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Corneal endothelial dystrophies are a heterogeneous group of diseases with different modes of inheritance 
and genetic basis for each dystrophy. The genes associated with these diseases encode transcription 
factors, structural components of the stroma and Descemet membrane, cell transport proteins, and others. 
Congenital hereditary endothelial dystrophy (CHED) is associated with mutations in two genes, OVOL2 and 
SLC4A11, for dominant and recessive forms of CHED, respectively. Mutations in three genes are known to 
cause posterior polymorphous corneal dystrophy (PPCD). They are OVOL2 (PPCD1), ZEB1 (PPCD3), and 
GRHL1 (PPCD4). The PPCD2 locus involving the collagen gene COL8A2 on chromosome 1 is disputed due 
to insufficient evidence. Mutations in the COL8A2 gene are associated with early‑onset Fuchs’ endothelial 
corneal dystrophy (FECD). Several genes have been associated with the more common, late‑onset FECD. 
Alterations in each of these genes occur in a fraction of patients, and the most prevalent genetic alteration 
in FECD patients across the world is a triplet repeat expansion in the TCF4 gene. Knowledge of the genetics 
of corneal endothelial dystrophies has considerably advanced within the last decade and has contributed to 
better diagnosis of these dystrophies as well as opened up the possibility of novel therapeutic approaches 
based on the molecular mechanisms involved. The functions of genes identified to date provide insights 
into the pathogenic mechanisms involved in each disorder.
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The corneal endothelium develops from the migration of the 
first wave of mesenchyme (neural crest cells) at 5–6 weeks of 
gestation. The neural crest cells migrate centrally through the 
primary cornea formed between the lens vesicle and the surface 
ectoderm. These cells arrange into a sheet of overlapping cells, 
which forms the corneal endothelium by about 8 weeks of 
gestation.[1] At birth, the human cornea has 7500 endothelial 
cells per square (sq) millimeter (mm), while the adult cornea 
has about 2500 cells per sq mm due to a gradual decline in the 
number of endothelial cells throughout life. The endothelium 
actively pumps fluid out of the stroma to maintain a constant 
level of stromal hydration, thereby maintaining corneal 
transparency.[2]

Corneal endothelial dystrophies are a group of heterogeneous 
disorders characterized by the dysfunction and loss of the 
corneal endothelium. Defects in the endothelial cell layer lead 
to fluid accumulation within the corneal stroma, secondary 
changes such as scarring, epithelial bullae, vascularization, 
and consequent vision loss.

The major forms of endothelial dystrophies, i.e., congenital 
hereditary endothelial dystrophy  (CHED), posterior 
polymorphous corneal dystrophy  (PPCD), and Fuchs’ 
endothelial corneal dystrophy (FECD), are genetically diverse 
with respect to the number of associated genes and modes of 
inheritance [Table 1].[3] The international classification of corneal 
dystrophies (IC3D) laid out the parameters for systematically 
classifying all dystrophies by considering the various levels 
of evidence available for each dystrophy, including clinical, 
histopathological, and genetic features. The second edition of 
the IC3D essentially revised the anatomic basis of the corneal 
dystrophies laid out in the first.[4] The acellular layers of the 
cornea including Bowman’s layer, condensed anterior stroma, 
Descemet membrane (DM) and the basement membrane of the 
endothelium were excluded as separate entities.

The common clinical features and associations are 
summarized in Table 1 with representative images shown in 
Fig. 1. There have been several recent developments concerning 
the genetics of endothelial dystrophies, leading to knowledge 
of the genes involved, particularly in the cases of autosomal 
dominant CHED  (CHED1 locus) and PPCD  (involving the 
PPCD1 gene) and certain forms FECD, as detailed in the 
following sections. These discoveries have led to a better 
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understanding of the pathogenesis of these disorders and 
uncovered new molecular mechanisms involved in the disease 
processes. The need for the present review is, thus, to capture 
the current status of this field, including the substantial 
additions, particularly over the last few years, not covered 
in recent literature reviews. Herein, we attempt to present a 
comprehensive and updated account of the genetics of all major 
forms of corneal endothelial dystrophies.

Congenital Hereditary Endothelial 
Dystrophy
Congenital hereditary endothelial dystrophy  (CHED), also 
known as congenital hereditary corneal edema, is characterized 
by bilateral haze and thick corneas at birth [Table 2; Fig. 1a and b]. 
It may be associated with developmental glaucoma in certain 
cases. There are two forms of CHED recognized by their 
different manifestations, modes of inheritance and genetic 
loci: autosomal dominant CHED (as associated to the CHED1 
locus) and autosomal recessive CHED  (CHED2 locus). First 
documented in a large British family,[5] autosomal dominant 
CHED is characterized by a diffuse, milky opacification of 
the cornea, usually evident after the first year of life, stromal 
and epithelial edema, and an increased corneal thickness. 
Photophobia and epiphora are seen in the early post‑natal 
period. The DM appears thickened on slit‑lamp examination, 
and there is an absence of an endothelial mosaic.[5,6] Autosomal 
recessive CHED reportedly has a slightly earlier onset, and 
patients have a milky appearance of the cornea within the first 
few weeks of life. It is characterized by a diffuse corneal opacity 
having a ground‑glass appearance, increased corneal thickness, 
lack of endothelial cells and a homogeneous thickening of 
the DM. Other changes in the cornea which show overlap 
between the two forms of CHED include epithelial atrophy, 
sub‑epithelial fibrosis, and loss of Bowman’s layer. Spheroidal 
degeneration and stromal vascularization occur in association 
with longstanding disease.[6] Autosomal dominant CHED maps 

to the pericentromeric region of chromosome 20,[7] while the 
recessive form maps to the short arm of chromosome 20 at 
20p13.[8]

Autosomal dominant CHED
Pearce et al. initially reported the dominant form of CHED as 
congenital endothelial corneal dystrophy in a British family 
of 78 individuals, half of whom were affected[5]. The same 
family was further elaborated upon,[6] and the disease locus 
was mapped to chromosome 20 by Toma et  al.[7] Although 
two other families were reported as autosomal dominant 
CHED  (CHED1), the clinical and ultrastructural features 
in these cases suggested that the phenotype corresponded 
to PPCD.[9] Electron microscopy of the cornea in one of the 
patients was noted to consist of fibroblast‑like cells two–three 
layers thick, replacing the endothelium, microvilli facing 
the anterior chamber, hemidesmosomes, and cytoplasmic 
filaments: These were all characteristic of PPCD.[10,11] Another 
distinguishing feature of dominant CHED from PPCD is that 
in the former case, corneal haze is evident within the first year 
of life.[12] The very rare occurrence of dominant CHED and 
the absence of any further reports in the literature to support 
its existence apart from the original pedigree mentioned 
above led to its being eliminated as a unique entity by the 
IC3D.[3] However, the British index family reported by Pearce 
et al.,[5] later extending to seven generations with 36 affected 
individuals, was revisited and subjected to a detailed analysis. 
These studies led to the CHED1 gene being mapped to a 
more refined interval on chromosome 20, thus facilitating its 
identification.[12] The affected members in this family presented 
with photophobia, epiphora, and corneal haze, developing 
by one year of age. Whole‑genome sequencing of affected 
members identified the pathogenic change, consisting of a 
duplication  (‑339‑361dup) in the promoter of the Ovo‑like 
2  (OVOL2) gene in the family. Cloning and heterologous 
expression of the mutant OVOL2 promoter showed greater 
activation of a reporter gene than the wild‑type promoter in 

Table 1: Details of Genes and Loci for Corneal Endothelial Dystrophies

Endothelial Dystrophy Locus/gene Inheritance Gene function

CHED CHED1/OVOL2 AD Transcription factor promoting MET

CHED2/SLC4A11 AR Not known; ion transporter–related

PPCD PPCD1/OVOL2 AD Transcription factor

PPCD2/COL8A2* AD Component of Descemet membrane

PPCD3/ZEB1 AD Transcription factor promoting EMT

PPCD4/GRHL1 AD Transcription factor promoting MET

FECD FECD1/COL8A2 AD Component of Descemet membrane

FECD2 (13pter‑q12)/Not known AD Not known

FECD3/TCF4 AD Transcription factor

FECD4/SLC4A11   Not known; ion transporter–related

FECD5 (5q33‑35)/Not known AD Not known

FECD6/ZEB1 Complex Transcription factor

FECD7 (9p24‑22)/not known Complex Not known

FECD8/AGBL1 AD Glutamate decarboxylase
FECD/DMPK AD Protein kinase

The designations for loci FECD1–8 are as per the OMIM database (Ref. 3‑available at https://omim.org/phenotypicSeries/PS136800]. *the status of the COL8A2 
gene as the PPCD2 locus is questionable. AD, Autosomal dominant; EMT, Epithelial–mesenchymal transition; MET, Mesenchymal–epithelial transition. Shown 
above are the phenotypic details of different CEDs including associated features, and structural changes in the cornea as observed on slit lamp, specular 
microscopy and OCT
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cell lines,[12] suggesting that the CHED1 mutation deregulates 
and thereby increases promoter activity. Thus, the putative 
mechanism of the disease involves an aberrant and ectopic 
expression of the OVOL2 gene in endothelial cells of patients 
with dominant CHED.

Ovo‑like 2 is a transcription factor belonging to the Ovo 
family, homologous to the Drosophila Ovo. These proteins 
contain four C2H2‑type zinc fingers at their C‑termini. The 
mammalian OVOL2 gene is expressed in several embryonic and 
post‑natal tissues and regulates the process of mesenchymal–
epithelial transition  (MET). In skin keratinocytes, OVOL2 
induces proliferation but suppresses differentiation.[13] It induces 
MET in dermal fibroblasts cooperatively with other epithelial 
reprogramming factors by enhancing the expression of 
epithelial genes and suppressing fibroblast‑associated genes.[14] 
It is expressed in the corneal epithelium but absent in corneal 
endothelium and stromal fibroblasts.[12] Its overexpression in 
the presence of mutations in its promoter may thus lead to a 
phenotypic alteration of corneal endothelial cells due to changes 
in their gene expression program during development.

Autosomal recessive CHED
The gene for autosomal recessive CHED (CHED2) was mapped 
onto chromosome 20p13 in a family from Myanmar, and 

mutations in the solute carrier family 4 member 11 (SLC4A11) 
gene were identified in the original family and a series of other 
CHED2 families from Pakistan and India.[15,16] The SLC4A11 
gene encodes a transmembrane protein implicated in the 
transport of ions across the membrane, although its exact 
function is not understood as yet. Apart from the reports 
mentioned above, mutational heterogeneity is evident from 
the types and distribution of mutations in SLC4A11 detected 
in families from different regions to date.[17–22] In addition to 
CHED, Harboyan syndrome, a disorder consisting of CHED 
and progressive perceptive deafness, is also associated with 
mutations in SLC4A11.[23]

The SLC4A11 gene was isolated as a bicarbonate‑transporter-
related protein (BTR1) expressed in several glandular tissues[24] 
and is homologous to the borate transporter Arabidopsis 
thaliana, known as AtBor. In the absence of borate ions, BTR1 
conducts Na+  and OH‑, while in the presence of borate, it 
functions as a Na‑coupled borate cotransporter (hence named 
NaBC1). NaBC1 has been characterized as an electrogenic, 
voltage‑regulated transporter, important in mediating 
borate homeostasis in plants and animal cells.[25] Based on its 
similarity to the erythrocyte anion exchanger AE1 protein, 
SLC4A11 is proposed to have fourteen transmembrane 
segments with amino and carboxy termini facing the cytosol.[26] 
Knockout of the Slc4a11 gene in mice is associated with a 
corneal phenotype resembling CHED. The mutant mice show 
a decreased density of endothelial cells, increased cell size, 
loss of hexagonal shape of the cells, thickening of the DM 
disorganization of stromal collagen, and an overall increase 
in corneal thickness.[27] CHED‑associated mutants of SLC4A11 
expressed in cell lines display defects in translocation to the 
cell membrane and increased oxidative stress with apoptotic 
cell death.[28]

Posterior Polymorphous Corneal Dystrophy
Posterior polymorphous corneal dystrophy (PPCD) manifests 
as a diverse spectrum of clinical features [Table 2; Fig. 1e and f]. 
A vast majority of patients with PPCD may be asymptomatic 
and may present with a refractive error or amblyopia when 
one eye is involved. There are others that present with gradual 
loss of vision with variable age at onset of symptoms ranging 
from childhood to adulthood. Common features include 
corneal edema, thickened DM with band‑like or vesicular 
lesions, iridocorneal adhesions and normal or raised intraocular 
pressure.[29,30] The condition is known to be associated with steep 
corneal curvatures.[31] The essential change in the endothelial 
cells is metaplasia with transformation to a multi‑layered 
stratified epithelium having tonofilaments, desmosomes, and 
microvilli.[32] PPCD is an autosomal dominant disorder and has 
four associated genes, designated as PPCD1 to PPCD4. Three 
of the genes are critical regulators of differentiation, inducing 
changes in cell type, either from epithelial to mesenchymal or 
the reverse.

Posterior polymorphous corneal dystrophy 1
The posterior polymorphous corneal dystrophy 1 (PPCD1) 
locus was mapped by linkage analysis of a large family to 
a region of 30 cM on the long arm of chromosome 20,[33] 
encompassing the genetic locus of CHED1. One of the genes 
investigated for its association with PPCD is the visual 
system homeobox 1 (VSX1) gene, which maps within this 

Figure  1: Corneal phenotypes of patients with corneal endothelial 
dystrophy (CED) Representative slit‑lamp photographs (slit view) of 
the right (a) and the left (b) eyes of two different patients with CHED, 
showing diffuse corneal haze and thick cornea limbus to limbus 
throughout. Image B shows secondary spheroidal degeneration due 
to longstanding corneal edema; (c) slit‑lamp photograph of a patient 
with FECD showing focal corneal edema;  (d) specular microscopy 
of the right and left eyes of a patient with FECD showing reduced 
endothelial cell density and characteristic dropout areas suggestive of 
guttae; (e) slit‑lamp photograph of a patient who has PPCD showing 
edema and secondary epithelial changes;  (f) the optical coherence 
tomography of the same patient (as in e), showing deposits at the level 
of Descemet‑endothelial complex with epithelial bullae and scarring
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genetic interval. It encodes a transcription factor expressed 
in ocular tissues. However, the examination of two Czech 
families excluded this gene from the PPCD1 locus.[34] Further 
investigation of a large American family of 29 members[35] and 
multiple Czech families with PPCD confirmed the PPCD1 
genomic interval on chromosome 20. Common ancestry 
in the latter families helped refine the locus for PPCD1.[36] 
Analysis of genes in the mapped PPCD1 interval in affected 
individuals led to the detection of a common mutation in 
the promoter of the OVOL2 gene consisting of a change 
of  −370T>C in sixteen Czech PPCD families. Mutations 
of  −  307T>C and  −  274T  >G of OVOL2 were identified in 
British families with PPCD.[12] The mutation of −307T > C was 
also detected in the family that was originally mapped to 
the PPCD1 locus.[37] These observations established OVOL2 
as the gene for dominant CHED and PPCD, indicating that 
they are allelic disorders.

Posterior polymorphous corneal dystrophy 2
The posterior polymorphous corneal dystrophy 2 (PPCD2) 
locus was attributed to the collagen 8 alpha 2  (COL8A2) 
gene on chromosome 1p34‑p32 to study one family of two 
affected individuals. This locus was earlier mapped in a family 

with FECD, and the COL8A2 gene in the critical region was 
considered a suitable candidate gene for both FECD and PPCD 
due to its expression in the DM. Mutation in the COL8A2 gene 
of Gln455Lys was identified in one family with a reported 
diagnosis of PPCD comprising two affected individuals, in 
addition to two families with early‑onset FECD.[38] Curiously, 
two families with early‑onset FECD and one family with 
PPCD, all from Northern England, were reported to have a 
common founder haplotype for five markers at the disease 
locus. It is questionable that families with two different 
clinical conditions can share a founder haplotype, even if the 
same gene is involved. One possibility is that a diagnosis of a 
disease as PPCD in the concerned family is incorrect. This idea 
is contradicted by the statement that ultrastructural analysis 
of the patients’ corneas confirmed the characteristic features 
of PPCD, such as multilayering of the corneal endothelium 
and presence of desmosomes and microvilli.[38] Possible 
explanations for a shared haplotype between the families 
could be that the five markers used to determine haplotypes 
around the COL8A2 gene are not sufficiently polymorphic or 
that the particular haplotypes reported are present at a high 
frequency in the population studied. In the absence of data 

Table 2: Summary of Phenotypes of Corneal Endothelial Dystrophies

Dystrophy Clinical features on slit lamp Other associations Features observed by specular microscopy Features on OCT 

CHED Diffuse corneal haze, Developmental 
glaucoma

Not visible due to stromal haze Thickened cornea

Thick corneas, abnormalities in 
corneal shape and size

Amblyopia Epithelial 
hyperreflectivity 
in those with 
longstanding edema 

Edema in longstanding/severe 
cases/those with raised IOP

Nystagmus 

Secondary corneal changes 
such as spheroidal 
degeneration 

Sensorineural 
deafness (Harboyan 
syndrome) 

PPCD Vesicles, bands, and placoid 
lesions at the level of DM 

Meridional 
amblyopia 

Dropout areas corresponding to the vesicles/
bands

Rail‑track 
appearance of 
DM‑ endothelial 
complex,

Thickened DM, iris changes Keratoconus Low endothelial cell density Epithelial 
hyperreflectivity in 
longstanding edema

Thick and steep cornea with 
edema

Epithelial changes in 
longstanding edema

Corneal vascularization & 
secondary degenerative 
changes 

FECD Guttae typically more in central 
versus peripheral cornea

Glaucoma 
(open‑angle and 
angle‑closure) 

Guttae Thickened 
DM in some 
cases, Epithelial 
hyperreflectivity in 
those with edema

Pigments on the endothelial 
surface
Epithelial changes in 
longstanding edema corneal 
vascularization can occur

Areas between guttae may show endothelial 
cells parameters such as increased coefficient 
of variation and mean cell area, correlating 
with endothelial health

Table 2 shows the major phenotypic changes for each endothelial dystrophy as observable under slit lamp, specular microscopy and OCT. Other associations 
denote pathologies not involving the endothelium



July 2022	 Kannabiran, et al.: Corneal endothelial dystrophies	 2243

on haplotypes of normal controls from the same region, one 
cannot ascertain the reasons for shared haplotypes between 
the families. Furthermore, the involvement of the COL8A2 
gene in PPCD is not supported by other studies, which found 
no pathogenic alterations in PPCD cases, consisting of five[39] 
and fourteen probands tested.[40] Sequence changes that were 
identified in patients were also found in normal controls. 
Thus, the association of the COL8A2 gene with PPCD is 
questionable.

Posterior polymorphous corneal dystrophy 3 (PPCD3)
The posterior polymorphous corneal dystrophy 3  (PPCD3) 
locus was mapped to the short arm of chromosome 10 in 
a large family in which affected members presented with 
vesicular, geographic, or band‑like lesions in the DM. The zinc 
finger E‑box binding homeobox 1  (ZEB1) gene is located in 
the mapped region for PPCD3 and encodes a homeodomain 
zinc finger transcription factor that represses the epithelial 
phenotype. Analysis of the ZEB1 gene in the family revealed a 
frameshift mutation consisting of a two base‑pair deletion (the 
cDNA change is c.2916_2917del).

Pathogenic mutations were detected in four families upon 
screening of ten additional families in this study,[41] with 
all of the mutations involving frameshifts or stop codons. 
Similar types of mutations in ZEB1 have been found in other 
populations of PPCD patients as well.[42–46] Individuals with 
ZEB1 mutations also have other non‑ocular phenotypes such as 
hernias and hydroceles in males, occasional hernias in women, 
and skeletal defects in some families.[41,42,47] Hypoplasia or 
agenesis of the corpus callosum has been observed in various 
patients with PPCD3. Two probands with defects in the corpus 
callosum and PPCD had a single base deletion (c. 449delG) and 
a two base pair deletions (c.1913‑1914delCA), respectively.[48] 
Interstitial deletion of about 2 Mb encompassing the ZEB1 
gene was detected in another patient with agenesis of the 
corpus callosum and PPCD.[49] One of the targets regulated 
by ZEB1 is the collagen gene COL4A3. It has ZEB1‑binding 
sites in its promoter and is repressed by ZEB1.[41] Thus, the 
cornea of a patient with a mutation in ZEB1 showed ectopic 
expression of COL4A3, supporting the idea that altered gene 
expression contributes to an abnormal Descemet membrane. 
The phenotypes associated with ZEB1 mutations in humans 
are recapitulated in mouse models having a knockout of 
ZEB1, though the homozygous knockout mice die shortly after 
birth. The knockout mice show corneal defects such as ectopic 
expression of epithelial genes in the endothelium, abnormal 
proliferation of keratocytes and endothelium, iridocorneal 
adhesions and numerous skeletal defects.[50,51]

ZEB1   is a transcription factor that regulates the process 
of EMT  (epithelial–mesenchymal transition), the opposite 
of MET  (mesenchymal–epithelial transition). EMT is a 
transition of cell state that can occur during development, 
wound healing, fibrosis and disease, in which epithelial cells 
lose their characteristic features such as gene expression 
profile involving repression of epithelial gene expression and 
activation of mesenchymal genes, changes in cell polarity 
and cell–cell adhesion. A  key event in the transition is the 
switch from E‑cadherin to N‑cadherin gene expression, 
which alters the adhesion properties of the cells.[52] These 
changes bring about a mesenchymal phenotype. As mentioned 
above, haploinsufficiency of ZEB1 in a PPCD3  patient 

was associated with a decreased endothelial expression 
of COL4A3, but changes in other collagens appear less 
conclusive. The overall transcriptomic profile of corneal 
endothelium in PPCD3 patients displayed a significant loss 
of endothelial‑specific gene expression, ectopic expression of 
epithelial cadherin 1, and loss of ZEB1 expression.[53]

Posterior polymorphous corneal dystrophy 4
The fourth locus for PPCD, designated as PPCD4, was mapped 
in a nine‑generation Czech family with an autosomal dominant 
transmission of PPCD onto chromosome 8q22‑24. Whole 
genome sequencing and analysis of sequences in the mapped 
PPCD4 region showed a mutation of c.20+544G>T, located 
within the intron of the grainy head‑like 2 (GRHL2) gene, in the 
family.[54] The GRHL2 gene encodes a transcription factor that 
represses both ZEB1 activity and the process of EMT. Though 
located within the first intron of the gene, in silico analysis of 
the intron sequence suggested that it regulates transcription 
of the gene. The c.20+544G>T mutation was detected in three 
additional PPCD families of Czech origin. Two more mutations 
in the GRHL2 promoter were identified in British subjects, also 
located in the intron  (c.20+257delT and c.20+133delA). The 
GRHL2 mutations were associated with intra‑ and interfamilial 
variability in phenotypes, with onset of loss of vision ranging 
from childhood until adulthood in different individuals. Ages 
at surgery and endothelial cell phenotypes also showed a 
wide variation. Asymmetric disease was noted in some cases. 
Similar to OVOL2, the expression of GRHL2 is undetectable in 
fetal or adult corneal endothelium but found at high levels in 
corneal epithelial cells. Analysis of mutant promoters in cell 
lines suggests an increased activity of the mutants compared 
with the normal sequence.[54] Furthermore, levels of GRHL2 are 
found to be increased in PPCD1 corneas as well as other corneal 
tissues without a mutation in any of the known PPCD loci.[55] 
These observations imply a mechanism of ectopic expression 
of the GRHL2 gene in the corneal endothelium of PPCD 
patients carrying the mutations mentioned above, leading to 
an epithelial‑like transformation of these cells.

Three of the four PPCD genes encode transcription factors 
that determine the status of differentiation of the endothelium. 
The pathogenic mechanisms in PPCD are thus consistent with 
a lack of regulation of cell fate due to mutations in the ZEB1, 
OVOL2, and GRHL2 genes, leading to the altered epithelial‑like 
morphology of the corneal endothelium in this disease. Loss 
of activity in the case of ZEB1 mutations and deregulated or 
ectopic activity in the case of OVOL2 and GRHL2 mutations are 
implicated in the pathogenesis of various types of PPCD. An 
aspect that is yet to be understood is the extent and nature of the 
regulatory region of the GRHL2 gene since mutations identified 
in PPCD4 include sequences downstream of the transcription 
start site in the intron of the gene. Knowledge of the specific 
intronic sequences of GRHL2 that regulate its expression, and 
their mode of action, may help in understanding the factors 
which interact with the promoter and regulate MET. Apart 
from the known PPCD genes, there appears to be further 
genetic heterogeneity in the disease. Since screening of several 
families for mutations in the relevant regions, all the known 
PPCD genes did not reveal any mutations in them.[55] There 
may be other loci involved in the disease or further mutational 
heterogeneity involving other regions in the same genes that 
may explain unresolved cases.
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Fuchs’ Endothelial Corneal Dystrophy
Fuchs’ endothelial corneal dystrophy (FECD) is common in 
many parts of the world, particularly in the older population. 
It commonly manifests with early morning symptoms of 
decreased vision, corneal haze and poor night vision. It 
has a female preponderance and has a prevalence ranging 
from about 3% to 11% in different parts of the world, being 
much more common in Western countries than in Asia.[56] 
Characteristic signs include reduced endothelial cell density, 
abnormal size and shape of endothelial cells, corneal edema, 
and formation of excrescences (guttae) on the DM, which is 
abnormally thickened  [Table  2; Fig.  1c and d]. It is graded 
according to clinical severity on the Krachmer grading scale 
from grade 0 to grade 6, depending on the extent of guttae and 
the presence of corneal edema.[57] FECD presents as early‑ and 
late‑onset forms. The early‑onset form is rare and develops 
within the first decade,[58] progressing through the second to 
third decades.

In contrast, the more typical late‑onset form has its onset 
in the second to third decades and manifests after the fifth 
decade. The details of loci and genes associated with FECD are 
summarized in Table 1; loci are designated as FECD1–FECD8. 
Three loci are mapped (FECD2, FECD5, and FECD7), the genes 
of which are unknown.

Early‑onset FECD
Collagen 8 alpha 2 gene
Early‑onset FECD is associated with mutations in the 
collagen 8 alpha 2  (COL8A2) gene. Linkage mapping of a 
three‑generation family with early‑onset FECD assigned the 
locus to chromosome 1p34‑32.[38] The COL8A2 gene in this 
locus encodes a component of the DM and thus represents a 
strong candidate for FECD and PPCD. A missense change of 
glutamine‑455 to lysine (c.1363C>A; Gln455Lys) was identified 
in the original family; the same variant was observed in two 
more families with FECD and a family with PPCD. Another 
mutation of lysine‑450 to tryptophan (c.1349T>G; Lys450Trp) 
was reported for early‑onset FECD in a six‑generation family. 
It was associated with much greater severity of the disease 
when compared with other familial FECD patients.[59] Other 
mutations in COL8A2 reported in patients with late‑onset FECD 
such as arginine‑155 to glutamine  (c.464G>A; Arg155Gln), 
arginine‑304 to glutamine (c.911G>A; Arg304Gln), arginine‑434 
to histidine  (c.1300G>A; Arg434His), and glutamine‑455 to 
lysine  (c.1363C>A; Gln455Lys), have not been confirmed to 
be specific to the disease since they were also found in normal 
individuals.[39,60] Overall, COL8A2 mutations involve amino acid 
substitutions that are associated with early‑onset FECD. The role 
of the COL8A2 gene in late‑onset disease is not confirmed from 
existing data. Knock‑in mouse models for COL8A2 mutations 
lysine‑450 to tryptophan  (Lys450Trp) and glutamine‑455 to 
lysine (Gln455Lys) have been generated by replacing the normal 
mouse Col8a2 gene with the selected mutant genes. These mice 
show changes similar to the human phenotypes with a gradual 
decline in endothelial cell density, increase in the number of 
guttae and loss of hexagonal shape of the endothelial cells.[61,62]

Late‑onset FECD
Zinc finger E‑box‑binding protein 1 gene
The zinc finger E‑box‑binding protein 1  (ZEB1) gene was 
investigated for association with FECD based on its already 

established role in the pathogenesis of a related disorder, PPCD. 
A missense change of asparagine‑696 to serine (Asn696Ser) in a 
conserved protein region was found in one out of 74 unrelated 
patients with the late‑onset disease.[63] A larger study involving 
384 cases of late‑onset FECD in Caucasian patients reported 
missense mutations in the ZEB1 gene in less than 2% of 
patients. A locus on chromosome 9p mapped in one multiplex 
family with FECD is postulated to interact with a missense 
mutation  (glutamine‑840 to proline  (Gln840Pro)) in ZEB1 
based on phenotypic severity of individuals having the risk 
haplotype in this locus as well as the Gln840Pro mutation.[64] 
A later study of Indian patients reported mutations in ZEB1, 
including one nonsense and four missense mutations in 6 out 
of 82 patients with FECD.[65]

Transcription factor 4 gene
The Transcription factor 4 (TCF4) gene encodes a helix–loop–
helix transcription factor E2‑2. Association of the TCF4 gene 
with FECD was obtained through a genome‑wide study of 
FECD cases of European origin. Significant associations with 
the disease were obtained with several markers in this region, 
and the strongest association was obtained with a single 
nucleotide polymorphism  (SNP) rs613872, suggesting an 
increased risk of about five‑fold for each allele.[66] This effect was 
replicated through other association studies of FECD cases that 
are possibly mostly Caucasian and also confirmed by linkage 
analysis of multiplex families.[67,68] A marginal association of 
FECD with rs613872 was seen in Indian subjects with a sample 
size of forty‑four subjects.[69] On the other hand, a different SNP 
in the same locus, rs17089887, showed significant association 
with FECD in this study of Indian FECD cases.

Another polymorphic marker in the TCF4 gene linked to 
the rs613872 SNP is a trinucleotide repeat sequence made up 
of CTG repeats in an intron of the gene. Significant expansions 
of triplet repeats at this locus are associated with FECD. Repeat 
numbers of above a threshold of 50 repeats are reported in 
79% of cases and about 3% of controls.[70] The repeat expansion 
shows a strong association with FECD, and a repeat number 
greater than 40 repeats displayed complete penetrance in 52% 
of cases and incomplete penetrance in an additional 10% of the 
families of Caucasian origin.[71] This association was reported 
in different populations, including Chinese,[72] Japanese,[73] 
Indian,[74] German,[75] and Australian.[76] The disease mechanism 
in cases of expansion of triplet repeats in TCF4 is that the repeat 
sequences are transcribed into expanded CUG repeat RNA. 
The repeat RNA binds and sequesters a splicing factor known 
as MBNL  (muscleblind‑like protein), causing widespread 
mis‑splicing of several other genes in the endothelium. The 
mutant CUG repeat RNA accumulates and is visible as nuclear 
foci in the affected corneal endothelial cells using fluorescence 
in situ hybridization.[77,78] A quantitative analysis of the MBNL 
proteins in endothelial tissues and cell lines suggests that the 
levels of the protein are lower in human corneal endothelial 
tissue and localized mostly in the cytoplasm. Furthermore, the 
MBNL proteins are required for stabilization of foci. These data 
may explain the presence of RNA foci as well as the pathologic 
effect of the triplet expansion in TCF4 gene in the corneal 
endothelium.[79,80]

Solute carrier family 4 member 11 gene
The association of solute carrier family 4 member 11 (SLC4A11) 
gene mutations in autosomal recessive CHED makes it a 
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suitable candidate gene for FECD as well, and it has therefore 
been screened in patients with FECD. A  study of 89 Asian 
patients found four patients with mutations in SLC4A11.[81] 
Analysis of the mutant proteins in vitro showed that they had 
defects in localizing to the cell surface. A study of 45 Indian 
patients with late‑onset FECD found four missense changes 
in five patients.[82] In contrast, no significant associations 
of SLC4A11 mutations were detected in another study 
of 80 Indian patients with FECD[83] or African American 
patients.[84] A different approach to studying the association of 
SLC4A11 mutations with FECD was employed to investigate 
a series of eight families of patients with CHED2. Here, 
the heterozygous parents of CHED‑affected children with 
SLC4A11 mutations showed early signs of FECD, though they 
were asymptomatic.[85]

Other genes associated with late‑onset FECD
Other genes have been associated with FECD through studies 
on large families and a series of cases. These genes are found 
to be involved in 1%–2% of FECD patients. The AGBL1 gene 
encodes a carboxypeptidase that modifies target proteins by 
deglutamylation. It is expressed in the corneal endothelium, 
and the wild‑type protein has a cytoplasmic localization. 
Mutations in the ATP‑GTP binding protein‑like 1  (AGBL1) 
gene are associated with FECD in both familial and sporadic 
forms of the late‑onset disease.[86] Another FECD locus mapped 
to chromosome 18q in three large families is ascribed to the 
lipoxygenase homology domain 1  (LOXHD1) gene, though 
a variant was found in only one of the families. Based on 
available data, the association of LOXHD1 variants with FECD 
must be interpreted cautiously due to the high percentage of 
novel variants detected at this locus in control populations 
and patients.[87]

A CTG trinucleotide repeat expansion in the 3’‑untranslated 
region of the DMPK gene results in myotonic dystrophy 
type 1 (DM1). The DM1 protein kinase (DMPK) gene encodes 
for dystrophia myotonica protein kinase. While nearly all 
DM1 patients develop bilateral iridescent cataracts, studies have 
shown that 36%–46% of DM1 probands develop FECD.[88,89] In 
a screen of 317 FECD probands, one patient harbored a DMPK 
expansion without a prior diagnosis of DM1, suggesting that 
DMPK mutations contribute to the genetic burden of FECD 
but are rare. CUG repeat RNA foci co‑localizing with MBNL1 
have been observed in the corneal endothelial cells of a DM1 
subject with FECD.[88]

Genome‑wide association studies of large cohorts of FECD 
cases of European ancestry have shown significant associations 
with polymorphisms in other genes, in addition to a strong 
association with TCF4.[90] Apart from the various risk alleles 
associated with FECD, analysis of mitochondrial variants has 
suggested associations with mitochondrial markers having 
protective effects for FECD.[91]

Thus, from all the studies done so far, late‑onset FECD 
appears to be highly genetically heterogeneous, and a small 
percentage (no more than 5%–10%) of patients have mutations 
at each of the known FECD loci such as ZEB1 and SLC4A11. 
The largest pathogenic impact among the known FECD loci is 
that of the TCF4 intronic repeat sequence, found in a substantial 
fraction of patients from different populations across the world. 
Since this repeat expansion is associated with gross mis‑splicing 

and the presence of RNA foci, CRISPR‑Cas approaches are 
being developed to target and block the repeat RNA[92] or cut 
the repeat DNA sequences by gene editing as well as by using 
antisense oligonucleotides to bind to and block the mutant 
RNA.[93,94]

A form of X‑linked endothelial dystrophy has been reported 
in one family. The locus for endothelial dystrophy in a family of 
60 members studied maps to chromosome Xq25.[95] The affected 
individuals displayed variable phenotypes, including corneal 
clouding, band keratopathy, and endothelial cells appearing 
like “moon craters”. Microscopy showed degeneration of the 
endothelium and thickening of the DM.

Summary and Clinical Relevance
Many recent advances in the genetics of corneal endothelial 
dystrophies have brought to light pathways and mechanisms 
underlying the development of these diseases and pointed 
to correlations between genotype and phenotype. Despite a 
high degree of genetic heterogeneity, particularly for PPCD 
and FECD, the prevalence of mutations in the existing genes 
are rapidly being defined in patients from different regions. 
The application of genome sequencing may further facilitate 
the identification of new loci or novel types of pathogenic 
changes in existing genes in the near future and enhance our 
understanding of the underlying genetics of these diseases. 
A significant corollary of the new developments in the field 
lies in the possibility of developing suitable new therapies for 
these disorders based on their known genetic and molecular 
mechanisms. Proof of concept has already been obtained for 
using specific approaches to inhibit the triplet repeat expansion–
mediated disease pathways in FECD. Genetic screening may aid 
in establishing a genotype–phenotype correlation for patients. 
In a majority of cases, a meticulous slit‑lamp examination and 
histological analysis wherever available help in determining 
the exact nature of the endothelial disease, although a diagnosis 
in patients with unusual manifestations can be supported 
by genetic testing. In familial forms of PPCD, knowing the 
mutation can aid in early screening and detection of affected 
but asymptomatic individuals. Developments in genetics have 
improved our knowledge of the corneal endothelial dystrophies 
and reduced the inaccuracies in their nomenclature. An 
accurate diagnosis of the specific type of endothelial dystrophy 
assists in planning the most appropriate management strategy 
and prognostication of the clinical condition. Furthermore, 
with the advent of alternatives such as pharmacotherapy and 
targeted molecular therapy in the management of endothelial 
dystrophies, a precise diagnosis of the clinical phenotype has 
become increasingly paramount.
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