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ABSTRACT
Corneal dystrophies are a group of predominantly rare inherited disorders. They are by definition bilateral, relatively symmet-
rical, and without systemic involvement, affecting corneal transparency and/or refraction. Traditional classification of corneal 
dystrophies is based on slit-lamp appearance, affected corneal layer and histological features. Molecular genetics has provided 
ultimate proof for the existence of distinct corneal dystrophies and discarded duplicates in their terminology. Currently, there 
are at least 16 genes with identified pathogenic variants implicated in corneal dystrophies. Herein, we summarise contemporary 
knowledge on genotype–phenotype correlations of corneal dystrophies, including a critical review of some reported variants, 
along with the understanding of the underlying pathogenic dystrophic process; essential knowledge for the development of tar-
geted therapies.

1   |   Introduction

Corneal dystrophies (CDs) represent a heterogeneous group of 
hereditary disorders with variability in onset, progression, and 
severity. By definition, CDs are bilateral and relatively symmet-
rical, with no systemic involvement, affecting corneal trans-
parency and refraction, frequently manifesting in the first or 
second decade of life. The identification of underlying genetic 
causes has widely impacted their classification and recognition 
in general. With the exception of Fuchs endothelial corneal dys-
trophy (FECD), CDs are rare disorders affecting fewer than five 
individuals per 10 000 [1].

Traditionally, CDs have been distinguished based on their clini-
cal appearance and histological features, and many eponymous 

names were used, often for the same clinical entity. Molecular 
characterisation, however, has transformed our knowledge of 
many inherited diseases, with awareness that changes in one 
gene can cause different clinical phenotypes, but also that one ap-
parent phenotype may be caused by changes in different genes [1].

The International Committee for Classification of Corneal 
Dystrophies (IC3D) is a specialised group focused on the clas-
sification and understanding of CDs [1]. The IC3D classification 
is organised by the layers of the cornea affected and incorpo-
rates genetic information where available. The IC3D regularly 
updates its classification system to reflect new discoveries in 
genetic research and clinical observations [1]. This review will 
therefore use the proposed IC3D nomenclature and any excep-
tions will be discussed.
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Online Mendelian Inheritance in Man (OMIM, https://​omim.​
org/​) is a continuously updated catalogue of human genes and 
genetic disorders and traits, with a particular focus on the mo-
lecular relationship between genetic variation and phenotypic 
expression. In this review, we will refer to the OMIM number of 
each condition described. Standard nomenclature will be used; 
gene symbols are italicised (e.g., SPARCL1) and the protein is not 
italicised (e.g., SPARCL1).

The ACMG/AMP criteria refer to the guidelines established 
by the American College of Medical Genetics and Genomics 
(ACMG) and the Association for Molecular Pathology (AMP) for 
the interpretation of genetic variants. These criteria are used to 
classify genetic variants in a standardised manner: pathogenic, 
likely pathogenic, variant of uncertain significance (VUS), 
likely benign, benign, which is essential for understanding their 
potential role in disease and for informed clinical decisions. 
Various parameters are assessed for the variant classification, 
including population data, functional studies, computational 
predictions and segregation data, among others [2].

Although the genetic cause for many of the CDs has been char-
acterised, continuous advancements in technology and in our 
knowledge of genomics have allowed identification of two fur-
ther genes implicated in the pathogenesis of CDs in 2024 alone 
[3, 4]. In addition, innovative therapeutic approaches for CDs are 
under development, including cellular therapies, RNA interfer-
ence, and antisense oligonucleotides (ASOs) [5], for which a pre-
requisite will be a genetic diagnosis at the DNA level.

This review summarises the latest understanding of CDs based 
on genotype–phenotype correlations, focusing on disorders that 
have robust genetic evidence supporting their delineation as 
separate clinical entities. This knowledge is crucial for patients 
and their family members: to determine the risk to subsequent 
generations, for prognosis regarding visual acuity, for planning 
any surgical intervention to optimise vision and minimise re-
currence post-intervention, and for clearly understanding the 
aberrant pathway causing the corneal opacification – a necessity 
for targeted pharmacological success.

2   |   Prevalence of CDs

A knowledge of the prevalence of disease within given popu-
lations and sex predominance may aid diagnosis, and this also 
helps with interpretation of genetic variants.

To decide on the rarity of each disease, we have retrieved pub-
lications from the PubMed database (https://​pubmed.​ncbi.​nlm.​
nih.​gov/​ accessed 13 August 2024) by searching combinations of 
the following keywords: ‘corneal dystrophy’ ‘mutation’ and/or 
‘pathogenic variant’ and abbreviation of the disease-associated 
genes, except for TGFBI, CHST6, and UBIAD1, which have been 
recently reviewed in other publications [6–8].

Estimates of the prevalence of CDs have substantial limitations 
as they are primarily based on information from two sources: 
corneal transplant registries and large case series from cor-
neal surgeons, and are thus biased toward more severe cases. 
Hence, the number of individuals with CDs that do not require 

keratoplasty is difficult to assess. As our approach did not in-
clude exact numbers of affected individuals, only probands, nor 
deep assessment using ACMG/AMP criteria for the already re-
ported variants, which is beyond the scope of this review, we 
show an approximate number of families (range), except for CDs 
observed in fewer than 10 families worldwide. These numbers 
may be underestimates as not all CD's or their genetic variants 
are published, nor reported in ClinVar [9] or gene-specific vari-
ant databases, and may be held in institutional databases.

As rare CDs are Mendelian diseases, they can occur in any pop-
ulation as a result of spontaneous mutational events, and except 
for X-linked endothelial corneal dystrophy, there seems to be 
no male-to-female ratio differences. The prevalence of reces-
sive disorders such as Macular corneal dystrophy (MCD) and 
Congenital hereditary endothelial dystrophy (CHED) is known 
to be higher in communities where consanguinity is common 
[10, 11]. Some CDs have been observed in only a few families, 
and their incidence is influenced by local founder effects and 
geographically isolated frequencies of diseased alleles. For ex-
ample, MCD is relatively common in the Icelandic population 
[12, 13], while PPCD1 and PPCD4 show higher prevalence in the 
Czech Republic compared to other countries, which is attributed 
to two different founder effects [14, 15].

Estimates on age-related FECD prevalence vary significantly, 
partly as there is no consensus on whether isolated guttae are 
part of the FECD spectrum or an independent, nonprogressive 
condition [16, 17]. A recent meta-analysis estimated the global 
prevalence of age-related FECD to be 7.33% [18]. Another study 
that used Medicare data of patients older than 65 years con-
cluded that the prevalence of age-related FECD in the United 
States is 1.12% [19]. Disease occurrence is significantly higher in 
women and the white population compared with other ethnici-
ties [18, 19]. Taken together, we conclude that age-related FECD 
is present in more than 2% of the population worldwide.

3   |   Genetic Testing

Advances in genetic technologies have resulted in more com-
prehensive gene panels for a given disease, either isolated CDs 
or other ocular conditions. These next-generation sequencing 
panels are cost-effective, with a relatively quick turnaround. A 
decision to undertake genetic testing can only be made with ap-
propriate and informed genetic counselling and consent of the 
patient(s) and their family, in either a dedicated ocular genetic 
service or through the general genetic service. Many variants 
may be identified using this technology, and it is crucial that cor-
rect interpretation, using ACMG/AMP criteria, is applied for a 
definitive genetic diagnosis, and segregation analysis performed 
in family members.

4   |   Summary List of CDs

Well-defined CDs that will be further discussed in the current 
review are summarised in Table 1. For each condition, pheno-
type OMIM number (https://​www.​omim.​org, accessed 2 August 
2024), the associated gene, inheritance pattern and number of 
reported families as a proxy of the global prevalence are shown. 

https://omim.org/
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All images of CDs in the following text were taken in patients 
with a diagnosis confirmed at the DNA level.

Table  S1 provides further details about the known molecular 
genetic pathology, with genes causing CDs listed, and includes 
the name of the encoded protein, its known function, and pre-
sumed pathogenic mechanisms implicated in the associated CD. 
In some genes, especially those encoding transcription factors, 
the etiopathogenetic downstream mechanisms are likely to be 
cell-specific, involving a network of target genes that are not 
fully elucidated. Genes deleted in posterior amorphous corneal 
dystrophy (PACD) are not shown, as the primary driver of the 
pathology is not known.

The scope of this review covers those dystrophies in the last edi-
tion of IC3D [1] and therefore does not include anterior segment 
dysgenesis genes nor keratoconus, which is a complex disease. 
The genetic basis for keratoconus is not yet clearly identified, 
with multiple genetic associations identified in genome-wide 
association studies (GWAS) [20, 21]. Detailed surgical manage-
ment is beyond the scope of this review, with many publications 
devoted to this topic.

5   |   Epithelial and Subepithelial CDs

Meesmann Epithelial Corneal Dystrophy (MECD) presents with 
multiple, solitary transparent microcysts seen on retroillumina-
tion, which on direct illumination may appear as a diffuse grey, 
superficial opacity with a distinct border (Figure 1a,b). This is an 
example of a clinical entity that is in fact caused by pathogenic 
variants in 2 different genes.

MECD is due to dominant negative pathogenic variants in 
KRT3 and KRT12, which encode corneal-specific cytoskeletal 
proteins, Keratin 3 and 12 [22]. The intermediate cytoskeletal 
filaments formed by heterodimers of K3-K12 stabilise the cor-
neal epithelial cells with structural support. Protein misfolding 
results from the mainly missense pathogenic variants that are 
all located in helix initiation or helix termination motifs—func-
tionally critical regions [23, 24]. A mouse model carrying the 
human KRT12 p.Leu132Pro mutation demonstrated a cornea 
with a disorganised epithelium with fragile cells, delamination 
of the basal layer, and cytolysis generating cysts that occasion-
ally rupture at the corneal surface, as well as apoptotic unfolded 
protein response (UPR) markers [25]. The UPR is a defensive 
mechanism of the cell to prevent toxicity from incorrectly folded 
proteins [26].

Epithelial recurrent erosion dystrophy (ERED) is characterised 
by an onset of recurrent painful epithelial erosions in the first 
decade of life that become less frequent with age, with resultant 
focal or diffuse subepithelial opacities (Figure 1c).

Gain-of-function mutations in COL17A1 were described in 
2015, with six unrelated families harbouring the c.3156C>T 
variant, which introduces a cryptic donor site resulting in aber-
rant pre-mRNA splicing [27–29]. In vivo confocal microscopy 
examination in two families showed brightly hyperreflective 
polymorphous intraepithelial opacities in the epithelium, al-
though they were invisible on biomicroscopic examination. E
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Areas with clinically visible disc-like opacities showed bowl-
like epithelial thickening extending into the anterior stroma, 
with complete destruction of the Bowman layer and the sub-
epithelial nerve plexus. The adjacent anterior stroma was 
remarkable for diffuse accumulation of anterior stromal extra-
cellular matrix [28].

COL17A1, a member of the collagen family, is an integral part 
of the hemidesmosome structure and is expressed in the cor-
neal epithelium [28, 30], suggesting a function biologically rel-
evant to the ERED phenotype. Elucidating the genetic cause 
for ERED has allowed multiple eponymously named entities 
(Franceschetti corneal dystrophy, Dystrophia Smolandiensis, 
Dystrophia Helsinglandica) to be redefined under this umbrella 
term [31]. COL17A1 is associated with other diseases charac-
terised by compromised epithelial attachment. Autoimmunity 
against COL17A1 produces the skin-blistering disease bullous 
pemphigoid, whereas mutations in COL17A1 cause the reces-
sive, mechanically induced skin-blistering disease junctional 
epidermolysis bullosa [32], which manifests with corneal ero-
sion in many patients [33]. COL17A1 is linked to keratinocyte 
mobility [34], and increased levels of COL17A1 have been ob-
served during corneal wound healing [35], suggesting it plays 
a crucial role not only in maintaining epithelial attachment but 
also in recovering from injury [34].

Lisch Epithelial Corneal Dystrophy (LECD) is characterised by 
the presence of typically bilateral whorl-like, band-shaped, or 
feathery grey opacities in the corneal epithelium (Figure 1d,e). 
Patients with this condition remain asymptomatic as long as 
the visual axis is uninvolved. Some may experience mild visual 
disturbances, such as glare or blurred vision, depending on the 
extent and location of the opacities. The condition usually pres-
ents in childhood or early adulthood, but can be diagnosed later 
as well.

The affected corneal epithelium shows intracellular vacuoles, 
which are thought to be responsible for the opacities observed in 
LECD. The abnormal epithelial cells are postulated to originate 
from pathological stem cells [36].

LECD is an autosomal dominant disease with incomplete pen-
etrance. Most recently it has been shown that heterozygous 
loss-of-function mutations in the MCOLN1 gene are disease-
causing [3]. This gene encodes Mucolipin Transient Receptor 
Protein Cation Channel 1, a transmembrane protein involved 
in the regulation of ion channels and lysosomal function 
within cells. This protein localises to the intracellular vesicu-
lar membrane, including lysosomes, and functions in the late 
endocytic pathway and in the regulation of lysosomal exocyto-
sis. Biallelic pathogenic variants cause recessive mucolipidosis 

FIGURE 1    |    Slit-lamp photographs of epithelial and subepithelial corneal dystrophies. Meesmann corneal dystrophy with tiny round opacities in 
the corneal epithelium (a, b); epithelial recurrent erosion dystrophy with subepithelial scarring and fibrosis (c); Lisch epithelial corneal dystrophy, 
note whorl-like, feathery grey opacities (d, e); gelatinous drop-like corneal dystrophy characterised by yellow-white deposits with superficial neovas-
cularisation (f).
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type IV, a rare lysosomal storage disorder that includes visual 
impairment due to corneal clouding, retinal degeneration, and 
optic atrophy [37].

Gelatinous drop-like corneal dystrophy (GDLD) presents with 
central nodular, ‘mulberry’ or band-shaped grey deposits in the 
subepithelium, with subsequent vascularisation often occurring 
in the first two decades (Figure 1f).

GDLD is caused by biallelic variants in the single exon of the 
TACSTD2 gene, encoding tumour-associated calcium signal 
transducer 2 protein, which is integral to the barrier function 
of the corneal epithelium by binding to the basal epithelial tight 
junctions, claudin 1 and 7 [38]. Corneal epithelial permeability 
is increased with the lack of TACSTD2, leading to progressive 
subepithelial deposition of amyloid, resulting in nodule devel-
opment and subsequent destruction of the epithelial basement 
membrane and Bowman layer [39, 40].

6   |   Epithelial-Stromal and Stromal CDs

6.1   |   TGFBI-Associated Dystrophies

TGFBI is the primary gene responsible for 6 distinctly named 
epithelial-stromal dystrophies, with strong genotype–pheno-
type correlations, predominantly associated with two codons 
which are prone to mutation (‘hot spots’) in the gene. Less 
frequent variants can manifest with intermediate phenotypes 
with atypical features. Diseases associated with TGFBI patho-
genic variants are the most common of the rare CDs, with 
over 4200 individuals reported in the literature [6]. The pro-
tein product, TGFBIp (transforming growth factor β-induced 
protein), is abundantly expressed in the epithelium, Bowman 
layer, stroma and endothelium of the normal cornea, as well as 
in other human tissues [41], but pathogenic variants in the gene 
are only reported as manifesting with corneal phenotypes. 
TGFBIp is a 683 amino acid-long secretory protein which has 
been demonstrated to interact with proteins in the extracel-
lular matrix: collagen, proteoglycans, fibronectin and perios-
tin, as well as integrins [42]. The protein has four homologous 
fasciclin 1 (FAS-1) domains, each of approximately 140 amino 
acids, an N-terminal cysteine-rich secretory EMI (Emilin-like 
domain) and an integrin-binding Arg-Gly-Asp (RGD domain) 
situated at the C-terminal [43]. ClinVar currently lists 25 patho-
genic and 8 likely pathogenic variants, mostly missense single 
nucleotide substitutions, and only 1 insertion and 1 deletion as-
sociated with corneal disease (https://​www.​ncbi.​nlm.​nih.​gov/​
clinvar, accessed 29 Aug 2024), although more are reported in 
a recent publication [6].

The location and type of amino acid substitution determine the 
clinical phenotype – age of onset, severity, the location in the 
cornea where the deposits occur, and the morphology of the de-
posits. Based on slit-lamp biomicroscopy and histological exam-
inations, the protein deposits can be classified as amyloidogenic, 
where the protein deposits appear as thin and long amyloid fi-
bres (lattice corneal dystrophy, LCD), nonamyloidogenic with 
a more spherical morphology of the protein aggregates (gran-
ular corneal dystrophy, GCD), or a mixed form, with both fi-
brils and discrete deposits present. For many of the phenotypes, 

homozygotes are also described, with more severe and earlier 
onset of disease.

In a healthy cornea, the full-length wildtype TGFBIp is pro-
cessed by serine proteases into many shorter fragments  [44]. 
Amino acid substitutions at the mutational hot spot in the first 
FAS1 domain (p.Arg124His, p.Arg124Leu, and p.Arg124Cys) 
do not alter the stability of the protein, but lead to a 1.5–3-fold 
increase in the level of full-length mutant protein in the cornea 
[44]. There is also abnormal accumulation of many proteolytic 
products in the dystrophic cornea with the p.Arg124Cys variant.

In contrast, substitutions within the fourth FAS1 domain 
(FAS1-4), where the majority of TGFBI mutations are located, 
including p.Arg546Thr, p.Arg555Glu and p.Arg555Trp, alter 
the overall stability of TGFBIp; p.Arg546Trp is the least stable 
mutant and forms amyloid fibrils, while the more stable variants 
generate non-amyloid amorphous deposits in vivo. Experimental 
data have demonstrated that both an increase and a decrease in 
the stability of FAS1-4 initiate the dystrophic process [44].

Reis-Bücklers corneal dystrophy (RBCD) presents in the first 
two decades with confluent irregular and coarse geographic-
like opacities developing at the level of the Bowman layer and 
the superficial stroma, initially more centrally, and extending 
to the limbus and deeper into the stroma with time (Figure 2a). 
Recurrent corneal erosions may occur, with the opacities often 
developing later. The characteristic histology is that the Bowman 
layer is replaced with granular Masson trichrome-positive de-
posits in a sheet-like layer [45]. The genotype for RBCD is p.Ar-
g124Lys, and recurrence post keratoplasty is frequent [46].

Thiel-Behnke corneal dystrophy (TBCD) also starts in child-
hood, with isolated flecks or irregularly shaped opacities at 
the level of the Bowman layer, and subsequently symmetrical, 
subepithelial honeycomb opacities, and the peripheral cornea is 
usually spared (Figure 2b). Recurrent corneal erosions are also 
frequent, but this phenotype is generally less severe than RBCD; 
however, over time, the opacities may progress to the periphery 
and to deeper stromal layers. The predominant mutation asso-
ciated with TBCD is p.Arg555Gln, although other rarer alleles 
lead to atypical TBCD phenotypes. On electron microscopy, 
curly collagen fibres are observed with a diameter of 9–15 nm, 
which is unique to TBCD [1].

Granular corneal dystrophy, type 1 (GCD1) is the most com-
mon of the TGFBI-associated CDs, usually caused by the p.Arg-
555Trp variant. Initially manifesting in childhood with a vortex 
pattern of small granules superficial to the Bowman layer, the 
deposits become more discrete and well-defined, greyish white 
in appearance, with clear intervening stroma, although over 
time they may coalesce and extend into the deeper stroma, with 
frequent recurrence post keratoplasty (Figure 2c,d) [46].

Experimental evidence determined the p.Arg555Trp mutation 
results in increased resistance to proteolysis and reduced deg-
radation of the mutant TGFBIp, which accumulates and aggre-
gates as non-amyloid deposits via electrostatic interactions [47]. 
Other variants, such as p.Arg124Ser, may also cause GCD1, 
although phenotypically they are more severe with an earlier 
onset [1].

https://www.ncbi.nlm.nih.gov/clinvar
https://www.ncbi.nlm.nih.gov/clinvar
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Granular corneal dystrophy, type 2 (GCD2) phenotypically 
has both granular and lattice-like deposits and is usually diag-
nosed in adolescence. As the deposits increase, their morphol-
ogy ranges from crumb-like deposits, branching, ring-like, star 
shapes and spiny deposits beneath the Bowman layer. The most 
common variant causing GCD2 is p.Arg124His, with reduced 
proteolysis and resultant deposition of the mutant protein, both 
non-amyloid and amyloidogenic [46]. Refractive laser surgery 
may exacerbate GCD2, and although it is postulated that the cel-
lular stress response is the driver, in a transgenic mouse model 
with the p.Arg144His mutation, external stressors, including ep-
ithelial debridement, did not result in increased deposition [48].

Lattice CDs (LCD) are subdivided into Classic LCD and LCD 
variants.

Classic LCD is associated with the p.Arg124Cys variant, 
whereas LCD variants are associated with TGFBI pathogenic 
changes, other than p.Arg124Cys, with many located in the 
4th Fas-1 domain. A comprehensive list of these variants is 
provided in the most recent IC3D publication [1]. The appear-
ance of LCD in the early phase of the disease is best examined 

with retroillumination at the slit lamp, which demonstrates 
subtle isolated lattice lines in the stroma, with thin branching 
refractile lines and/or white dots, starting centrally and spread-
ing out, but sparing the periphery, and progressing deeper into 
the stroma (Figure  2e). The lattice lines may cross, and a dif-
fuse ground glass haze develops in the subepithelium. Onset of 
classic LCD is usually in the first decade, with recurrent corneal 
erosions occurring and gradual vision reduction leading to sur-
gery in the second or third decade [1, 46]. Scarring with more 
advanced disease may obliterate the appearance of the lattice 
lines. Mass spectrometry identified a short peptide fragment in 
the 4th FAS-1 domain that is enriched in the amyloid deposits 
in dystrophic patients [49]. Bioinformatic analysis also predicts 
that this region of TGFBIp has amyloidogenic potential. Most 
missense changes in this region are accompanied by an overall 
reduction in the net charge of the peptide, which is proposed to 
alter the secondary structure, with significant changes in amy-
loid formation kinetics and cytotoxicity of the fibrils [49].

MCD is an autosomal recessive disease which typically mani-
fests in the first or second decade of life, although symptoms 
may sometimes present later in life. It is characterised by the 

FIGURE 2    |    Slit-lamp photographs and anterior segment optical coherence tomography (AS-OCT) imaging of stromal corneal dystrophies. 
Reis-Bücklers corneal dystrophy with reticular opacities in the superficial central cornea (a); Thiel-Behnke corneal dystrophy with subepithelial 
honeycomb-shaped corneal opacities in the superficial cornea (b); granular corneal dystrophy type 1 (c) and AS-OCT showing deposits resembling 
breadcrumbs in the same patient (d); fine translucent lattice lines and dots in a variant of lattice corneal dystrophy (e); central stromal opacities and 
diffuse corneal haze (f) and AS-OCT showing deposition of hyperreflective material in macular corneal dystrophy in the same patient (g); central 
ring opacity with superficial crystalline deposits in Schnyder corneal dystrophy (h); fine stromal opacities in fleck corneal dystrophy (i).
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accumulation of abnormal deposits within the cornea, with pro-
gressive haze and clouding of the cornea, along with thinning 
(Figure 2f,g), often leading to significant visual impairment by 
the third or fourth decade of life. Photophobia can also occur, 
and occasionally recurrent corneal erosions [50, 51]. The carbo-
hydrate sulfotransferase six gene, CHST6, encodes an enzyme 
designated corneal N-acetylglucosamine-6-sulphotransferase 
(CGlcNAc6ST), and different variants of MCD are described 
(MCD I, IA, and II) based on the immunoreactivity of specific 
sulphated epitopes of antigenic keratan sulphates (AgKS) in 
the cornea and the serum, although these are indistinguishable 
clinically [52].

More than 180 unique CHST6 variants are reported; of these, 
around two-thirds are missense [8]. In MCD I, lack of CHST6 
expression in corneal cells, at least in the epithelium, causes the 
production of unsulphated keratan sulphate, as well as in the 
serum, leading to intra- and extracellular accumulation of ab-
normal materials, which results in the opacities in MCD [53]. 
Initially, all type II mutations were identified in the upstream 
region of CHST6, which may include a gene regulatory element 
that affects the transcription of CHST6 and seems to promote 
the loss of cell-specific CHST6 expression exclusively in corneal 
cells, but not in other keratan sulphate-rich tissues such as car-
tilage [54]. Subsequently, further variants were identified in the 
coding region of CHST6 [8].

Schnyder corneal dystrophy (SCD) is an autosomal dominantly 
inherited dystrophy with corneal opacification due to abnormal 
deposition of phospholipids and cholesterol in the cornea, and 
crystals in the anterior and mid-stroma; however, crystals are 
only present in about 50% of affected individuals (Figure  2h) 
[1]. The UBIAD1 (UbiA prenyltransferase domain containing 1) 
gene is demonstrated to be involved in vitamin K2 and CoQ10 
biosynthesis. This sterol triggers the binding of UBIAD1 to 
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) 
at endoplasmic reticulum (ER) membranes, which is regu-
lated by an intracellular geranylgeranyl diphosphate molecule. 
Pathogenic variants in UBAID1 means that HMGCRs are re-
dundant and cannot be degraded through the usual mechanism 
of degradation via the ER, with resultant excess cholesterol ac-
cumulation in the cornea [7].

Congenital stromal corneal dystrophy (CSCD) is characterised 
by diffuse bilateral white flake-like stromal opacifications 
that typically present at birth or shortly after. Although non-
progressive, the resultant reduction in vision can be ambly-
ogenic, and some patients have photophobia and strabismus 
[55]. Inherited in an autosomal dominant fashion, pathogenic 
variants in the DCN gene encoding Decorin, which belongs 
to a family of class I small leucine-rich proteoglycan proteins 
(SLRPs), are the main component of the extracellular matrix, 
together with collagen fibrils, and act as a bridging molecule 
between type I and type VI collagen. Decorin also interacts 
with and modulates multiple growth factors and signalling 
pathways, such as the TGF-B pathway [56]. While CSCD is 
typically associated with truncating mutations in DCN [55], a 
missense mutation p.Cys346Gly in DCN has been reported in 
a mother and son who presented with later-onset and milder 
corneal changes [57].

Most recently, an autosomal dominant corneal stromal dys-
trophy with delayed onset in a pedigree with eight affected 
individuals across three generations was described. Affected 
individuals had diffuse central stromal opacity, with reduced 
visual acuity in older family members. Linkage analysis in the 
family excluded all known loci causing corneal stromal dys-
trophies. Whole genome sequencing identified a novel hetero-
zygous missense variant in exon 4 of SPARCL1 (NM_004684) 
c.334G>A p.Glu112Lys, segregating with disease. The gene 
SPARCL1 encodes SPARC-like protein 1 (SPARCL1), a matricel-
lular protein expressed in the corneal stroma, which is involved 
in cell migration, cell adhesion, tissue repair and remodelling. 
Interestingly, SPARCL1 regulates DCN causing CSCD, suggest-
ing a common pathogenic pathway [4].

Fleck corneal dystrophy (FCD) is a congenital or early-onset au-
tosomal dominant dystrophy, with numerous tiny, dot-like white 
flecks scattered in all layers of the corneal stroma; the stroma 
located in between the flecks is clear, and the endothelium, 
the epithelium, Bowman layer and Descemet membrane are 
normal (Figure 2i) [58]. Patients with FCD are usually asymp-
tomatic. The PIKFYVE (phosphoinositide kinase FYVE finger) 
gene encodes a protein that regulates vesicle size of early/late 
endosomes in Golgi-dependent transport [58]. Dysregulation 
of this protein results in dilated keratocytes with membrane-
limited intracytoplasmic vesicles filled with complex lipids and 
glycosaminoglycans, corresponding to the punctate corneal 
stromal opacities observed. The majority of pathogenic variants 
described to date are frameshifts, observed in 5 exons of the 41-
exon gene, in addition to a whole deletion of the gene and other 
splicing mutations. Therefore, the disease mechanism is loss of 
function, as these variants are predicted to affect the cytosolic 
chaperone CCTγ apical domain-like motif and spectrin repeats 
binding sites, important for multiprotein interactions and cyto-
skeleton structure [59].

PACD is a congenital, nonprogressive autosomal dominant dis-
ease. The typical PACD appearance is irregular sheet-like, with 
areas of opacification either at or just anterior to the Descemet 
membrane. Affected individuals also demonstrate diffuse cor-
neal thinning and flattening; however, vision is usually not 
severely impacted [60]. PACD is associated with heterozygous 
deletions in the 12q21.33 locus. This region includes the SLRPs 
KERA, LUM, EPYC and DCN, of which all but EPYC are ex-
pressed in the corneal stroma and are known to have a role in 
corneal development, structure, function, and transparency 
[61]. The other two genes within the deleted region are an RNA 
coding gene, LINC00615 and CCER1, a protein-coding gene not 
expressed in the cornea. As little is known about the function of 
these two genes, their significance in the pathogenesis of PACD 
is difficult to determine.

7   |   Endothelial CDs

FECD is associated with excreted collagenous deposits, called 
guttae, that project posteriorly from the Descemet membrane. 
As FECD progresses, guttae grow in numbers and merge, lead-
ing to a thickening of the Descemet membrane. These changes 
put stress on corneal endothelial cells, which begin to undergo 
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cell death via apoptosis; all these changes result in corneal oe-
dema and visual loss. FECD is the primary indication for all cor-
neal transplantations performed worldwide [62] (Figure 3).

GWAS have identified 12 genomic loci associated with age-
related FECD [63–65]. Of these, the most significant is com-
mon variation at 18q21.212, tagging the trinucleotide repeat 
expansion (termed CTG18.1) in an intron of the TCF4 gene 
(transcription factor 4) [66]. Depending on ancestry, 17%–81% of 
individuals with age-related FECD have one or more expanded 
copies of CTG18.1, making it the most common trinucleotide 
repeat expansion disease in humans [66]. Currently, it is antic-
ipated that at least two distinct pathogenic mechanisms, RNA 
toxicity and TCF4 isoform-specific dysregulation, underpin the 
pathophysiology of FECD [67]. Apart from the TCF4 locus, the 
causal variants driving GWAS signals remain elusive [63]. The 
heritability of the remaining 25% of cases of FECD may thus be 
complex and involve multiple genes. Traditional linkage and 
candidate gene screening approaches have pointed to other 
genes that may be implicated in the pathogenesis of late-onset 
FECD, including ZEB1 [68], SLC4A11 [69], LOXHD1 [70] and 
AGBL1 [71]. Some of these findings, however, require further 
validation; currently, convincing evidence at a functional level 
has been provided for mutations in SLC4A11 [72].

Early-onset FECD is a distinct corneal dystrophy with an au-
tosomal dominant mode of inheritance, usually symptomatic 
from the third to the fourth decade. Signs of the disease can 
be, however, detected much earlier; the youngest examined 
affected patient was 3 years old [73]. Slit-lamp examination ini-
tially shows small, shallow guttae positioned near the centre of 
the endothelial cells, compared to late-onset FECD in which the 
guttae generally appear first at cell–cell junctions [73].

Early-onset FECD is caused by heterozygous point mutations 
altering the collagen helix domain of the α2 chain of type VIII 
collagen (COL8A2), a major component of the Descemet mem-
brane. To date, only three variants classified as pathogenic have 
been identified (NM_005202.4) c.1363_1364CA>GT p.Gln-
455Val, c.1349T>G p.Leu450Trp, and c.1363C>A p.Gln455Lys 

[73–75]. Studies of corneas obtained from heterozygous carriers 
of p.Leu450Trp show massive accumulation and abnormal as-
sembly of collagen VIII within the Descemet membrane. The 
Col8a2Q455K mouse model shows features strikingly similar to 
the human disease, including progressive alterations in endo-
thelial cell morphology, cell loss and formation of guttae. The 
model supports the role of UPR and UPR-associated apoptosis 
in the pathogenesis of FECD caused by COL8A2 mutations [76].

Posterior polymorphous corneal dystrophy (PPCD) is an autoso-
mal dominant condition characterised by geographic opacities, 
vesicular lesions, Descemet membrane bands, best visualised 
by retroillumination and a reduced endothelial cell density 
(Figure 4a–g). Some patients also develop band keratopathy, pe-
ripheral iridocorneal adhesions, iris atrophy, and corectopia. In 
most patients, the condition is slowly progressive or static; about 
one-third develop corneal oedema necessitating keratoplasty 
and/or secondary glaucoma [14, 15, 77]. The condition can also 
manifest as congenital corneal oedema [78].

There are three subtypes: PPCD1 is caused by pathogenic 
gain-of-function regulatory variants in OVOL2 (NM_004183.3) 
c.-61G>A, c.-274T>G, c.-307T>C, c.-339_361dup. A family 
carrying the c.339_361dup was previously described in the 
literature as autosomal dominant congenital hereditary en-
dothelial dystrophy (CHED1) [15]. PPCD3 is caused by loss-of-
function variants in ZEB1, summarised in [79], and PPCD4 is 
associated with gain-of-function regulatory GRHL2 mutations 
(NM_024915.4) c.20+133del, c.20+257del, c.20+544G>T [14]. 
Each of these genes encodes a transcription factor that regulates 
cell state transition. Endothelial cells from corneas affected with 
PPCD have been demonstrated to exhibit epithelial-like charac-
teristics as a result of alterations in the ZEB1-OVOL2-GRHL2 
axis. Although it is not possible to reliably distinguish between 
the three PPCD subtypes by clinical examination, clinical mark-
ers such as corneal steepening and astigmatism are a feature of 
PPCD3. PPCD3 is also the most common form, with the highest 
rate of de novo origin observed in about one-third of probands; 
therefore, in sporadic cases with PPCD, the underlying mutation 
is most likely located in ZEB1. While PPCD1 and PPCD4 seem 

FIGURE 3    |    Slit-lamp photographs and specular microscopy imaging in age-related Fuchs endothelial corneal dystrophy. Cornea guttata in slit-
lamp examination using broad beam (a), after dilation of the pupil in retroillumination (b) and isolated guttae on specular microscopy (c).
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to be fully penetrant diseases, PPCD3 shows incomplete pene-
trance with around 5% of carriers with no evidence of disease 
[77–79].

Previously the COL8A2 gene was also implied as causative for 
posterior polymorphous dystrophy type 2 (PPCD2). This was 
based on one child carrying p.Leu450Trp variant, associated 
with mulberry-like endothelial lesions, and guttae present in the 
surrounding endothelium [73], and two other individuals who 
had undergone penetrating keratoplasty, and their phenotype 
could not be reliably documented. As these two patients shared a 
common microsatellite haplotype as the originally mapped fam-
ily with early-onset FECD, and both families originated in the 
same geographic region, the disease-causing variant was shown 
to be inherited from a common founder [75]. In summary, there 
is no robust evidence that PPCD2 can be differentiated as a sep-
arate clinical entity. Observed endothelial abnormalities in the 
three individuals described as having PPCD2, should be con-
sidered as phenotypic variability of COL8A2-associated corneal 
endothelial dystrophy.

CHED is an autosomal recessive disorder, typically present-
ing as corneal clouding at, or shortly after birth, causing both 
nystagmus and amblyopia. The cornea may gradually increase 
in thickness (double to triple that of normal values), accom-
panied by visual deterioration and photophobia, although dis-
comfort is rare. The endothelial cell density is greatly reduced, 
but this is usually difficult to visualise clinically due to the 
corneal haze. There is no significant association with glau-
coma, and the ocular examination is otherwise normal. Some 

patients with CHED eventually develop Harboyan syndrome 
characterised by progressive, postlingual sensorineural hear-
ing impairment.

Biallelic pathogenic variants in SLC4A11 cause both CHED 
and Harboyan syndrome. The ClinVar database [9], accessed 31 
August 2024) lists 135 short pathogenic/likely (missense, splic-
ing, nonsense and frameshifting) variants in SLC4A11. SLC4A11 
encodes a membrane-bound multifunctional transporter at the 
basolateral cell membrane of endothelial cells, facilitating tran-
sendothelial fluid reabsorption in the aqueous humour with an 
impact on cell morphology and differentiation [80].

7.1   |   X-Linked Endothelial Corneal Dystrophy

Although the gene for X-linked endothelial corneal dystrophy 
(XECD) has not been identified, available clinical and linkage 
data are convincing to separate this clinical entity from other 
hereditary CDs, although only one family has been identified 
to date. Genotyping was performed in 50 family members, of 
which 35 were affected or trait carriers, and the disease was 
mapped to the X chromosome, between markers DXS8057 and 
DXS1047. Consistent with X-linked inheritance, no male-to-
male transmission was observed in the pedigree [81].

Most male patients exhibit only moon crater-like endothelial 
changes, decreased endothelial cell density, and band-shaped 
keratopathy; however, congenital corneal oedema may occur, 
leading to amblyopia and nystagmus. Corneal grafts are 

FIGURE 4    |    Slit-lamp photographs and anterior segment optical coherence tomography (AS-OCT) of corneal endothelial dystrophies. Posterior 
polymorphous corneal dystrophy type 1: Irregular corneal surface with marked patchy opacification of the posterior corneal layers (a, b); type 3: 
Irregular posterior corneal surface with vesicle-like lesions (c, d); type 4 showing vesicle-like lesions and hyperreflective posterior corneal surface on 
AS-OCT (e–g) and congenital hereditary endothelial dystrophy characterised by diffuse ground glass appearance (h).
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necessary in 20% of males. In females, asymptomatic moon 
crater-like endothelial changes have been noted [81].

8   |   Important Phenocopies

A phenocopy refers to a clinical presentation with a similar ap-
pearance, or features of a monogenic disorder, but is not caused 
by the same genetic factors. Important phenocopies of CDs are 
monoclonal gammopathy, which can lead to the deposition of 
paraproteins with diverse appearances, such as superficial re-
ticular opacities and nummular lesions, diffuse posterior stro-
mal opacity and superficial and stromal crystalline deposits. 
Stromal lattice lines misdiagnosed as LCD in a young patient 
have also been described [82]. An abnormal paraprotein band 
on plasma electrophoresis confirms the diagnosis. Amyloidosis, 
Finnish type (OMIM #105120) manifests with linear opacities 
in the corneal stroma, similar to LCD, and it is not confined to 
the cornea. This is a systemic amyloidosis caused by mutations 
in the gelsolin gene (GSN). Systemic features include peripheral 
neuropathies and amyloid infiltration of many organs [82, 83].

Punctate pre-Descemet opacities (previously termed pre-
Descemet corneal dystrophy) are part of the clinical spectrum 
of X-linked ichthyosis (OMIM #308100), due to loss-of-function 
mutations in the steroid sulphatase (STS) gene [84]. Other met-
abolic keratopathies manifesting with bilateral corneal opaci-
fication include lecithin-cholesterol acyltransferase deficiency 
(OMIM #245900) and Fish eye disease (OMIM #136120), muco-
polysaccharidoses (OMIM #607014, #607016, #607015, #309900, 
#252900, #252930, #252940, #253000, #253010, #253200, 
#253220) generalised gangliosidosis 1 (OMIM #230500), Fabry 
disease (OMIM #301500), mucolipidoses (OMIM #252605, 
#252650), galactosialidosis (OMIM #256540), and cystinosis 
(OMIM #219800) [85]. If suspected, referral to an appropriate 
medical team should be undertaken.

PPCD also needs to be distinguished from static posterior cor-
neal vesicles, which are not clearly genetic in origin [86].

9   |   Conclusion

In this review we have discussed our understanding of the patho-
physiology in those CDs defined as separate clinical entities by 
molecular genetic approaches. Identification of the underlying 
molecular genetic cause confirms the clinical diagnosis and may 
have vast implications for patient management and potentially 
also for genetic preventive measures – such as preimplantation 
genetic diagnosis and family planning.

All patients with a suspected CD should undergo genetic test-
ing, as a clinical descriptor alone is not always sufficient to con-
firm the diagnosis. As an example, in a male presenting with 
congenital corneal oedema and no family history, differential 
diagnosis includes autosomal recessive CHED, PPCD3 due to a 
de novo pathogenic variant [87], congenital glaucoma [88] and 
XECD [81].

Examination of first-degree relatives is important, as some 
CDs show variable expressivity with atypical or very mild 

phenotypes, or are clinically indistinguishable, for example, 
early signs of TGBFI-associated corneal dystrophy versus MCD. 
Thus, detection of advanced disease in relatives and/or refine-
ment of the inheritance pattern can provide further clues to es-
tablishing a diagnosis.

Clinicians also need to be aware that CDs may have phenocopies. 
Observation of two rare CDs in one patient, or homozygosity for 
a pathogenic variant in dominant disorders or pseudodominance 
in recessive traits, may lead to confusion even for ocular genetic 
specialists, further highlighting the need for molecular genetic 
testing as an ultimate method to establish final diagnoses [89–91].

Children with unexplained bilateral corneal opacity should be 
referred for systemic assessment and monitored for visual de-
terioration. Children with CHED need to be under surveillance 
for hearing loss, and individuals with PPCD should be regularly 
reviewed for secondary glaucoma. Advanced CDs are mainly 
treated with allogenic corneal transplantation. The chance of re-
currence needs to be considered individually for each condition; 
it is common, especially in TGFBI-associated CDs and GDCD.

In conclusion, CDs are likely very underdiagnosed. Although 
there is no reliable prevalence data, TGFBI-associated CDs, 
MCD and CHED are the most frequent of the rare corneal dis-
orders encountered in clinical practice, while FECD is the most 
common but considered age-related in the majority of cases. A 
molecular genetic diagnosis correlated with the observed phe-
notype is a robust means of establishing a definitive diagnosis 
than clinical description alone, even when supported by histo-
pathology data. Innovative therapeutic approaches for CDs are 
under development, and a prerequisite for intervention will be a 
conclusive genetic diagnosis.
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