status due
to their age
were identified and examined. Affected members were
diagnosed at a mean age of 10.3±1.5 (mean±SD) years with
symptoms of painful recurrent corneal erosions. A rapid,
progressive reduction in visual acuity was reported during
their teenage years and at the time of review by the authors
best corrected visual acuity (BCVA) varied significantly in
affected eyes (6/18−2-6/60; Table 1).

Slit-lamp biomicroscopy typically showed an irregular
corneal surface with discrete, gray-white opacities of various
morphologies in the sub-epithelial area that projected
anteriorly from the level of Bowman’s layer into the overlying
epithelium. The overlying epithelium was intact. With longer
duration from diagnosis these opacities were noted in
increasing association with marked corneal scarring,
neovascularization, and calcification. No stromal lattice lines
were observed. Representative clinical photographs of the left
cornea of an affected family member are shown in Figure 2.
Corneal sensation was diminished on qualitative assessment
in all affected eyes.

In vivo laser scanning confocal microscopy (IVCM) was
performed on three of the affected subjects. Within the basal
epithelial layer of the proband’s right eye, focal deposition of
homogeneous reflective materials with rounded edges and
hyporeflective borders was observed (Figure 3A). Extensive
hyper-reflectivity extending throughout the full thickness of
the stroma consistent with scarring, neovascularisation and
ghost vessels was also noted (Figure 3B,C). This hyper-
reflectivity in combination with the absence of focal, highly
reflective, small granular materials at the same level has
recently been described as a further feature of CDB2, thereby
differentiating it from CDB1 [11]. Ghost vessels have well
defined margins and have hyporeflective borders (as shown
in Figure 3B). Also, blood vessels are clearly visible clinically
(Figure 3C) and correlate with the appearance and location of
structures observed in Figure 3B. Amyloid deposits appear as
hyperreflective, linear, and branching structures with varying
reflectivity and poorly demarcated margins. Such structures
were not present on any IVCM images from the subject.

In the right eye of subject II:1, which had undergone an
allograft four years earlier, diffuse, homogeneous, reflectivity
was noted at the level of Bowman’s layer (Figure 3D) which
correlated with the clinical appearance of recurrence of the
dystrophy on slit-lamp biomicroscopy (Figure 3E).

Four affected individuals underwent PKP (six eyes),
while four underwent excimer laser phototherapeutic
keratectomy (PTK; six eyes) that produced significant
improvements in both their symptoms and visual acuity. One

Figure 2. Representative slit-lamp biomicroscopy photographs
illustrating corneal phenotype in an affected individual. A: 10X
magnification diffuse illumination and B: 16X magnification broad
slit lamp slit illumination of the left cornea of subject III:5.
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Figure 3. In vivo confocal microscopy images of representative
affected family members. The right eye (virgin cornea) of the
proband (frame size 400 µm x 400 µm) at the level of (A) basal
epithelial layer illustrating focal deposition of homogeneous,
reflective materials with rounded edges, and hyporeflective borders
and (B) posterior stroma showing extensive scarring with arrow
indicating “ghost” blood vessels. C: Corresponding slit-lamp
biomicroscopy photograph illustrating dense scarring. D: In vivo
confocal microscopy of the allograft in the right eye of subject II:1
at the level of Bowman’s layer which has been completely replaced
by diffuse, homogeneous, reflective material (frame size 400 µm x
400 µm). E: Corresponding slit-lamp biomicroscopy photograph
illustrating recurrence of the dystrophy within the peripheral right
corneal graft of subject II:1, 4 years following penetrating
keratoplasty.
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subject (II:1) underwent repeat PKP for recurrence of the
dystrophy 18 years after the initial corneal graft in the left eye.
The clinical features of the pedigree are summarized in Table
1.
Histopathologic analysis: All four corneal buttons from the
primary grafts demonstrated subepithelial deposits of hyaline
material of variable thickness that did not stain red with
Masson trichrome and was not present within the anterior
stroma per se. Bowman’s layer was absent/replaced over
much of the excised cornea with poor basal lamina formation
noted, and areas of poor adhesion of the basal cells to
Bowman’s layer (where present) and the hyaline material
where Bowman’s layer was absent. The deposits of hyaline
material were PAS, Alcian blue, and Congo red negative. In
two of the corneas there were extensive secondary changes of
neovascularization, calcification, and scarring. There were no
other deposits seen within the stroma, and specifically no
amyloid staining. Descemet’s membrane and the endothelium
were normal in all corneas.

Light microscopy of the corneal allograft from II:1,
showed similar histopathological features. TEM examination
of this corneal specimen showed an irregular epithelium with
poor attachment to the underlying substratum (Figure 4).
Although this could be an artifact of tissue processing, this
was consistent with the clinical findings of a loose superficial
layer that could easily be peeled off underlying corneal tissue.
On TEM a band of subepithelial material largely obliterated
Bowman’s layer. This appeared to be composed of irregular
aggregates of curved fibrils intermingled with collagen fibers.
No rod shaped bodies were identified.
Immunohistofluorescence confirmed the presence of TGFBIp
within this subepithelial deposit (Figure 5).

Molecular genetic analysis: Bidirectional DNA sequence
analysis revealed a missense transversion A→C at nucleotide
1877 in exon 14 (c.1877A>C), resulting in a substitution of

Figure 4. Transmission electron microscopy images of the corneal
allograft from subject II:1. A: Low magnification photomicrograph
showing basal epithelial cells (Ep) overlying a band of deposit (De),
at higher magnification in B. The insert in B is shown in higher
magnification in C, demonstrating the degenerating basal epithelial
cell (Dc) above the dotted line, and below the subepithelial deposit,
consisting of irregular aggregates of fibrils (Cf) as demonstrated with
arrows. The large arrowhead shows a degenerating adhesion body.

histidine by proline (CAT→CCT, p.H626P; Figure 6). In
addition the proband was heterozygous for one previously
described SNP in exon 6, (c.651C>G, L217L). Due to the
removal of an NlaIII restriction site, the presence of the
mutation c.1877A>C could be confirmed by electrophoresis
after enzymatic digest of exon 14 in affected but not
unaffected family members, or unaffected, unrelated,
individuals. The mutation was confirmed by sequencing after
enzyme digestion in all affected individuals, co-segregated
with disease in the clinically affected individuals in this
pedigree, and was also present in three younger members of
the pedigree (IV:3, IV:4, and IV:5). As these triplets were
three years of age at the time of the examination, affected
status could not be determined, therefore segregation with
these individuals, and with individual IV:1 (age 2) cannot be
commented on. The cousin with PPCD (III:8) also did not
carry the c.1877A>C sequence change. H626P was not
present in 100 control chromosomes.

Figure 5. Immunohistochemical staining of a corneal allograft
specimen (II.1). The presence of TGFBI associated protein is
demonstrated in the sub epithelial deposit (red). Corneal epithelial
nuclei are stained with DAPI (blue). The right hand image shows the
corresponding phase contrast light microscopy image. Magnification
40X.

Figure 6. Electropherogram of TGFBI exon 14 in an affected
individual. This revealed a missense transversion A→C at nucleotide
1877, resulting in a substitution of histidine by proline
(CAT→CCT, H626P).
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A parental index of >99.5% is highly suggestive of
paternity for individuals I.1 and II.1 (data not shown).
Maternity testing was unable to be performed as I:2 is
deceased, but review of her eye notes before her death record
no evidence of corneal abnormality at the age of 78 years.

DISCUSSION
Phenotypically this pedigree had some features that overlap
with both CDB1 and CDB2. Features typically associated
with CDB1 include marked visual loss (BCVA range pre-
treatment 6/18−2-6/60), a young age at presentation (10.3±1.5
years, mean± SD) and early extensive recurrence observed
following PKP in one individual [5]. Slit-lamp biomicroscopy
also revealed confluent opacities that appeared geographic in
shape as opposed to the honeycomb shaped opacities of
CDB2. However, histopathology revealed that the
subepithelial deposits did not stain red with Masson trichrome
- a feature more characteristic of CDB2, often reported as
minimal or questionable staining [5,14,27]. In vivo confocal
microscopy images were consistent with reported findings in
CDB2 [11]. Of the 5 youngest members of the pedigree
examined and tested, three carried the mutation but were
apparently clinically unaffected on slit lamp examination.
However, they were at an age (3 years) much younger than
the mean onset of disease symptoms/signs (10.3±1.5) in this
pedigree.

Unfortunately tissue samples were not available on all
subjects treated for corneal opacification, decreased vision
and recurrent erosions. Although subjects with severe scarring
and vascularization (and those treated before 1990) were
treated by PKP, in selected members of the pedigree with the
primarily superficial corneal lesions seen early in this
dystrophy, excimer laser phototherapeutic keratectomy
(PTK) was used successfully [28]. Having been shown to be
a safe and effective alternative to re-grafting it has recently
been used by the authors to treat the recurrence of the
dystrophy in subject II:1 OD, with a promising early post
operative result [29].

On light microscopy, a variable thick band of hyaline
avascular connective tissue and/or fibrocellular tissue was
identified beneath the corneal epithelium which did not stain
red with Masson’s trichrome stain. (Figure 7) In the allograft
specimen, the characteristic rod-shaped bodies observed in
CDB1 were clearly not identified on TEM, and high
magnification TEM demonstrated the subepithelial deposit
immediately underlying degenerating basal epithelial cells.
This deposit appears to consist of cell debris with some
irregular aggregates, and scattered fibrils. These
histopathological observations are not classically
characteristic of either CDB1 or CDB2, although perhaps the
presence of fibrils is more in keeping with a CDB2 variant
[5,14,19]. Immunofluorescence demonstrated TGFBIp within
the subepithelial deposit, which is consistent with the findings
of Streeten et al. [27], who showed strong specificity of the

stain to the curly fibers. However TGFBIp has been
demonstrated in secondary corneal amyloidosis (confirmed
with Congo red) in non-TGFBI-associated disease [24]. No
Congo red staining was observed in any of our 4 corneal
specimens, therefore this subepithelial band is unlikely to
represent an amyloid deposit, however, the presence of
TGFBIp is apparently not sufficient to differentiate a
dystrophic deposit from scar tissue [24].

The novel association of the mutation H626P with this
atypical CDB phenotype provides further evidence of the
complexities of the classification and nomenclature of the
TGFBI corneal dystrophies. This genotype-phenotype
correlation is unique from two perspectives: First -historically
CDB has predominantly been associated with 2 different
distinct mutations; R124L with CDB1, and R555Q with
CDB2 [13]. Second, the H626P mutation has been reported
with a significantly different phenotype - late onset,
asymmetric, lattice, dystrophy, (variant LCD, classified by the
authors as CDLI/IIIA) [12], characterized by a dense haze
associated with lattice lines, demonstrating multiple fusiform
amyloid deposits in the stroma of an allograft corneal button.
Recently the H626P change was shown to segregate with a
superficial dystrophy that also showed the presence of
amyloid [30]. A further mutation at this same base pair c.
1877A>G resulting in H626R has also been shown to co-
segregate with a late onset, asymmetric, form of lattice
dystrophy (with previous numbering c.1924) [12,19,31-34].
One family had disease onset at 27 years of age, no recurrent
erosions, and PKP necessary in the fifth decade [33]. H626R
is postulated as being responsible for up to 75% of LCD seen
in a Vietnamese population [32], termed LCDIIIB, and
distinctive in that it has a later age of onset, asymmetry is
common, and the lattice lines are thicker and more rope-like.
Recently this mutation is described in a family with granular
corneal dystrophy (GCD) [35].

In a recent paper the phenotype associated with the
R124L mutation was well characterized, but as a corneal
biopsy in the proband failed to distinguish between CDB1 and
CDB2, the authors expound the virtues of genetic testing to
determine the diagnosis [36]. These genotype-phenotype
correlations (CDB1–R124L and CDBII–R55Q) have been
confirmed numerous times with more detailed clinical
characterization [13,14,36-38], and a suggested nomenclature
for these dystrophies is “Classic” CDB [4].

In contrast CDB occurring with mutations other than the
124 or 555 mutations can be termed “Atypical” CDB;
however histology is not recorded in these cases. Rozzo et al.
[39] described F540Δ in CDB1, but reclassified the phenotype
as late-onset lattice IIIa (CDL3A). Two pedigrees are
described with G623D [40,41], one of which was CDB1 with
apparent non-penetrance [40], and the other had deposits in
Bowman’s layer, anterior stromal lattice lines, with
symptomatic onset in the fourth decade [41].
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Figure 7. Representative light microscopy images of corneal buttons obtained at penetrating keratoplasty from affected family members. An
irregular epithelium is demonstrated with a variable thick band of hyaline avascular connective tissue and/or fibrocellular tissue below;
Bowman’s layer is largely obliterated. This material did not stain red with Masson’s trichrome stain. (A-H: Individual III:1); A: AB-10X,
B: PAS-10X, C: MTC-10X, D: CR-10X, E: AB-40X, F: PAS-40X, G: MTC-40X, H: CR-40X. (I-L: Individual II:1), I: HE-5X, J: PAS-40X,
K: HE-40X, L: CR-10X. (M-P: Individual III:2), M: HE-40X, N: PAS-40X, O: MTC-40X, P: CR-40X, and (Q-S: Individual III:5), Q:
HE-40X, R: PAS-40X, S: MTC-40X. Abbreviations used in the legend are: AB=Alcian Blue, PAS=periodic acid Schiff, MTC=Massons
trichrome, CR=Congo Red, and HE=hematoxylin and eosin.
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Paternity testing is highly suggestive of a de novo
mutation in TGFBI in II.1, by confirming the paternity of his
unaffected father, however maternity could not be confirmed
as his reportedly unaffected mother had died. Further
possibilities which have not been investigated further include
parental germ line mosaicism, or non-penetrance from the
reportedly unaffected mother, although none of her other
relatives were examined. Certainly de novo mutations have
been documented in TGFBI-associated disease, as well as
germ-line mosaicism [36,42,43]. It would appear that TGFBI
does have some mutational “hot-spots,” where identical
random mutations occur at an increased frequency at the same
site of a gene. Korvatska et al. [44,45] demonstrated different
haplotypes segregating with R124L in Japanese families, and
in different ethnicities. They suggested that mutations at
codons 124 and 555 in particular represent multiple
independent occurrences.

With the addition of this report, significant phenotypic
variability has now been demonstrated with the histidine at
position 626, segregating with CDB, GCD, and LCD IIIB
phenotypes. Likewise mutations within close proximity of the
626 residue also appear to show phenotypic variability.
Previous modeling of the structure of TGFBIp demonstrates
that His626 makes a crucial stabilizing hydrogen bond within
the Fas4 domain [17]. This hydrogen link would be abolished
by replacement of a proline, and therefore is likely to severely
destabilize the domain [17]. So why is there such broad
phenotypic variability seen in exon 14 mutations, and of
specific relevance here, to mutations involving the His 626?
Clout et al. [17]. also modeled His626Arg, which as well as
abolishing the hydrogen bond, is likely to make the protein
very unlikely to fold because of steric hindrance by the
arginine residue

Although Fas4 domain mutations are thought to result in
misfolding of the protein, a major role of the Fas domain is to
mediate cell adhesion. TGFBIp also polymerizes to form a
fibrillar structure and strongly interacts with type I collagen,
laminin, and fibronectin [46]. It is unclear how the H626P
change results in the subepithelial deposit observed with poor
adherence to underlying tissues in this family, however one
possibility is the accumulation of mutant misfolded protein is
somehow deleterious to the cell, and a further theory is that
the mutant TGFBIp cannot participate adequately in its usual
binding functions, including polymerization to self and/or to
other tissues [17,46,47]. There does however appear to be a
corneal specific factor which influences this process, as other
epithelial tissues in the body from individuals with a mutation,
do not appear to manifest with TGFBIp deposits [47].

Other modifying factors could include co-existent SNPs,
although there is no prior evidence that the L217L SNP
present in exon 6 of the proband has any functional role.
Interestingly, within this pedigree, slit-lamp biomicroscopy of
the proband’s cousin (III:8) clinically revealed PPCD. He did

not carry the mutation H626P, which could suggest that a
mutation in a second gene may be responsible for his
phenotype, and perhaps even modify the expression of the
H626P mutation in this family.

The association of this pedigree with the phenotype CDB
and the mutation H626P is in keeping with the majority of the
published TGFBI mutations occurring either at Arg124 or
within the Fas4 domain, and the absence of this mutation in
our 100 control chromosomes and in previous controls
suggests it is pathogenic rather than polymorphic. This novel
genotype-phenotype correlation challenges our current
knowledge of the “phenotypic specificity” that CDB1
segregates with the R124L genotype, and CDB2 with R555Q.
Likewise mutations at the 626 residue segregate with non-
lattice phenotypes. To explain the marked difference in
phenotype between this pedigree and those described with
H626 mutations, it is possible that a modifying genetic or
environmental mechanism may be involved, the nature of
which is unknown. Certainly further investigation is
warranted on the nature of the deposits and the protein’s
properties. This H626P CDB phenotype does not fit neatly
into either CDB1 or CDB2 categories, and demonstrates the
striking phenotypic variability observed with TGFBI
mutations. This study and recent molecular evidence therefore
highlights the ongoing complexity of the pathogenesis of
TGFBI associated corneal dystrophies, and emphasizes the
need to review the current nomenclature used to define
TGFBI-associated dystrophies of Bowman’s layer.

ACKNOWLEDGMENTS
The authors would like to thank: participating family
members, Dr Archie Mackillop and other referring
ophthalmologists, Judy Loh, Dr Diane Kenwright, Dr Hilary
Holloway (BIRU) for technical assistance, Dr Andrew Huang,
University of Minnesota for TGFBI antibody, and Patricia
Stapleton for assistance with paternity testing. Funding was
obtained from Save Sight Society New Zealand, University
of Auckland Research Committee, Vice Chancellors’
Development Fund and the Maurice and Phyllis Paykel
Research Trust. Portions of this research was previously
presented in part at the Association for Research in Vision and
Ophthalmology ARVO, Fort Lauderdale FL, May, 2007
(IOVS 2007;ARVO E-Abstract 48;5859).

REFERENCES
1. Reis W. Familiare, fleckige Hornhautentartung. Dtsch Med

Wochenschr 1917; 43:575.
2. Bucklers M. Uber eine weitere familiare Hornhautdystrophie

(Reis). Klin Monatsbl Augenheilkd 1949; 114:386-97.
3. Behnke H, Thiel HJ. A previously unrecognized form of

subepithelial corneal dystrophy inherited as an autosomal
dominant. Ger Med Mon 1967; 12:285. [PMID: 5298839]

4. Aldave AJ, Sonmez B. Elucidating the molecular genetic basis
of the corneal dystrophies: are we there yet? Arch Ophthalmol
2007; 125:177-86. [PMID: 17296893]

Molecular Vision 2008; 14:1503-1512 <http://www.molvis.org/molvis/v14/a179> © 2008 Molecular Vision

1510

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=5298839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17296893
http://www.molvis.org/molvis/v14/a179


5. Kuchle M, Green WR, Volcker HE, Barraquer J. Reevaluation
of corneal dystrophies of Bowman's layer and the anterior
stroma (Reis-Bucklers and Thiel-Behnke types): a light and
electron microscopic study of eight corneas and a review of
the literature. Cornea 1995; 14:333-54. [PMID: 7671605]

6. Weidle EG. Differential diagnosis of corneal dystrophies of the
Groenouw I, Reis-Buckler and Thiel-Behnke type. Fortschr
Ophthalmol 1989; 86:265-71. [PMID: 2792995]

7. Yamaguchi T, Polack FM, Valenti J. Electron microscopic
study of recurrent Reis-Bucklers’ corneal dystrophy. Am J
Ophthalmol 1980; 90:95-101. [PMID: 6967261]

8. Small KW, Mullen L, Barletta J, Graham K, Glasgow B, Stern
G, Yee R. Mapping of Reis-Bucklers' corneal dystrophy to
chromosome 5q. Am J Ophthalmol 1996; 121:384-90.
[PMID: 8604731]

9. Stone EM, Mathers WD, Rosenwasser GO, Holland EJ, Folberg
R, Krachmer JH, Nichols BE, Gorevic PD, Taylor CM, Streb
LM, Fishbaugh JA, Sucheski BM, Daley TE, Sheffield VC.
Three autosomal dominant corneal dystrophies map to
chromosome 5q. Nat Genet 1994; 6:47-51. [PMID: 8136834]

10. Munier FL, Korvatska E, Djemai A, Le Paslier D, Zografos L,
Pescia G, Schorderet DF. Kerato-epithelin mutations in four
5q31-linked corneal dystrophies. Nat Genet 1997;
15:247-51. [PMID: 9054935]

11. Kobayashi A, Sugiyama K. In vivo laser confocal microscopy
findings for Bowman's layer dystrophies (Thiel-Behnke and
Reis-Bucklers corneal dystrophies). Ophthalmology 2007;
114:69-75. [PMID: 17198850]

12. Munier FL, Frueh BE, Othenin-Girard P, Uffer S, Cousin P,
Wang MX, Heon E, Black GC, Blasi MA, Balestrazzi E,
Lorenz B, Escoto R, Barraquer R, Hoeltzenbein M, Gloor B,
Fossarello M, Singh AD, Arsenijevic Y, Zografos L,
Schorderet DF. BIGH3 mutation spectrum in corneal
dystrophies. Invest Ophthalmol Vis Sci 2002; 43:949-54.
[PMID: 11923233]

13. Okada M, Yamamoto S, Tsujikawa M, Watanabe H, Inoue Y,
Maeda N, Shimomura Y, Nishida K, Quantock AJ, Kinoshita
S, Tano Y. Two distinct kerato-epithelin mutations in Reis-
Bucklers corneal dystrophy. Am J Ophthalmol 1998;
126:535-42. [PMID: 9780098]

14. Ridgway AE, Akhtar S, Munier FL, Schorderet DF, Stewart H,
Perveen R, Bonshek RE, Odenthal MT, Dixon M, Barraquer
R, Escoto R, Black GC. Ultrastructural and molecular
analysis of Bowman's layer corneal dystrophies: an epithelial
origin? Invest Ophthalmol Vis Sci 2000; 41:3286-92. [PMID:
11006215]

15. Skonier J, Neubauer M, Madisen L, Bennett K, Plowman GD,
Purchio AF. cDNA cloning and sequence analysis of beta ig-
h3, a novel gene induced in a human adenocarcinoma cell line
after treatment with transforming growth factor-beta. DNA
Cell Biol 1992; 11:511-22. [PMID: 1388724]

16. Escribano J, Hernando N, Ghosh S, Crabb J, Coca-Prados M.
cDNA from human ocular ciliary epithelium homologous to
beta ig-h3 is preferentially expressed as an extracellular
protein in the corneal epithelium. J Cell Physiol 1994;
160:511-21. [PMID: 8077289]

17. Clout NJ, Hohenester E. A model of FAS1 domain 4 of the
corneal protein beta(ig)-h3 gives a clearer view on corneal
dystrophies. Mol Vis 2003; 9:440-8. [PMID: 14502125]

18. Dighiero P, Drunat S, D'Hermies F, Renard G, Delpech M,
Valleix S. A novel variant of granular corneal dystrophy
caused by association of 2 mutations in the TGFBI gene-
R124L and DeltaT125-DeltaE126. Arch Ophthalmol 2000;
118:814-8. [PMID: 10865320]

19. Dighiero P, Niel F, Ellies P, D'Hermies F, Savoldelli M, Renard
G, Delpech M, Valleix S. Histologic phenotype-genotype
correlation of corneal dystrophies associated with eight
distinct mutations in the TGFBI gene. Ophthalmology 2001;
108:818-23. [PMID: 11297504]

20. Fujiki K, Nakayasu K, Kanai A. Corneal dystrophies in Japan.
J Hum Genet 2001; 46:431-5. [PMID: 11501939]

21. Ha NT, Cung le X, Chau HM, Thanh TK, Fujiki K, Murakami
A, Kanai A. A novel mutation of the TGFBI gene found in a
Vietnamese family with atypical granular corneal dystrophy.
Jpn J Ophthalmol 2003; 47:246-8. [PMID: 12782158]

22. Kawasaki S, Nishida K, Quantock AJ, Dota A, Bennett K,
Kinoshita S. Amyloid and Pro501 Thr-mutated (beta)ig-h3
gene product colocalize in lattice corneal dystrophy type IIIA.
Am J Ophthalmol 1999; 127:456-8. [PMID: 10218700]

23. Korvatska E, Munier FL, Chaubert P, Wang MX, Mashima Y,
Yamada M, Uffer S, Zografos L, Schorderet DF. On the role
of kerato-epithelin in the pathogenesis of 5q31-linked corneal
dystrophies. Invest Ophthalmol Vis Sci 1999; 40:2213-9.
[PMID: 10476785]

24. Suesskind D, Auw-Haedrich C, Schorderet DF, Munier FL,
Loeffler KU. Keratoepithelin in secondary corneal
amyloidosis. Graefes Arch Clin Exp Ophthalmol 2006;
244:725-31. [PMID: 16331487]

25. Yuan C, Reuland JM, Lee L, Huang AJ. Optimized expression
and refolding of human keratoepithelin in BL21 (DE3).
Protein Expr Purif 2004; 35:39-45. [PMID: 15039064]

26. Miller SA, Dykes DD, Polesky HF. A simple salting out
procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res 1988; 16:1215. [PMID: 3344216]

27. Streeten BW, Qi Y, Klintworth GK, Eagle RC Jr, Strauss JA,
Bennett K. Immunolocalization of beta ig-h3 protein in 5q31-
linked corneal dystrophies and normal corneas. Arch
Ophthalmol 1999; 117:67-75. [PMID: 9930162]

28. Dinh R, Rapuano CJ, Cohen EJ, Laibson PR. Recurrence of
corneal dystrophy after excimer laser phototherapeutic
keratectomy. Ophthalmology 1999; 106:1490-7. [PMID:
10442892]

29. Ellies P, Bejjani RA, Bourges JL, Boelle PY, Renard G,
Dighiero P. Phototherapeutic keratectomy for BIGH3-linked
corneal dystrophy recurring after penetrating keratoplasty.
Ophthalmology 2003; 110:1119-25. [PMID: 12799235]

30. Liskova P, Klintworth GK, Bowling BL, Filipec M, Jirsova K,
Tuft SJ, Bhattacharya SS, Hardcastle AJ, Ebenezer ND.
Phenotype associated with the H626P mutation and other
changes in the TGFBI gene in Czech families. Ophthalmic
Res 2008; 40:105-8. [PMID: 18259096]

31. Chakravarthi SV, Kannabiran C, Sridhar MS, Vemuganti GK.
TGFBI gene mutations causing lattice and granular corneal
dystrophies in Indian patients. Invest Ophthalmol Vis Sci
2005; 46:121-5. [PMID: 15623763]

32. Chau HM, Ha NT, Cung LX, Thanh TK, Fujiki K, Murakami
A, Kanai A. H626R and R124C mutations of the TGFBI
(BIGH3) gene caused lattice corneal dystrophy in Vietnamese
people. Br J Ophthalmol 2003; 87:686-9. [PMID: 12770961]

Molecular Vision 2008; 14:1503-1512 <http://www.molvis.org/molvis/v14/a179> © 2008 Molecular Vision

1511

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7671605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2792995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6967261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8604731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8604731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8136834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9054935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17198850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11923233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11923233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9780098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11006215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11006215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1388724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8077289
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14502125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10865320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11297504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11501939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12782158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10218700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10476785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10476785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16331487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15039064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3344216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9930162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10442892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10442892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12799235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18259096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15623763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12770961
http://www.molvis.org/molvis/v14/a179


33. Schmitt-Bernard CF, Guittard C, Arnaud B, Demaille J, Argiles
A, Claustres M, Tuffery-Giraud S. BIGH3 exon 14 mutations
lead to intermediate type I/IIIA of lattice corneal dystrophies.
Invest Ophthalmol Vis Sci 2000; 41:1302-8. [PMID:
10798644]

34. Stewart H, Black GC, Donnai D, Bonshek RE, McCarthy J,
Morgan S, Dixon MJ, Ridgway AA. A mutation within exon
14 of the TGFBI (BIGH3) gene on chromosome 5q31 causes
an asymmetric, late-onset form of lattice corneal dystrophy.
Ophthalmology 1999; 106:964-70. [PMID: 10328397]

35. Zenteno JC, Santacruz-Valdes C, Ramirez-Miranda A.
Autosomal dominant granular corneal dystrophy caused by a
TGFBI gene mutation in a Mexican family. Arch Soc Esp
Oftalmol 2006; 81:369-74. [PMID: 16888689]

36. Tanhehco TY, Eifrig DE Jr, Schwab IR, Rapuano CJ,
Klintworth GK. Two cases of Reis-Bucklers corneal
dystrophy (granular corneal dystrophy type III) caused by
spontaneous mutations in the TGFBI gene. Arch Ophthalmol
2006; 124:589-93. [PMID: 16606891]

37. Dighiero P, Valleix S, D'Hermies F, Drunat S, Ellies P,
Savoldelli M, Pouliquen Y, Delpech M, Legeais JM, Renard
G. Clinical, histologic, and ultrastructural features of the
corneal dystrophy caused by the R124L mutation of the
BIGH3 gene. Ophthalmology 2000; 107:1353-7. [PMID:
10889112]

38. Mashima Y, Nakamura Y, Noda K, Konishi M, Yamada M,
Kudoh J, Shimizu N. A novel mutation at codon 124 (R124L)
in the BIGH3 gene is associated with a superficial variant of
granular corneal dystrophy. Arch Ophthalmol 1999;
117:90-3. [PMID: 9930165]

39. Rozzo C, Fossarello M, Galleri G, Sole G, Serru A, Orzalesi N,
Serra A, Pirastu M. A common beta ig-h3 gene mutation
(delta f540) in a large cohort of Sardinian Reis Bucklers
corneal dystrophy patients. Mutations in brief no. 180. Online.
Hum Mutat 1998; 12:215-6. [PMID: 10660331]

40. Afshari NA, Mullally JE, Afshari MA, Steinert RF, Adamis AP,
Azar DT, Talamo JH, Dohlman CH, Dryja TP. Survey of
patients with granular, lattice, avellino, and Reis-Bucklers

corneal dystrophies for mutations in the BIGH3 and gelsolin
genes. Arch Ophthalmol 2001; 119:16-22. [PMID:
11146721]

41. Aldave AJ, Rayner SA, King JA, Affeldt JA, Yellore VS. A
unique corneal dystrophy of Bowman's layer and stroma
associated with the Gly623Asp mutation in the transforming
growth factor beta-induced (TGFBI) gene. Ophthalmology
2005; 112:1017-22. [PMID: 15885785]

42. Hilton EN, Black GC, Manson FD, Schorderet DF, Munier FL.
De novo mutation in the BIGH3/TGFB1 gene causing
granular corneal dystrophy. Br J Ophthalmol 2007;
91:1083-4. [PMID: 17638818]

43. Zhao XC, Nakamura H, Subramanyam S, Stock LE, Gillette
TE, Yoshikawa S, Ma X, Yee RW. Spontaneous and
inheritable R555Q mutation in the TGFBI/BIGH3 gene in two
unrelated families exhibiting Bowman's layer corneal
dystrophy. Ophthalmology 2007; 114:e39-46. [PMID:
17980739]

44. Korvatska E, Munier FL, Djemai A, Wang MX, Frueh B, Chiou
AG, Uffer S, Ballestrazzi E, Braunstein RE, Forster RK,
Culbertson WW, Boman H, Zografos L, Schorderet DF.
Mutation hot spots in 5q31-linked corneal dystrophies. Am J
Hum Genet 1998; 62:320-4. [PMID: 9463327]

45. Korvatska E, Yamada M, Yamamoto S, Okada M, Munier FL,
Schorderet DF, Mashima Y. Haplotye analysis of Jaanese
families with a superficial variant of granular corneal
dystrohy: evidence for multiple origins of R124L mutation of
keratoepithelin. Ophthalmic Genet 2000; 21:63-5. [PMID:
10896446]

46. Kim JE, Park RW, Choi JY, Bae YC, Kim KS, Joo CK, Kim
IS. Molecular properties of wild-type and mutant betaIG-H3
proteins. Invest Ophthalmol Vis Sci 2002; 43:656-61. [PMID:
11867580]

47. El Kochairi I, Letovanec I, Uffer S, Munier FL, Chaubert P,
Schorderet DF. Systemic investigation of keratoepithelin
deposits in TGFBI/BIGH3-related corneal dystrophy. Mol
Vis 2006; 12:461-6. [PMID: 16710170]

Molecular Vision 2008; 14:1503-1512 <http://www.molvis.org/molvis/v14/a179> © 2008 Molecular Vision

The print version of this article was created on 14 July 2009. 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.

1512

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10798644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10798644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10328397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16888689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16606891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10889112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10889112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9930165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10660331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11146721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11146721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15885785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17638818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17980739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17980739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9463327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10896446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10896446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11867580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11867580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16710170
http://www.molvis.org/molvis/v14/a179

