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THE STRUCTURAL AND FUNCTIONAL 
DIVERSITY OF EPITHELIA

Epithelia are the first line of defence between the human body 
and its environment.  For example, the skin, the largest organ 
in the body, is covered by the epidermis – a multilayered, 
stratified, cornified epithelium that is highly specialised to 
protect the body from a diverse range of external insults that 
include mechanical trauma, microbial invasion, chemical 
damage and entry of allergens.   Similarly, the anterior 
corneal epithelium protects the outermost surface of the 
eye; mucosal cells line the entries and exits of the body; 
the gastrointestinal tract is covered by layer of fast-turnover 
epithelial cells and the lung is lined by a mixed epithelium 
which also secretes defensive mucous.   In other words, 
epithelia very often function as protective barrier tissues.  
In addition, many epithelial cells are adapted to perform 
glandular functions.  The liver and pancreas, for example, 
are composed of functionally modified epithelial cells.  These 
and other organs are also covered by a protective mesothelium 
– the “epidermis” of internal organs.  On a smaller scale, the 
sweat and sebaceous glands of the skin also contain glandular 
epithelial cells.  The sweat and sebum produced by these tiny 
glands of the skin are exported to the epidermal surface via 
ducts formed by epithelial cells, so here again, cells directly 
in contact with the exterior environment of the organism are 
epithelial in origin.  

In each of these barrier tissues, epithelial cells are required 
to be mechanically resilient. This, however, poses a question 
which until recent years remained a mystery: how do human 
cells, which can be considered crudely as a tiny “bag” of 
water and proteins bounded by a protein-lipid membrane 
only a few nanometres thick, possibly resist the mechanical 
forces experienced in everyday life?  Simply walking down 
the street subjects the weight-bearing surfaces of the plantar 
epidermis to incredible stresses.  Other organisms address this 
mechanical problem in a fairly obvious manner.  Bacteria and 
plants possess a rigid cell wall composed of carbohydrates 
and other tough polymers, which in the case of trees, is so 
mechanically strong one can use this material to build houses.  
In stark contrast, mammalian cells appear to have only their 
thin and fragile plasma membrane for strength.  Somewhat 
surprisingly, the study of human keratinizing disorders 
provides an answer to this basic biological conundrum.  
Mammalian cells in general and epithelial cells in particular, 
gain their strength from a network of protein fibres extending 
throughout the cytoplasm known as the intermediate filament 
cytoskeleton (Fig 1).  

THE STRUCTURAL MOLECULES WITHIN 
EPITHELIAL CELLS

Intermediate filaments are a large group of structurally 
resilient polymeric proteins that impart mechanical strength 
to cells1, as shown in Figure 1.  The keratins are specialised 
intermediate filament proteins that form dense fibrous 
networks throughout the cytoplasm of epithelial cells2.  The 
human genome possesses 54 functional keratin genes located 
in two compact gene clusters, as well as many non-functional 
pseudogenes, scattered around the genome3.  Keratin genes 
are exquisitely specific in their expression patterns.  Each one 
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Fig 1. An epithelial cell in culture stained with a keratin antibody 
(green) reveals a dense meshwork of keratin intermediate filament 
bundles.  This protein scaffold and associated molecules represent 

the main stress-bearing structure within epithelial cells.
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of the many highly specialised epithelial tissues has its own 
profile of keratin gene expression, as exemplified in Figure 2.  
When genetic mutations occur in one of the genes encoding a 
keratin protein, or in one of many types of keratin-associated 
protein, the result is very often a keratinizing disorder – an 
inherited disease where a specific epithelial tissue or a specific 
subset of epithelial tissues is abnormally fragile4.  The affected 
tissue tends to blister or flake apart and often, in response to 
this inherent fragility, the tissue “fights back” by overgrowing 
– a phenomenon known as hyperkeratosis.  The majority of 
keratinizing disorders affect the epidermis and/or its adnexal 
structures such as hair and nail, or sweat and sebaceous glands, 
although a number of these diseases affect other epithelia 
such as mucosal or corneal epithelia.  In addition, the keratin 
cytoskeleton is attached to cell membranes and in some 
cases, the extracellular matrix, via transmembrane structures 
which act as rivets bolting cytoskeletons of neighbouring 
cells together and anchoring them to the underlying stroma5.  
Thus, the epithelial cytoskeleton is not an isolated structure 
confined to each individual cell but actually extends through 
the entire tissue, which is well anchored to adjacent tissues.  In 
an analogy, this is like building a wall from bricks which are 
properly cemented together rather than just piling the bricks 
on top of one another – the former structure is obviously 
much stronger.  When genetic mutations occur that affect 
one of the many proteins that make up these “rivets” between 
the cells, again the result is structural failure and another set 
of related keratinizing disorders.  In some situations where 
even further strength is required, the keratin cytoskeleton is 
chemically cross-linked or modified in other ways, analogous 
to changing the composition of concrete or adding reinforcing 

rods6,7.   Again, mutations in the genes encoding these 
modifying enzymes or additional keratin-associated proteins 
lead to a further group of keratinizing disorders.  The hardest 
epithelial tissues of all are hair and nail.  These tissues express 
modified keratins containing inordinate amounts of the amino 
acid cysteine which forms numerous chemical cross-links to 
further strengthen the cytoskeleton8.  Defects in these genes 
lead to hair and nail disorders.

Overall, human epithelial cells are the building blocks of 
many important tissues in the body and are constructed 
from these cells.  Within these cells is a dense meshwork of 
strengthening fibres made from keratin and keratin-associated 
proteins which can be altered according to the structural 
requirements of a given epithelium.  Failure of any part of 
this system due to spontaneous or inherited mutations leads 
a disorder of keratinisation.  

Our early research careers in human genetics began in Queens 
University, Belfast with Doctoral experience under the tutelage 
of Dr. Anne Hughes, encouraged by the tremendous support of 
Professor Norman Nevin. Since the early 1990s, our research 
has focused on identifying the genetic basis of this group of 
conditions and many of the original discoveries in the field 
have arisen from our clinician-scientist partnership, often with 
the help of the excellent clinical networks throughout Ireland 
but also including many colleagues worldwide.  The purpose 
of this article is to review the human keratinizing disorders 
using clinical examples of the diseases as they present to 
clinicians as well as giving some insights into what is known 
about the defective gene/protein systems that cause them.  

HUMAN KERATINIZING DISORDERS

At the end of the 1980s the causes of human keratinizing 
disorders remained unknown.  In 1987, the first human skin 
disorder gene was identified, the steroid sulfatase (STS) gene 
on the X-chromosome9.  The entire STS gene is completely 
deleted in many males with X-linked ichthyosis, allowing 
its identification by early molecular genetics techniques.  
However, the vast majority of hereditary defects involve 
minute changes in a gene, usually the alteration of a single 
base pair of the DNA code.  It was the invention in 1988 of 
the polymerase chain reaction (PCR), a enzymatic process 
which allows rapid isolation, sizing and sequencing of DNA 
fragments from any individual10, that opened up the study of 
all genetic diseases, including keratinizing disorders.  

In the late 1980s and early 1990s, a series of elegant research 
projects led to the discovery of the first mutations in human 
keratin genes.  Cell biology studies where dominant-negative 
mutant keratins were expressed in cultured keratinocyte 
cell lines showed that these defective proteins led to major 
structural defects of the cytoskeleton11,12.   In a landmark 
experiment, the expression of a dominant mutant keratin 
14 (K14) in the basal cell layer of mouse epidermis13, led 
to a phenotype that clinically and histologically resembled 
the inherited skin blistering disorder epidermolysis bullosa 
simplex, EBS (Fig 3), in which keratin aggregates could be 
seen by electron microscopy14.   In parallel, genetic linkage 
studies in families with EBS revealed that the causative gene 
lay in one of the two keratin gene clusters15.  The discovery 
of disease-causing mutations in the two basal-cell specific 
keratin genes, K5 and K14 soon followed16-18.  

Fig 2. Keratin genes/proteins are differentially expressed 
according to the many epithelial cell compartments of the human 

body, exemplified here by the epidermis, stained for just three 
keratins.  (a) Shows K2e expression in the outermost layers of 
the epidermis (green staining; nuclei counterstained blue).  (b) 

Shows K5 expression (green) in the basal cells, the lowermost cell 
compartment where cell division takes place (nuclei counterstained 

red).  (c) Shows K10 expression in all suprabasal layers (red 
staining) but not the basal layer (nuclei counterstained blue). 
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The various clinical subtypes of EBS were shown to be 
due to mutations in particular functional domains of the 
keratin molecule.   A schematic diagram of the keratin 
protein structure is shown in Figure 4.   The more severe 
phenotype, the Dowling-Meara form of EBS (Fig 3), was 
caused by mutations affecting the ends of the keratin rod 
domain17,18.   These mutations interfere with end-to-end 
association of the keratin subunits in the assembly of 
keratin intermediate filaments19.  Mutations outside of these 
functionally critical areas lead to the milder, site-limited 
variants of EBS (Fig 3), such as Weber-Cockayne EBS20,21, 
where skin blistering is limited to hands and feet, or EBS with 
mottled pigmentation22,23.  The vast majority of EBS-causing 
mutations in K5 and K14 are dominant-negative mutations 
– one mutated copy of the gene produces a faulty protein 
which binds to and disrupts the function of the wild-type 
protein produced from the other, normal allele.  Thus, most 
cases of EBS are dominantly inherited and so 50% of the 
offspring of an affected person inherit the condition and both 
sexes are equally likely to be affected.  A few recessive cases 
of EBS are also known where the K14 gene is completely 
inactivated by a nonsense or other null mutation24.  Carriers 
of such a mutation have only one active copy of the gene but 
have perfectly normal skin.   However, inheritance of two 
such mutations leads to complete loss of K14 expression in 
the skin and a fairly severe form of EBS (Fig 3).  This type of 
EBS is very rare in Western countries but accounts for about 
a third of cases in cultures where cousin marriages are more 
common25.  

The discovery of keratin mutations in EBS conclusively 
demonstrated that the primary function of the intermediate 
filament cytoskeleton is to impart mechanical strength to 
epithelial cells.   When this intracellular network of fibres 

TABLE I

Keratin(s)
Main expression 
site

Genetic diseases

K5, K14
Basal cells 
of stratified 
epithelia

Epidermolysis simplex 
(EBS; variants EBS-DM, 
EBS-WC, EBS-K, R-EBS)

Dowling-Degos Disease 
(DDD)

Nageli-Franceschetti-
Jadassohn syndrome (NFJS)

K1, K10

Suprabasal cells 
of stratified, 
cornified 
epithelia

Bullous congenital 
ichthyosiform erythroderma 
(BCIE)

Nevoid BCIE

Variant form of 
epidermolytic palmoplantar 
keratoderma (EPPK)

Ichthyosis hystrix of Curth-
Macklin 

Striate keratoderma

Cyclic ichthyosis

K9
Palmoplantar 
epidermis

Epidermolytic palmoplantar 
keratoderma (EPPK)

K2e
Upper suprabasal 
cells

Ichthyosis bullosa of 
Siemens (IBS)

K6a, K16

Nail bed, 
palmoplantar 
epidermis, 
mucosal tissues, 
other sites

Pachyonychia congenita 
type 1 (PC-1)

K6b, K17

Nail bed, 
palmoplantar 
epidermis, 
mucosal tissues 
sebaceous 
glands, other 
sites

Pachyonychia congenita 
type 2 (PC-2)

K4, K13 Mucosal tissues White sponge nevus (WSN)

K3, K12
Anterior corneal 
epithelium

Meesman epithelial corneal 
dystrophy (MECD)

K8, K18 Simple epithelia

Cryptogenic cirrhosis*

Inflammatory bowel 
disease*

Hb1, Hb6, 
Hb3

Hair shaft Monilethrix

Hb5
Hair shaft/nail 
matrix

Hair-nail ectodermal 
dysplasia (HNED)

K6hf
Hair follicle 
epithelia

Pseudofolliculitis barbae 
(PFB)*

* = data supportive of a genetic risk factor rather than a monogenic 

Mendelian disorder.

Fig 3. The clinical features of epidermolysis bullosa simplex 
(EBS). (a) A baby with the severe Dowling-Meara form of EBS, 

characterised by widespread clustered blisters.  (b) The more 
common Weber-Cockayne type of EBS affects mainly hands 

and feet.  (c) Recessive EBS is more common in certain cultures 
where consanguineous unions are prevalent.  (d) EBS with mottled 

pigmentation, caused by certain mutations that appear to affect 
pigment transportation as well as causing mild skin blistering.
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is either disrupted or completely absent, cell fragility is the 
primary defect.   More recently, insights have been gained 
into secondary functions of the cytoskeleton through human 
genetics.  Mutations affecting the head domain of K5, a part 
of the protein not primarily involved in filament formation, 
have been shown to cause Dowling-Degos disease26,27, a defect 
of skin pigmentation without any skin blistering phenotype 
(Fig 5).  Similarly, certain other mutations in this domain of 
K5 cause a mild form of EBS with mottled pigmentation23.  
These findings have revealed that specific parts of the keratin 
molecule are involved in pigment uptake and/or transport 
within the keratinocyte – a hitherto unknown function 
of the intermediate filament cytoskeleton.   In addition, a 
specific sub-set of mutations in the K14 gene have recently 
been linked to Nageli-Franscetti-Jadassohn syndrome, an 
ectodermal dysplasia where interestingly, patients lack 
dermatoglyphs (fingerprints) but do not have skin blistering28.  
This unexpected result sheds light on the developmental 
role of keratins in establishing and maintaining particular 
ectodermal structures.  

Following the initial discoveries of basal keratinocyte keratins 
K5 and K14 mutations in EBS, there followed a steady 
series of genetic studies showing that very similar genetic 
defects in the keratin genes that are specifically expressed 
in differentiated epithelial tissues lead to a whole range of 
keratinizing disorders.   In each of these genetic diseases, 
there is cell lysis within a specific subset of epithelial cells 
where the mutated keratin gene is expressed, as listed in Table 
I.  Currently, 21 of the 54 known keratin genes have been 
linked to monogenic genetic disorders1,29,30, and in a couple 
of cases, have been implicated in more complex traits, such 
as idiopathic liver disease31 or inflammatory bowel disease32.  
In most of these disorders, fragility of the affected tissue 
is very often accompanied by overgrowth of the tissue, a 
phenomenon known as hyperkeratosis.  This is particularly 

Fig 4. Keratin protein domain organisation.  Keratins are rod-like proteins of two varieties, type I and type II, encoded by 54 different 
human genes.  Specific pairs of type I and II proteins assemble into rope-like 10 nm intermediate filaments within epithelial cells (see Fig 

1).  During the assembly process, the areas shaded red, at either end of the rod domain, are in close contact and interact to allow elongation 
of the filament.  It is these functionally important areas where the majority of the most severe keratin mutations are located since the latter 
disrupt the end-to-end interactions.  Mutations elsewhere in the molecule allow filament assembly but the resultant filaments are weaker 

than normal.  This type of mutation generally results in milder disease phenotypes.  

Fig 5. Dowling-Degos disease is characterised by reticulate 
pigmentary changes in the skin, without skin blistering, typically 

on the sub-exposed areas (a), and in the skin folds, such as the 
inframammary region (b).
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the case where keratins expressed in the suprabasal layers 
of stratified epithelia are concerned, such as the outer layers 
of the epidermis.   In these situations, the basal cell layer 
beneath the fragile epithelium, which is the proliferative 
compartment containing the stem cell population, is itself 
unaffected by cell fragility but is bathed in cytokines from 
the fragile cell populations above, leading to overgrowth.  
In the epidermis, this is exemplified by bullous congenital 
ichthyosiform erythroderma (BCIE; Fig 6), where the major 
suprabasal keratins K1 or K10 are mutated33-36.  This disorder 
is characterized by blistering and erythroderma in infancy and 
widespread epidermolytic hyperkeratosis later in life, which 
is manifest as thickened, ichthyotic skin (Fig 6).  Mutations 
in a minor keratin expressed in the outermost layers of the 
living epidermis, K2e, lead to a related but milder skin scaling 
condition, ichthyosis bullosa of Siemens (IBS; Fig 6),37-39.  One 
keratin, K9, is specifically expressed in the suprabasal cells 

of palm and sole epidermis40.  This epithelium is subjected 
to some of the most severe mechanical stress in the body and 
interestingly, this tissue expresses many accessory keratins in 
addition to those found throughout the rest of the epidermis, 
in order to give these cells the necessary mechanical resilience 
to survive in this demanding environment41.   Mutation of 
K9, which is not expressed elsewhere, leads to thickening 
and scaling of palms and soles, epidermolytic palmoplantar 
keratoderma, EPPK, (Fig 6)42,43.   Since many keratins are 
expressed in palm and sole, keratoderma is also a feature of 
a number of other keratin diseases, notably pachyonychia 
congenita (PC), where keratoderma is accompanied by 
hyperkeratosis of a number of other epithelia44,45, in particular, 
the nails, which are abnormally thickened (hypertrophic nail 
dystrophy).  PC comes in two main clinical subtypes, defined 
by the keratins involved and their differentiation-specific 
expression patterns (Fig 7).   K6a and K16 are primarily 

Fig 6. Hyperkeratotic disorders due to mutations in suprabasal keratins.  (a) Newborn infants with mutations in K1 or K10, the major 
suprabasal keratins of the epidermis, are erythrodermic and may also blister, whereas later in life (b), they tend to have widespread 

epidermolytic hyperkeratosis (bullous congenital ichthyosiform erythroderma, BCIE).  (c) Mutations in the palm/sole specific keratin, K9, 
give rise to epidermolytic palmoplantar keratoderma, EPPK, where epidermolytic hyperkeratosis is confined to palmoplantar epidermis.  (d) 
Mutations in K2e, a keratin whose expression is limited to the uppermost layers of the epidermis (see Fig 2), result in ichthyosis bullosa of 

Siemens, IBS, a milder disorder closely related to and easily confused with BCIE.  

Fig 7. Some keratins have complex expression patterns and are found in several specific subsets of epithelial cells, such as K6a, K6b, K16 
and K17.  Mutations in these keratins cause the two major forms of pachyonychia congenita (PC-1 caused by K6a/K16 mutations, and PC-
2, due to K6b/K17 mutations).  (a) These keratins are found in the epithelial cells under the nail (the nail bed) where cell fragility results in 
hypertrophic nail dystrophy, the hallmark of PC.  (b) Patients with either form of PC can have a number of skin cysts but these tend to be 

more prominent in PC-2.  (c) All four PC-related keratins are expressed in palm and sole but K6b/K17 are less prominent in this tissue and 
patient with PC-2, seen here.  (d) K6a and K16 are more highly expressed in palm and sole and so PC-1 patients tend to have more severe 

keratoderma, which is often very painful and debilitating.  
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expressed in palm, sole, nail bed and the buccal and lingual 
epithelia.  Mutations in these genes cause PC type 1 where 
nail dystrophy and focal keratoderma is often accompanied 
by oral leukokeratosis46,47.  In PC type 2, caused by mutations 
in K6b and K17, these symptoms can be accompanied by 
multiple pilosebaceous cysts since these keratins are strongly 
expressed in the epithelial cells lining the hair follicle and 
attached sebaceous gland47,48.  Some PC-2 patients are born 
with a few abnormal, prematurely erupted teeth due to 
expression of these proteins in the developing tooth germ.  
These natal teeth are usually shed and replaced by normal 
primary and secondary dentition.  History tells that Louis XIV 
of France had natal teeth, “to the considerable vexation of his 
wet nurses”49.  There is, however, no record of him having 
other features consistent with keratinizing disorders.

The oral hyperkeratosis seen in PC (Fig 8), led to the discovery 
of mutations in keratins K4 and K13, which are expressed 
specifically in mucosal keratinocytes50,51.   In this case the 
disease is white sponge nevus (WSN), which is characterized 
by spongy white plaques in the oral and sometimes, the 
anogenital mucosae (Fig 8).  Similarly, the anterior corneal 
epithelium was known to express keratins K3 and K12 and 
by studying the genetics literature we hypothesized that these 
might be the causative genes for Meesmann epithelial corneal 

dystrophy (MECD).  By studying two Northern Irish kindreds, 
we were the first to show that mutations in these keratin genes 
do in fact cause MECD52.  We were also able to track down 
the descendants of the original MECD family described by 
the ophthalmologist Alois Meesmann in Northern Germany 
in the 1930s and identified their specific K12 mutation, which 
is widespread within the population inhabiting North Central 
Europe52.   In MECD, there are myriad microcysts or tiny 
blisters in the corneal epithelium due to cell fragility, which 
can be seen by slit lamp illumination or histology (Fig 9).  
In the patients, this manifests as photophobia, foreign body 
sensation and in a small number of cases, scarring and loss 
of visual acuity.

About half of the keratin genes are expressed in the hair 
follicle, which is the most complex epithelial structure 
in terms of its cellular complexity and patterns of gene 
expression.   Three hair keratin genes HB1, HB3 and 
HB6 have been shown to be mutated in different families 
with the hereditary hair fragility and alopecia syndrome 
monilethrix29,53,54.   This disorder represents a particularly 
good example of the phenotypic variability encountered to 
some extent in all keratin diseases55.  Some individuals with 

monilethrix have very subtle fragility of the hair shaft that 
passes for normal.  Others have almost complete alopecia and 
some have an intermediate phenotype (Fig 10).  These very 
different presentations can be seen amongst individuals with 
the same keratin mutation and even in members of the same 
family.  This may be partly environmental but is also presumed 
to be due to modifying genes.  Recently, some insight has 
been gained into the identity of at least some genetic modifiers 
from detailed analysis of a family where members had severe 
or mild skin blistering56.  The severely affected individuals 
were shown to have inherited a mutation causing mild EBS 
and a different, non-pathogenic polymorphism in the same 
keratin gene.  The polymorphism is not sufficient to cause 
disease on its own but in combination with a mild mutation; it 
makes the clinical presentation more severe.  Other examples 
of genetic modifiers are sure to emerge in the future. 

In 2006, two papers presented direct and indirect evidence for 
recessive mutations in hair and nail keratins in the so-called 
‘pure’ hair and nail type of ectodermal dysplasia. Studying 
large consanguineous Pakistani families with hair and nail 
ectodermal dysplasia, Ahmad and co-workers identified 
recessive mutations in the hair matrix and nail keratin 

Fig 8. In pachyonychia congenita (PC, see also Fig 7), the keratins 
involved are expressed to varying degrees in the oral epithelia.  

(a) Shows a PC-1 patient carrying a K6a mutation, who has quite 
prominent lingual leukokeratosis.  (b) The clinical appearance of 
these white oral lesions in PC, led to the discovery that mutations 

in the oral mucosal keratin, K4 and K13, cause white sponge 
nevus – a benign disorder often encountered by dentists.  

Fig 9. (a) Slit lamp examination of Meesman epithelial corneal 
dystrophy shows myriad fine cystic lesions throughout the cornea. 

(b) Light micrograph showing abnormal corneal epithelium of 
the proband. Bowman’s membrane presents as a homogeneous 

eosinophilic subepithelial band. The epithelium appears acanthotic 
and disordered. Many keratinocytes contain periodic acid Schiff 

(PAS) positive fibrillar material (PAS stain, x200). 

Fig 10. Monilethrix is characterised by brittle hair with varying 
degrees of alopecia. (a) Often there is perifollicular keratosis and 
erythema. (b) Light microscopy clearly demonstrates the beaded 
nature of hair in monilethrix. Nodes are separated by abnormally 

weathered and thinned ‘internodes’.
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KRTHB530. Subsequently this same group reported linkage 
to the type I keratin cluster on chromosome 17p12-q21.2, 
suggesting that the partner keratin of KRTHB5 is a likely 
candidate57.

KERATIN-ASSOCIATED PROTEINS IN HUMAN 
DISEASE

In 1996, the first mutations were described in the gene 
encoding plectin, a giant protein that links the keratin 
cytoskeleton to the hemidesmosome – a protein complex that 
anchors the basal cells of the epidermis and other multilayered 
epithelia to the underlying basement membrane58,59.  Plectin 
is a multifunctional protein found in many tissues and in 
particular, it interacts with the intermediate filament protein 
desmin which is found in muscle.  Loss of plectin expression 
in skin and muscle due to recessive mutations leads not 
only to skin blistering but also to muscle wasting in a rare 
disease known as EBS with muscular dystrophy, EBS-MD.  
The plectin gene is not only large but has an unusual, highly 
repetitive sequence, which made its isolation and routine 
analysis difficult.  Lessons learned in the study of this type 
of gene proved to be valuable in our very recent work on the 
filaggrin gene, which is even larger and much more repetitive 
in nature.

Following the discovery of plectin mutations in EBS-MD, 
a number of other keratinizing disorders were linked to 
other proteins that associate with keratins.   One example 
with a strong Ulster connection was the discovery of the 
first desmoplakin mutations in striate keratoderma by 
dermatologist Keith Armstrong and geneticist Anne Hughes 
and their colleagues in Belfast60.   Desmoplakin helps 
link the keratin cytoskeleton of adjacent cells through a 
transmembrane structure known as the desmosome.  This 
ground-breaking work led to the discovery of defects in 
other desmosome components causing other diseases of skin, 
hair and cardiac muscle, where desmosomes are structurally 
important61-63.  

DEFECTS OF THE STRATUM CORNEUM – FROM 
VERY RARE TO VERY COMMON DISEASE

The hemidesmosome proteins like plectin and the desmosomal 
proteins like desmoplakin can be regarded as the “rivets” 
that connect the keratin networks of adjacent cells or to the 
basement membrane.  Another group of proteins chemically 
modifies the keratin cytoskeleton in tissues where even more 
strength or near-complete impermeability is required, such as 
the outermost layer of the epidermis, the stratum corneum6.  
This is the dead layer of terminally differentiated cells which 
accounts for the main skin barrier function and is the first 
line of defence between the body and the outside world.  
Epidermal keratinocytes arise in the basal cell compartment 
of the epidermis from an ill-defined stem cell population and 
migrate upwards to finally die and be shed at the skin surface 
(Fig 11).  On their journey upwards, they express increasing 
numbers of keratins and keratin-associated proteins.  In the 
granular layer, the last living layers, keratohyalin granules 
appear, which are predominantly composed of profilaggrin64.  
In the stratum corneum, the cells are dead and the keratins 
and associated proteins are heavily cross-linked by a number 
of transglutaminases, enzymes that catalyze the formation of 
covalent bonds between adjacent protein molecules, forming 

a plastic-like proteinaceous polymer.  The stratum corneum 
also has complex lipid biochemistry which further contributes 
to skin barrier function6.   This protein-lipid rich, highly 
resilient material forms the outermost skin barrier function 
which not only helps prevent water loss but also prevents 
the entry of pathogens, antigens, allergens and chemical 
irritants.  Consequently, hereditary defects in genes involved 
in the biosynthesis and modification of lipid and/or protein 
components of these barrier layers cause a further group of 
keratinizing disorders.  

The first of the stratum corneum disorders to be unravelled was 
lamellar ichthyosis, which is due to loss-of-function mutations 
in the transglutaminase 1 gene65,66.  This is a rare, severe form 
of ichthyosis which can be quite devastating in its effects on 
quality of life.  Like many recessive conditions, it is more 
common in cultures where consanguineous marriage is the 
norm.  Transglutaminase-1 is clearly the major cross-linking 
enzyme of the stratum corneum, since we have recently shown 
that mutations in another related gene, transglutaminase-5, 
also found in this part of the skin, cause a very mild disorder 
known as acral peeling skin syndrome, APSS67.  In APSS, the 
stratum corneum continually peels off, resembling sunburn 
peeling.  The split in the skin here is at the junction of the 
granular layer and the stratum corneum and so there TGM5 
must crosslink a critical protein of unknown identity at this 
tissue junction.  In contrast, TGM1 presumably cross-links a 
wide range of proteins and so its loss leads to a much more 
severe disease.  Defects in the lipids of the stratum corneum 
have also be linked to various forms of ichthyosis, which 
are usually very severe due to massive loss of skin barrier 
function.  In particular, these patients dehydrate easily due to 
greatly increased transepidermal water loss and require heavy 
emollient use.  Studies of this part of the epidermis recently 
led us to consider the filaggrin gene in relation to the most 
common skin conditions with a genetic component.

FILAGGRIN IN ICHTHYOSIS VULGARIS AND 
ATOPIC DISEASE

A survey of English schoolchildren in the 1960s reported 
that 1 in 250 were affected with ichthyosis vulgaris (IV), 
making this the most common of the single-gene keratinizing 
disorders68.  The condition is characterized by excessively dry 
skin, often covered in a fine white scale (Fig 12).  Other clues 

Fig 11. Filaggrin expression in the stratified cornified epidermis. 
Expression is first noted in the granular layer, where the pro-protein 

profilaggrin constitutes the major protein of the characteristic 
intracytoplasmic granules. Cross-linked filaggrin and keratin 

filaments are major constituents of the stratum corneum.
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to the diagnosis of IV are hyperlinearity of the palms and 
soles. Hyperkeratosis of the epithelium around hair follicles, 
keratosis pilaris, is another common feature of the disease.  
It has been reported that many individuals with IV also have 
atopic dermatitis (AD), commonly known as eczema69,70.  
AD is a chronic inflammatory skin condition affecting about 
20% of children in the developed world (Fig 12).  It is often 
accompanied by a range of allergic conditions including 
allergy, asthma and hay fever.  Collectively, these conditions 
are known as atopy or atopic diseases and they have a strong 
tendency to occur in a temporal programme called the atopic 
march, which starts with eczema during early infancy, then a 
range of allergies, followed by asthma and finally, hay fever71.  
Collectively, these conditions are a major global healthcare 
burden, particularly in Westernized nations.

The cytoplasm of the outermost cell layers of the living 
epidermis, the granular cell layers, is filled with keratohyalin 
granules which are primarily composed of the giant precursor 
protein profilaggrin.   In the last layer of living granular 
cells, profilaggrin is enzymatically cleaved into multiple 
copies of the filaggrin peptide.  The liberated filaggrin binds 
to and condenses the keratin cytoskeleton and its many 
associated proteins which brings about a rapid process of cell 
compaction, leading to the formation of flattened squames 
– the dead cells which form the main impermeable barrier 
layer at the surface of the skin. This specialised form of 
programmed cell death is very tightly controlled by multiple 

systems that include calcium binding, proteases, protease 
inhibitors and phosphorylation/dephosphorylation. Following 
cell compaction, filaggrin undergoes further chemical 
modification and then is completely degraded to amino acids 
and hygroscopic derivatives thereof which may contribute 
to the moisturisation of the skin72.  Thus, lack of filaggrin 
in the skin leads to two defects – impaired formation of the 
protective squamous cells and poor water retention.  

A host of biochemical and genetic studies going back over 20 
years pointed to a probable filaggrin defect in IV.  However, 
some of these studies were contradictory and the situation 
only became clear when we reported the first IV-causing 
filaggrin mutations in 200673.  The filaggrin gene is incredibly 
large and has a highly repetitive sequence which makes 
analysis difficult and a number of genetics labs gave up on 
it.  Using techniques Irwin McLean and colleague Frances 
Smith developed to clone and sequence the plectin gene, 
which is also large and repetitive, we took on filaggrin and 
with persistence, Frances solved the technical difficulties and 
identified the first filaggrin mutations.  Interestingly, putting 
the genetic data together with careful and clinical observation, 
we discovered that ichthyosis vulgaris exists in two forms. The 
classical form is severe in its presentation, affects about 1 in 
400 of the population and is due to inheritance of two filaggrin 
mutations. In addition, there is a more common, mild form of 
the disease which does not usually present clinically but where 
individuals have dry skin which may scale in the winter or in 
dry climates. This is due to inheritance of a single filaggrin 
mutation and affects about 10% of the white European-
origin populations worldwide. This type of “semidominant” 
inheritance is unusual in humans and helped confound earlier 
genetic studies.

The first two mutations identified were null alleles of the 
filaggrin gene i.e. they inactivate the gene completely. 
These are highly prevalent and carried by about 10% of 
white European populations.  Since many patients with IV 
also have AD, we went on to show that the same filaggrin 
null mutations are a major genetic factor in this disease in 
the Irish, Scottish and Danish populations.  We employed a 
variety of complex trait genetics methods, initially proving 
the association in seven different ways.  Filaggrin mutations 
are also a major predisposing factor for the related atopic 
diseases secondary to AD, for example, filaggrin mutations 
contributes to possibly 20-25% of all asthma but only asthma 
in the context of pre-existing AD74.  Eczema and the related 
atopic conditions are driven through skin barrier deficiency 
which allows abnormally high transfer of antigens/allergens/
irritants across the epidermis, which in turn, over-sensitises 
the immune system. 

A major problem in the genetics of common, complex 
diseases such as atopy is that other laboratories are unable to 
reproduce the result and the initial association transpires to be 
was spurious.  Happily, this is not the case with filaggrin and 
our results have been replicated now in more than 20 studies 
by various laboratories and using a range of methods75-78.  No 
negative studies have been found in European populations, 
where these mutations are relevant, already making this one 
of the strongest gene associations in the field of complex trait 
genetics.  Evidence is emerging that filaggrin mutations may 
predispose individuals to early onset AD that may be more 

Fig 12. Tangential lighting nicely demonstrates the subtle very fine 
scaling seen in ichthyosis vulgaris (a). Atopic dermatitis (eczema) 

is a common disease of childhood that is characterised by itchy 
inflamed and often excoriated skin that is frequently secondarily 

infected (b).
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severe and persistent in nature and so genetic testing for 
these mutations, which we can now do quickly and cheaply, 
may have great prognostic value. Environmental factors 
influencing the penetrance of FLG null alleles require further 
explanation as does the influence of gene: gene interactions. 
As the phenotypic consequences of FLG null alleles become 
more completely understood, further avenues for exploration 
will emerge such as the possibility that FLG carriers identified 
early in life as being at risk for AD and related diseases can be 
targeted for environmental or pharmacological intervention 
programmes to prevent subsequent disease. Equally, carriers 
of FLG null alleles may have different responses to therapeutic 
interventions from non-FLG null allele carriers. These and 
other questions will occupy our and other’s time and energy 
for some time to come.  

CONCLUSIONS

Our studies of keratinizing disorders have taken us on a 
journey from very rare diseases that few clinicians or even 
dermatologists encounter, to the study of some of the most 
common diseases known to all, doctors and public alike.  
The route we took to these recent discoveries goes against 
the current trend in the genetics field, where DNA analysis 
is often carried out on a grand scale, at the cost of millions, 
to find genes for common diseases.  Our more modest but 
highly effective approach shows what can be done when 
clinicians and scientists get together and make links between 
what is known about basic biological systems and the disease 
pathology as observed in the clinic.  With many more skin 
diseases still unsolved, our work in this field is likely to 
continue for some time to come.  

Conflict of interest – none declared.

REFERENCES

1. 	 Omary MB, Coulombe PA, McLean WH. Intermediate filament proteins 
and their associated diseases. N Engl J Med 2004;351(20):2087-100.

2. 	 Lane EB. Keratins. In: Royce PM, Steinmann B, editors. Connective 
Tissue and its Heritable Disorders Molecular, Genetic and Medical 
Aspects. New York: Wiley-Liss Inc.; 1993. p. 237-47.

3. 	 Schweizer J, Bowden PE, Coulombe PA, Langbein L, Lane EB, Magin 
TM, et al. New consensus nomenclature for mammalian keratins. J Cell 
Biol 2006;174(2):169-74.

4.	  Irvine AD, McLean WH. Human keratin diseases: the increasing 
spectrum of disease and subtlety of the phenotype-genotype correlation. 
Br J Dermatol 1999;140(5):815-28.

5. 	 Green KJ, Jones JC. Desmosomes and hemidesmosomes: structure and 
function of molecular components. FASEB J 1996;10(8):871-81.

6. 	 Candi E, Schmidt R, Melino G. The cornified envelope: a model of cell 
death in the skin. Nat Rev Mol Cell Biol 2005;6(4):328-40.

7. 	 Hitomi K. Transglutaminases in skin epidermis. Eur J Dermatol 
2005;15(5):313-9.

8. 	 Langbein L, Schweizer J. Keratins of the human hair follicle. Int Rev 
Cytol 2005;243:1-78.

9. 	 Bonifas JM, Morley BJ, Oakey RE, Kan YW, Epstein EH, Jr. Cloning 
of a cDNA for steroid sulfatase: frequent occurrence of gene deletions 
in patients with recessive X chromosome-linked ichthyosis. Proc Natl 
Acad Sci 1987;84(24):9248-51.

10. 	 Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, Horn GT, et al. 
Primer-directed enzymatic amplification of DNA with a thermostable 
DNA polymerase. Science 1988;239(4839):487-91.

11. 	 Albers K, Fuchs E. Expression of mutant keratin cDNAs in epithelial cells 
reveals possible mechanisms for initiation and assembly of intermediate 
filaments. J Cell Biol 1989;108(4):1477-93.

12. 	 Lu X, Lane EB. Retrovirus-mediated transgenic keratin expression in 
cultured fibroblasts: specific domain functions in keratin stabilization 
and filament formation. Cell 1990;62(4):681-96.

13. 	 Vassar R, Coulombe PA, Degenstein L, Albers K, Fuchs E. Mutant 
keratin expression in transgenic mice causes marked abnormalities 
resembling a human genetic skin disease. Cell 1991;64(2):365-80.

14. 	 Ishida-Yamamoto A, McGrath JA, Chapman SJ, Leigh IM, Lane EB, 
Eady RA. Epidermolysis bullosa simplex (Dowling-Meara type) is a 
genetic disease characterized by an abnormal keratin filament network 
involving keratins K5 and K14. J Invest Dermatol 1991;97(6):959-
68.

15. 	 Bonifas JM, Rothman AL, Epstein EH. Linkage of epidermolysis bullosa 
simplex to probes in the region of keratin gene clusters on chromosomes 
12q and 17q. J Invest Dermatol 1991;96:550a.

16. 	 Bonifas JM, Rothman AL, Epstein EH. Epidermolysis bullosa simplex: 
evidence in two families for keratin gene abnormalities. Science 
1991;254(5035):1202-5.

17. 	 Coulombe PA, Hutton ME, Letai A, Hebert A, Paller AS, Fuchs E. Point 
mutations in human keratin 14 genes of epidermolysis bullosa simplex 
patients: Genetic and functional analysis. Cell 1991;66(6):1301-11.

18. 	 Lane EB, Rugg EL, Navsaria H, Leigh IM, Heagerty AHM, Ishida-
Yamamoto A, et al. A mutation in the conserved helix termination peptide 
of keratin 5 in hereditary skin blistering. Nature 1992;356(6366):244-6.

19. 	 Steinert PM, Yang JM, Bale SJ, Compton JG. Concurrence between 
the molecular overlap regions in keratin intermediate filaments and the 
locations of keratin mutations in genodermatoses. Biochem Biophys Res 
Commun 1993;197(2):840-8.

20. 	 Chan YM, Yu QC, Fine JD, Fuchs E. The genetic basis of Weber-Cockayne 
epidermolysis bullosa simplex. Proc Natl Acad Sci 1993;90(15):7414-
8.

21. 	 Rugg EL, Morley SM, Smith FJD, Boxer M, Tidman MJ, Navsaria 
H, et al. Missing links: Weber-Cockayne keratin mutations implicate 
the L12 linker domain in effective cytoskeleton function. Nat Genet 
1993;5(3):294-300.

22. 	 Uttam J, Hutton E, Coulombe PA, Anton-Lamprecht I, Yu QC, Gedde-
Dahl T, et al. The genetic basis of epidermolysis bullosa simplex with 
mottled pigmentation. Proc Natl Acad Sci 1996;93(17):9079-84.

23. 	 Irvine AD, McKenna KE, Jenkinson H, Hughes AE. A mutation in the 
V1 domain of keratin 5 causes epidermolysis bullosa simplex with 
mottled pigmentation. J Invest Dermatol 1997;108(5):809-10.

24. 	 Rugg EL, McLean WHI, Lane EB, Pitera R, McMillan JR, Dopping-
Hepenstal PJC, et al. A functional “knockout” of human keratin 14. 
Genes Dev 1994;8(21): 2563-73.

25. 	 Ciubotaru D, Bergman R, Baty D, Indelman M, Pfendner E, Petronius 
D, et al. Epidermolysis bullosa simplex in Israel: clinical and genetic 
features. Arch Dermatol 2003;139(4):498-505.

26. 	 Betz RC, Planko L, Eigelshoven S, Hanneken S, Pasternack SM, 
Bussow H, et al. Loss-of-function mutations in the keratin 5 gene lead 
to Dowling-Degos disease. Am J Hum Genet 2006;78(3):510-9.

27. 	 Liao H, Zhao Y, Baty DU, McGrath JA, Mellerio JE, McLean WHI. A 
heterozygous frameshift mutation in the V1 domain of keratin 5 in a 
family with Dowling-Degos disease. J Invest Dermatol 2007;127:298-
300.

28. 	 Lugassy J, Itin P, Ishida-Yamamoto A, Holland K, Huson S, Geiger D, 
et al. Naegeli-Franceschetti-Jadassohn syndrome and dermatopathia 
pigmentosa reticularis: two allelic ectodermal dysplasias caused by 
dominant mutations in KRT14. Am J Hum Genet 2006;79(4):724-30.

www.ums.ac.uk



©  The Ulster Medical Society, 2007.

Disorders of keratinisation: from rare to common genetic diseases of skin  
and other epithelial tissues.

81

www.ums.ac.uk

29. 	 van Steensel MA, Steijlen PM, Bladergroen RS, Vermeer M, van Geel 
MA missense mutation in the type II hair keratin hHb3 is associated 
with monilethrix. J Med Genet 2005;42(3):e19.

30. 	 Naeem M, Wajid M, Lee K, Leal SM, Ahmad W. A mutation in the hair 
matrix and cuticle keratin KRTHB5 gene causes ectodermal dysplasia 
of hair and nail type. J Med Genet 2006;43(3):274-9.

31. 	 Ku NO, Gish R, Wright TL, Omary MB. Keratin 8 mutations in patients 
with cryptogenic liver disease. N Engl J Med 2001;344(21):1580-7.

32. 	 Owens DW, Wilson NJ, Hill AJ, Rugg EL, Porter RM, Hutcheson AM, et 
al. Human keratin 8 mutations that disturb filament assembly observed 
in inflammatory bowel disease patients. J Cell Sci 2004;117(10):1989-
99.

33. 	 Cheng J, Syder AJ, Yu QC, Letai A, Paller AS, Fuchs E. The genetic basis 
of epidermolytic hyperkeratosis: a disorder of differentiation-specific 
epidermal keratin genes. Cell 1992;70(5):811-9.

34. 	 Chipev CC, Korge BP, Markova N, Bale SJ, DiGiovanna JJ, Compton 
JC, et al. A leucine-----proline mutation in the H1 subdomain of keratin 
1 causes epidermolytic hyperkeratosis. Cell 1992;70(5):821-8.

35. 	 McLean WHI, Eady RA, Dopping-Heppenstal PJ, McMillan JR, Leigh 
IM, Navsaria HA, et al. Mutations in the rod 1A domain of keratins 
1 and 10 in bullous congenital ichthyosiform erythroderma (BCIE). J 
Invest Dermatol 1994;102(1):24-30.

36. 	 Rothnagel JA, Dominey AM, Dempsey LD, Longley MA, Greenhalg 
DA, Gagne TA, et al. Mutations in the rod domains of keratins 1 and 10 
in epidermolytic hyperkeratosis. Science 1992;257(5073):1128-30.

37. 	 Rothnagel JA, Traupe H, Wojcik S, Huber M, Hohl D, Pittelkow MR, et 
al. Mutations in the rod domain of keratin 2e in patients with ichthyosis 
bullosa of Siemens. Nat Genet 1994;7(4):485-90.

38. 	 Kremer H, Zeeuwen P, McLean WHI, Mariman EC, Lane EB, van de 
Kerkhof  CM, et al. Ichthyosis bullosa of Siemens is caused by mutations 
in the keratin 2e gene. J Invest Dermatol 1994;103(3):286-9.

39. 	 McLean WHI, Morley SM, Lane EB, Eady RAJ, Griffiths WAD, Paige 
DG, et al. Ichthyosis bullosa of Siemens - a disease involving keratin 
2e. J Invest Dermatol 1994;103(3):277-81.

40. 	 Langbein L, Heid HW, Moll I, Franke WW. Molecular characterization 
of the body site-specific human epidermal cytokeratin 9: cDNA 
cloning, amino acid sequence, and tissue specificity of gene expression. 
Differentiation 1993;55(1):57-71.

41. 	 Swensson O, Langbein L, McMillan JR, Stevens HP, Leigh IM, McLean 
WHI, et al. Specialized keratin expression pattern in human ridged skin 
as an adaptation to high physical stress. Br J Dermatol 1998;139(5):767-
75.

42. 	 Reis A, Hennies HC, Langbein L, Digweed M, Mischke D, Drechsler 
M, et al. Keratin 9 gene mutations in epidermolytic palmoplantar 
keratoderma (EPPK). Nature Genet 1994;6(2):174-9.

43. 	 Covello SP, Irvine AD, McKenna KE, Munro CS, Nevin NC, Smith 
FJD, et al. Mutations in keratin K9 in kindreds with epidermolytic 
palmoplantar keratoderma and epidemiology in Northern Ireland. J 
Invest Dermatol 1998;111(6):1207-9.

44. 	 Smith FJD, Liao H, Cassidy AJ, Stewart A, Hamill KJ, Wood P, et al. 
The genetic basis of pachyonychia congenita. J Invest Dermatol Symp 
Proc 2005;10(1):21-30.

45. 	 Leachman SA, Kaspar RL, Fleckman P, Florell SR, Smith FJ, McLean 
WHI, et al. Clinical and pathological features of pachyonychia congenita. 
J Invest Dermatol Symp Proc 2005;10(1):3-17.

46. 	 Bowden PE, Haley JL, Kansky A, Rothnagel JA, Jones DO, Turner RJ. 
Mutation of a type II keratin gene (K6a) in pachyonychia congenita. 
Nat Genet 1995;10(3):363-5.

47. 	 McLean WHI, Rugg EL, Lunny DP, Morley SM, Lane EB, Swensson O, 

et al. Keratin 16 and keratin 17 mutations cause pachyonychia congenita. 
Nat Genet 1995;9(3):273-8.

48. 	 Smith FJD, Jonkman MF, van Goor H, Coleman CM, Covello SP, 
Uitto J, et al. A mutation in human keratin K6b produces a phenocopy 
of the K17 disorder pachyonychia congenita type 2. Hum Mol Genet 
1998;7(7):1143-8.

49. 	 McKusick VA. The illnesses of the great and near-great. Bull Hist Med 
1955;29(4):377-81.

50. 	 Rugg EL, McLean WHI, Allison WE, Lunny DP, Macleod RI, Felix 
DH, et al. A mutation in the mucosal keratin K4 is associated with oral 
white sponge nevus. Nat Genet 1995;11(4):450-2.

51. 	 Richard G, DeLaurenzi V, Didona B, Bale SJ, Compton JG. Keratin 
13 point mutation underlies the hereditary mucosal epithelial disorder 
white sponge nevus. Nat Genet 1995;11(4):453-5.

52. 	 Irvine AD, Corden LD, Swensson O, Swensson B, Moore JE, Frazer DG, 
et al. Mutations in cornea-specific keratin K3 or K12 cause Meesmann’s 
corneal dystrophy. Nat Genet 1997;16(2):184-7.

53. 	 Winter H, Rogers MA, Gebhardt M, Wollina U, Boxall L, Chitayat D, et 
al. A new mutation in the type II hair cortex keratin hHb1 involved in the 
inherited hair disorder monilethrix. Hum Genet 1997;101(2):165-9.

54. 	 Winter H, Rogers MA, Langbein L, Stevens HP, Leigh IM, Labreze C, 
et al. Mutations in the hair cortex keratin hHb6 cause the inherited hair 
disease monilethrix. Nat Genet 1997;16(4):372-4.

55. 	 Winter H, Labreze C, Chapalain V, Surleve-Bazeille JE, Mercier M, 
Rogers MA, et al. A variable monilethrix phenotype associated with a 
novel mutation, Glu402Lys, in the helix termination motif of the type 
II hair keratin hHb1. J Invest Dermatol 1998;111(1):169-72.

56. 	 Yasukawa K, Sawamura D, McMillan JR, Nakamura H, Shimizu 
H. Dominant and recessive compound heterozygous mutations in 
epidermolysis bullosa simplex demonstrate the role of the stutter 
region in keratin intermediate filament assembly. J Biol Chem 
2002;277(26):23670-4.

57. 	 Naeem M, Jelani M, Lee K, Ali G, Chishti MS, Wali A, et al. Ectodermal 
dysplasia of hair and nail type: mapping of a novel locus to chromosome 
17p12-q21.2. Br J Dermatol 2006;155(6):1184-90.

58. 	 Smith FJD, Eady RAJ, Leigh IM, McMillan JR, Rugg EL, Kelsell DP, et 
al. Plectin deficiency results in muscular dystrophy with epidermolysis 
bullosa. Nat Genet 1996;13(4):450-7.

59. 	 McLean WHI, Pulkkinen L, Smith FJD, Rugg EL, Lane EB, Bullrich 
F, et al. Loss of plectin causes epidermolysis bullosa with muscular 
dystrophy - cDNA cloning and genomic organization. Genes Dev 
1996;10(14):1724-35.

60. 	 Armstrong DK, McKenna KE, Purkis PE, Green KJ, Eady RA, Leigh 
IM, et al. Haploinsufficiency of desmoplakin causes a striate subtype 
of palmoplantar keratoderma. Hum Mol Genet 1999;8(1):143-8.

61. 	 McGrath JA, McMillan JR, Shemanko CS, Runswick SK, Leigh IM, Lane 
EB, et al. Mutations in the plakophilin 1 gene can result in ectodermal 
dysplasia/skin fragility syndrome. Nat Genet 1997;17(2):240-4.

62. 	 McKoy G, Protonotarios N, Crosby A, Tsatsopoulou A, Anastasakis A, 
Coonar A, et al. Identification of a deletion in plakoglobin in arrhythmogenic 
right ventricular cardiomyopathy with palmoplantar keratoderma and 
woolly hair (Naxos disease). Lancet 2000;355(9221):2119-24.

63. 	 Norgett EE, Hatsell SJ, Carvajal-Huerta L, Cabezas JC, Common J, Purkis 
PE, et al. Recessive mutation in desmoplakin disrupts desmoplakin-
intermediate filament interactions and causes dilated cardiomyopathy, 
woolly hair and keratoderma. Hum Mol Genet 2000;9(18):2761-6.

64. 	 Irvine AD, McLean WHI. Breaking the (un)sound barrier: filaggrin is a 
major gene for atopic dermatitis. J Invest Dermatol 2006;126(6):1200-
2.



©  The Ulster Medical Society, 2007.

82 The Ulster Medical Journal

65. 	 Huber M, Rettler I, Bernasconi K, Frenk E, Lavrijsen SP, Ponec M, et 
al. Mutations of keratinocyte transglutaminase in lamellar ichthyosis. 
Science 1995;267(5197):525-8.

66. 	 Russell LJ, DiGiovanna JJ, Rogers GR, Steinert PM, Hashem N, Compton 
JG, et al. Mutations in the gene for transglutaminase 1 in autosomal 
recessive lamellar ichthyosis. Nat Genet 1995;9(3):279-83.

67. 	 Cassidy AJ, van Steensel MA, Steijlen PM, van Geel M, van der Velden J, 
Morley SM, et al. A homozygous missense mutation in TGM5 abolishes 
epidermal transglutaminase 5 activity and causes acral peeling skin 
syndrome. Am J Hum Genet 2005;77(6):909-17.

68. 	 Wells RS, Kerr CB. Clinical features of autosomal dominant and sex-
linked ichthyosis in an English population. Br Med J 1966;1:947-50.

69. 	 Tay YK, Khoo BP, Goh CL. The epidemiology of atopic dermatitis at a 
tertiary referral skin center in Singapore. Asian Pac J Allergy Immunol 
1999;17(3):137-41.

70. 	 Mevorah B, Marazzi A, Frenk E. The prevalence of accentuated 
palmoplantar markings and keratosis pilaris in atopic dermatitis, 
autosomal dominant ichthyosis and control dermatological patients. 
Br J Dermatol 1985;112(6):679-85.

71. 	 Spergel JM, Paller AS. Atopic dermatitis and the atopic march. J Allergy 
Clin Immunol 2003;112(6 Suppl):S118-27.

72. 	 Rawlings AV, Harding CR. Moisturization and skin barrier function. 
Dermatol Ther 2004;17(Suppl 1):43-8.

73.	 Smith FJD, Irvine AD, Terron-Kwiatkowski A, Sandilands A, Campbell 
LE, Zhao Y et al. Loss of function mutations in the gene encoding 
filaggrin cause ichthyosis vulgaris. Nature Genet 2006;38:337-342.

74. 	 Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee 
SP, et al. Common loss-of-function variants of the epidermal barrier 
protein filaggrin are a major predisposing factor for atopic dermatitis. 
Nat Genet 2006;38(4):441-6.

75. 	 Weidinger S, Illig T, Baurecht H, Irvine AD, Rodriguez E, Diaz-Lacava 
A, et al. Loss-of-function variations within the filaggrin gene predispose 
for atopic dermatitis with allergic sensitizations. J Allergy Clin Immunol 
2006;118:214-219.

76. 	 Weidinger S, Rodriguez E, Stahl C, Wagenpfeil S, Klopp N, Illig T, et 
al.  Filaggrin mutations strongly predispose to early-onset and extrinsic 
atopic dermatitis. J Invest Dermatol 2007;127:724-726.

77. 	 Marenholz I, Nickel R, Ruschendorf F, Schulz F, Esparza-Gordillo 
J, Kerscher T, et al. Filaggrin loss-of-function mutations predispose 
to phenotypes involved in the atopic march. J Allergy Clin Immunol 
2006;118(4):866-71.

78.	 Barker JN, Palmer CAN, Zhao Y, Liao H, Hull PR, Lee SP, et al. Null 
Mutations in the Filaggrin Gene (FLG) Determine Major Susceptibility 
to Early-Onset Atopic Dermatitis that Persists into Adulthood. J Invest 
Dermatol 2007;127:564-567.

www.ums.ac.uk


