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1.1 THE STRUCTURE OF SKIN 

 

The mammalian skin is the largest organ of the human body and serves a 

multitude of functions essential for survival. The skin is made up of the multi-

layered epidermis and dermis that protects the underlying muscles, bones as 

well as vital internal organs. It is also the first line of barrier defence against 

the entry of foreign substances while guarding against the loss of water from 

our bodies. Upon the breach of the skin barrier, resident Langerhans cells 

trigger the second line of adaptive-immunity defence in response to infection. 

Hair and fur attached to the skin play the role of thermo-regulation in warm-

blooded animals (although to a lesser degree in humans) while the presence of 

sensory nerve endings allows the organism to perceive the environment 

(touch, temperature, vibration, pressure and injury); thereafter, the elasticity 

and mechanical resilience of the skin allow movement in response to the 

environmental challenges (Figure 1.1). 

 

1.1.1 The epidermis  

 

The epidermis is a dynamic, constantly self-renewing tissue that is made up of 

five distinct layers: the stratum basale, stratum spinosum, stratum granulosum, 

stratum lucidum (seen in acral skin only) and stratum corneum. The 

keratinocytes (the main epidermal cell type) differentiate and undergo 

morphological and biochemical changes as they move up the strata over a 
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Figure 1.1 The structure of human skin 

 

 

 

 
 

 
The skin is the largest organ in the human body and consists of multiple layers 

that protect the underlying internal organs, muscles and bones. There are two 

general types of skin in humans – thick skin that occurs mostly in the 

palmoplantar areas, and thin skin that covers the rest of the body. The main 

functions of the skin are thermoregulation, environment sensing, and to serve 

as an effective barrier against moisture loss and entry of pathogens. 

 

 

This figure is licensed under the Creative Commons Attribution-Share Alike 

3.0 Unported license from Wikipedia  

(http://commons.wikimedia.org/wiki/File:Skin_layers.png)
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period of ~28 days. The stratum basale of the epidermis contains melanin-

producing melanocytes that determine the colour of the skin – surrounding 

basal keratinocytes take up pigmented melanosomes by engulfing pieces of 

the melanocyte processes. The stratum basale is also the only layer showing 

mitotic activity due to the presence of epidermal stem cells that constantly 

undergo self-renewal to produce more daughter cells to maintain epidermal 

turnover. Two different mechanisms have been described to explain the 

generation of the multilayered differentiated epidermis from epidermal stem 

cells (reviewed in Fuchs and Horsley, 2008). In the first model, a small 

population of slow-cycling epidermal stem cells gives rise to a large number 

of transiently amplifying (TA) cells which form hexagonally-shaped colonies 

of epidermal proliferative units (EPUs). After a limited number of divisions, 

the expression of surface integrins is lost in these TA cells, leading to 

detachment from the basal lamina and towards suprabasal terminal 

differentiation (Potten, 1974; Jones et al., 1995). More recently, an alternative 

hypothesis of polarised stem cell division was proposed. In this model, a 

distinct microenvironment signals epidermal stem cells to polarise and 

distribute key regulatory proteins to cortical niches. Subsequently, the 

epidermal stem cell divides asymmetrical and one daughter cell retains its 

stem cell properties while the other daughter cell detaches from the basal 

lamina and progresses towards a differentiated cell fate (Lechler and Fuchs, 

2005). Currently, it is unclear whether the detachment from the basal lamina 

occurs before or after the daughter cell is committed to its differentiated state.  
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Daughter keratinocytes that lose adherence to the underlying basal lamina are 

squeezed out into the stratum spinosum; here they are tightly linked together 

by intercellular connections known as desmosomes. The desmosomes connect 

in the cytoplasm to bundles of keratin filaments, which give the cells their 

spinous appearance by histology. Under complex transcriptional control that is 

not entirely understood, these keratinocytes also start to change their 

expression of keratin and other proteins as differentiation begins (Kaufman et 

al., 2002; Dai et al., 2004). In the stratum granulosum, the appearance of dark 

keratohyalin granules carrying terminal differentiation proteins and lamellar 

granules containing barrier lipids first appear in the keratinocytes in 

anticipation of the terminal differentiation process of cornification. The 

stratum lucidum is located between the stratum granulosum and stratum 

corneum; it is more visible in thick skin, such as palms and soles. The final 

step in keratinocyte differentiation to form the stratum corneum is associated 

with the expression of a plethora of structural and enzymatic proteins to 

orchestrate the transformation of keratinocytes into a densely cross-linked 

matrix of flat, anucleated dead cells (also known as corenocytes) filled with 

structural proteins and water. These corneocytes are further sealed with a 

covalently bound, hydrophobic lipid envelope between intercellular spaces to 

fulfil the role as a selectively permeable barrier to safeguard the integrity of 

the skin (Kalinin et al., 2001). Eventually, the top layers of the stratum 

corneum are sloughed off during the process of desquamation to maintain the 

homeostasis of skin thickness (Figure 1.2).  
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The specific molecular components and biochemical events responsible for the 

formation of an effective skin barrier will be discussed in section 1.2 of this 

introduction.  

 

1.1.2 The dermis 

 

The dermis lies just beneath the epidermis and is a thick zone of extracellular 

matrix, with much lower cell density, and serves as a ‘cushion’ layer to protect 

the body from mechanical stress. It is divided into the papillary region that 

underlies the epidermis directly, followed by the thicker reticular region. The 

papillary region contains loose connective tissue and interdigitates the 

epidermis with finger-like projections known as papillae to strengthen the 

interaction between the epidermis and dermis. In comparison, the reticular 

region is made up of dense, collagenous tissue interweaved with a network of 

reticular fibres that provides skin with its elasticity and strength (Frances et 

al., 1990). The dermis also contains sensory nerves, hair follicles, sebaceous 

and sweat glands, as well as blood vessels to provide nourishment and 

excretory avenues for the cells located in the stratum basale (Figure 1.1). 
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Figure 1.2      Epidermal differentiation  

 
The epidermis is the outermost layer of the skin and is separated from the dermis by the basement membrane. Keratinocytes proliferate within 

the stratum basale and start to differentiate as they move upwards through the different epidermal layers, becoming anucleated and increasingly 

compact in size. Ultimately, they undergo terminal differentiation to form the stratum corneum, a highly orchestrated event involving the 

extensive cross linking of keratins and epidermal differentiation proteins such as filaggrin, involucrin, SPRR and loricrin. Lipids are also 

extruded into the intercellular spaces to provide an effective skin barrier. Eventually, the corneocytes are sloughed off in a process known as 

desquamation. 
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1.2 FORMATION OF A SELECTIVELY PERMEABLE 

SKIN BARRIER 

 

As keratinocytes move up the layers of the epidermis to form the stratum 

corneum, they experience variations in their intra- and extracellular 

environments, which trigger changes in gene expression, resulting in extensive 

modification in composition and morphology. Eventually, these keratinocytes 

lose their nucleus and form layers of flattened corneocytes filled with a tightly 

cross-linked protein matrix. This matrix is made up of highly specialised 

structural proteins including keratins, filaggrin, involucrin, trichohyalin and 

small proline-rich proteins (SPRRs) linked mostly by disulphide bonds and N-

ε-(gamma-glutamyl) lysine isopeptide bonds catalysed by a group of enzymes 

known as the transglutaminases (Proksch et al., 2008). These corneocytes are 

held together by intercellular corneodesmosomes, which are modified forms 

of the desmosomes found in the lower epidermal layers. The remaining 

extracellular spaces are filled up with lipids consisting of ceramides, fatty 

acids and cholesterol to maintain an airtight, waterproof skin barrier (Michel 

et al., 1988; Kalinin et al., 2002).  

 

In the following sections, individual components of the protein and lipid 

matrices will be discussed in detail for a deeper understanding of their 

properties that contribute to the effectiveness of the skin barrier. 
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 1.2.1   Structural protein components of the skin barrier  

 

With the exception of keratin genes, most cornification genes are clustered in 

a chromosomal region 1q21 termed the epidermal differentiation complex 

(EDC). These genes are believed to have undergone extensive duplication 

followed by diversification to fulfil different niches over the course of 

evolution. To date, 45 genes have been identified within the EDC; these are 

likely to be regulated in a cooperative manner to execute the complex event of 

epidermal differentiation (reviewed in Hoffjan and Stemmler, 2007). 

 

1.2.2.1 Keratins 

 

Keratins belong to the large family of intermediate filaments, which are 

structural proteins essential for the physical resilience of cells when they are 

challenged with mechanical stress (Porter and Lane, 2003). There are 28 type I 

(acidic) and 26 type II (basic) keratins and they assemble as heteropolymers, 

i.e. a type I keratin pairs with a type II keratin in their specific epithelial 

differentiation programme and body site (Moll et al., 1982). Proliferating 

keratinocytes in the stratum basale express K14 (type I) and K5 (type II); they 

lose their ability to adhere to the basal lamina when K10 (type I) and K1 (type 

II) expression is switched on during migration into the stratum spinosum 

(Kaufman et al., 2002; Dai et al., 2004). K9 (type I) and K2 (type II) may also 

be expressed, with the former being present in palmoplantar epidermis 

(Covello et al., 1998). Eventually, the filament-aggregating protein (filaggrin) 

bind to these keratins in the stratum granulosum (Manabe et al., 1991) and this 
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process is thought to lead to the collapse and compaction of the keratin 

filament network. Together, keratins and filaggrin constitute 80-90% of the 

mammalian epidermal mass and they form an uniform scaffold for the 

subsequent reinforcement of the cornified protein envelope by other structural 

proteins (reviewed in Proksch et al., 2008).  

 

While mutations in the KRT5 and KRT14 cause skin blistering disorders like 

epidermolysis bullosa simplex (EBS), the importance of keratins in skin 

barrier formation is highlighted by the KRT10 homozygous knockout mouse, 

which has a delicate epidermis and dies a few hours after birth. KRT10 

heterozygous knockout mice had normal epidermis formation but develop dry, 

hyperkeratotic skin with delayed barrier repair further in life (Porter et al., 

1998). In humans, KRT10 mutations cause ichthyosis with confetti (OMIM 

#609165) and KRT1 or KRT10 mutations lead to epidermolytic hyperkeratosis 

(OMIM #607602). KRT9 mutations cause palmar keratoderma (OMIM 

#144200) and KRT2 mutations results in ichthyosis bullosa of Siemens 

(OMIM #146800), a hyperkeratotic skin disorder marked by erythema and 

blistering (Traupe et al., 1986). 

 

1.2.1.2 Filaggrin 

 

Filaggrin is synthesised as a large polyprotein precursor called profilaggrin 

that is subsequently broken down into 10-12 monomers that bind to keratin 

filament bundles (mentioned above) and are associated with the compaction of 

the keratin network. Thereafter, this aggregated keratin-filaggrin scaffold 
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serves as a platform for the attachment of other stratum corneum proteins. 

Lastly, filaggrin also helps to maintain the epidermal texture and skin pH later 

in another way, as it is finally broken down into free amino acids and other 

water-binding constituents (Rawlings and Harding, 2004), forming a natural 

moisturiser.  

 

This thesis will discuss the clinical manifestations of filaggrin deficiency in 

the subsequent chapters in more detail. Briefly, a skin barrier defect caused by 

filaggrin gene (FLG) mutations causes ichthyosis vulgaris (IV) (Smith et al., 

2006), and is also a strong predisposing genetic factor for atopic dermatitis 

(AD) (Palmer et al., 2006) and other associated allergic conditions such as 

asthma and allergic rhinitis (Marenholz et al., 2006). 

 

1.2.1.3 Involucrin 

 

Involucrin is the most abundant structural protein in the cornified envelope of 

terminally differentiated keratinocytes, and is believed to be one of the earliest 

components involved in cornification. It is a highly repetitive protein rich in 

glutamine and glutamic acid residues, which crosslinks promiscuously with 

other structural proteins through the enzymatic action of transglutaminases 

(Yaffe et al., 1992).  In the mature cornified envelope of the keratinocyte, 

involucrin is aligned around the inner surface of the cell membrane; therefore 

it has been postulated to be involved in subsequent covalent interactions with 

the extracellular lipids such as ceramides to link the protein and lipid matrices 

(Nemes et al., 1999).  
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1.2.1.4 Loricrin 

 

Loricrin is expressed in the stratum granulosum and intermixes with 

profilaggrin in the keratohyalin granules. It is unusually rich in glycine, serine 

and cysteine residues and loricrin molecules can form isopeptide bonds with 

itself, as well as filaggrin, keratins, involucrin and the SPRRs to coordinate the 

cell structure (Hohl et al., 1991; Candi et al., 1998). Although this extensive 

crosslinking results in rigidity of the cornified envelope, a certain degree of 

elasticity is attributed to the lack of a highly ordered tertiary structure in 

loricrin (Candi et al., 2005). 

 

Base insertions in the loricrin gene (LOR) lead to frameshift mutations and 

delayed termination of the loricrin protein during translation (Ishida-

Yamamoto et al., 1997). The extended loricrin does not interfere directly with 

the crosslinking process during cornification but seems to affect the 

nuclear/nucleolar functions of differentiating keratinocytes (Ishida-Yamamoto 

et al., 2000) in a dominant-negative manner. This manifests clinically as a 

variant form of Vohwinkel’s syndrome (OMIM #604117), a condition marked 

by mutilating keratoderma and ichthyosis.  

 

1.2.1.5 Small proline rich proteins (SPRRs) 

 

SPRRs were originally identified as UV responsive genes in the EDC 

(Kartasova et al., 1988b) and some SPRR members are also upregulated in 

response to cigarette smoke and tumour promoter phorbol 12-myristate 13-
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acetate (PMA; Kartasova et al., 1988a; Kartasova and van de Putte, 1988; 

Gibbs et al., 1990). It is believed that SPRRs have a role in modulating the 

biomechanical properties of the barrier in face of environmental insults 

(Steinert et al., 1998b). SPRRs are small (6-18 kDa) proline-rich proteins 

made up of three classes: SPRR1 (2 proteins), SPRR2 (10 proteins) and 

SPRR3 (1 protein). These proteins show a preference for transglutaminase-3 

and form crosslinking bridges between loricrin molecules via their head and 

tail domains for mechanical resistance (Kartasova et al., 1996; Steinert et al., 

1998b). Similar to loricrin, SPRRs also have a disorganised structure that 

increases elasticity of the protein envelope. The loricrin:SPRR ratio in 

different body sites and skin thickness is thought to alter the rigidity and 

elasticity of the stratum corneum regionally (Steinert et al., 1998a). 

 

1.2.1.6 Late cornified envelope proteins (LCEs) 

 

In 2001, a new cluster of genes in the EDC encoding a family of 18 proteins 

was described. These proteins were termed the late cornified envelope proteins 

(LCEs) and locate to the cornified envelope very late in the process of 

cornified envelope maturation; therefore it has been proposed that this family 

of proteins share or possibly extend the role of SPRRs in mediating 

differences in skin barrier quality in response to environmental stimuli 

(Marshall et al., 2001). Subsequent quantitative analysis segregated the LCE 

cluster into three main groups – groups 1 and 2 are expressed predominantly 

in the skin, group 3 has variable, low-level expression in all stratified 

cornifying epithelia. In addition these three groups, LCE4A and LCE5A 
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expression was not detected and their function remains to be elucidated 

(Jackson et al., 2005).  Group 3 LCEs was significantly upregulated in 

response to UVB irradiation and demonstrated a longer-term response to UVB 

in comparison to SPRRs expression (Jackson et al., 2005). Recently, GWAS 

studies showed an association of the LCE cluster with psoriasis and the 

deletion of LCE3B and LCE3C have been hypothesised as a contributing 

factor of psoriasis pathogenesis (de Cid et al., 2009; Zhang et al., 2009). The 

genetics of psoriasis will be further discussed in Chapter 5 of this thesis. 

 

1.2.1.7 Corneodesmosomes 

 

Keratinocytes residing in the stratum basale are attached to the basal lamina 

through anchoring junctions known as hemidesmosomes, while cell-cell 

adherence in the mature epidermis is established through desmosomes. These 

junctions are connected to the keratin intermediate filament network in the 

cytoplasm, distinguishing them from the actin filament linked anchoring 

junctions, the adherens junctions and focal adhesions. At the transition from 

the stratum granulosum to the stratum corneum, profound changes are 

observed in desmosome morphology, including the integration of the 

cytoplasmic plaque into the cornified envelope and formation of a dense 

plaque in the extracellular desmosome core. This modified desmosome is 

termed the corneodesmosome and is rich in glycoproteins, namely desmoglein 

1, desmocollin 1 and corneodesmosin. Desmoglein 1 and desmocollin 1 

belong to the Ca
2+
-dependent cadherin family while corneodesmosin is 

believed to have Ω-loop domains similar to loricrin and keratins. The carefully 
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timed degradation of corneodesmosomes by serine proteases in the stratum 

corneum is of utmost importance in the desquamation process to maintain a 

suitable stratum corneum thickness. The stratum corneum chymotryptic 

enzyme (SCCE) and stratum corneum tryptic enzyme (SCTE) are believed to 

cleave off adhesive loop domains within the corneodesmosomes to allow 

desquamation (Simon et al., 1997).  

 

Mutations in the corneodesmosin gene (CDSN) cause hypotrichosis simplex of 

the scalp (HTSS; OMIM #146520), an autosomal dominant form of alopecia 

marked by progressive hair loss from the scalp after the first decade of life 

(Levy-Nissenbaum et al., 2003). CDSN knockout mice have a defective skin 

barrier and die of dehydration shortly after birth, while mice harbouring 

CDSN-null mutations showed detachment of the stratum corneum from the 

stratum granulosum (Matsumoto et al., 2008). Patients who are homozygous 

for the CDSN-null mutations have complete absence of corneodesmosin 

expression and develop the type B peeling skin syndrome (PSS; OMIM 

#270300) shortly after birth. PSS is an autosomal recessive ichthyosiform 

erthroderma condition characterised by lifelong patchy peeling of skin that is 

strongly associated with pruritus, high IgE levels and atopic diseases such as 

food allergies (Oji et al., 2010). Interestingly, CDSN is located within the 

major histocompatibility complex (MHC) class 1 region of chromosome 6 

(Zhou and Chaplin, 1993), a psoriasis susceptibility region (PSORS1; 

reviewed in Mak et al., 2009).  
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1.2.2 Lipid components of the skin barrier  

 

The cornified protein envelope is embedded within a lipid envelope that plays 

a major role in reducing transepidermal water loss from the skin. Late in the 

process of differentiation, the Golgi apparatus packages polar lipids such as 

glycosphingolipids, free sterols and phospholipids into lamellar vesicles that 

are clearly visible in the stratum spinosum and stratum granulosum (Downing 

et al., 1987).  Changes in the cellular environment, for example an increase in 

calcium concentration in the stratum granulosum, triggers the movement of 

these lamellar vesicles to move towards the apex of the upper cells in the 

stratum granulosum. Subsequently, these lamellar vesicles fuse with the 

plasma membrane and secrete their contents into the intercellular spaces by 

exocytosis. Specific acid hydrolases modify these polar lipids into three main 

classes of non-polar lipids: ceramides, free fatty acids and cholesterol, which 

will form covalent interactions with the cornified envelope to seal the 

intercellular spaces for a waterproof skin barrier (Freinkel and Traczyk, 1985; 

Landmann, 1988). 

 

In this section, the lipid components of the skin barrier and their associated 

disorders will be briefly discussed. 

 

1.2.2.1 Ceramides 

 

Ceramides are composed of sphingosine linked to a fatty acid molecule by an 

amide bond and account for 30-40% of the lipids found in the stratum 
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corneum (reviewed in Proksch et al., 2008). There are three pathways 

responsible for the generation of ceramides – in the de novo synthesis 

pathway, ceramides are generated from the condensation of palmitate and 

serine using serine-palmitoyl transferase as a rate-limiting enzyme; 

sphingomyelinase catalyses the hydrolysis of sphingomyelin while β-

glucocerebrosidase hydrolyses glucosylceramide to form free ceramides 

(Jensen et al., 1999). There are at least nine different known ceramides, of 

which ceramide A and ceramide B are believed to bind covalently to the 

protein cornified envelope through involucrin. Currently, the mechanism of 

this interaction is still unclear, but in vitro studies have demonstrated the 

formation of a transglutaminase-catalysed ester bond between ceramides and 

involucrin (Goldstein and Abramovits, 2003; Ponec et al., 2003).  

 

Mutations in β-glucocerebrosidase cause Gaucher type I (OMIM #230800), II 

(OMIM #230900) and III disease (OMIM #231000), in which the enzyme is 

unable to hydrolyse glucosylceramides. This leads to the accumulation of 

glucosylceramides in cells, which damages the splenic, hepatic, skeletal and 

central nervous systems of the patient (Holleran et al., 1994). Patients may 

also display dry and scaly skin resulting from inadequate ceramides in the 

stratum corneum. In some atopic dermatitis (AD) patients, an increase in 

deacylase ceramidase and glucose deacylase (enzymes involved in ceramide 

catabolism) activities have also led to an altered ceramide profile, but the 

underlying cause, genetic or otherwise, is unclear (Bouwstra and Ponec, 

2006). 
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1.2.2.2 Free fatty acids 

 

The lipid envelope in the stratum corneum contains free fatty acids, which are 

derived from phospholipids and triglycerides. Most saturated and 

monosaturated fatty acids can be synthesised in the human body; some 

essential fatty acids such as α-linolenic acid and linoleic acids must be 

obtained from food sources to maintain good health. Essential fatty deficiency 

(EFAD) is a condition caused by rare occurrences of insufficient food uptake 

and is characterised by dry and inflammatory skin, alopecia, bacterial 

infection and possible growth retardation in children (Proksch et al., 1992). 

The Sjögren-Larsson syndrome (SLS; OMIM #270200) is marked by similar 

symptoms and this disorder has been traced to mutations in the microsomal 

fatty aldehyde dehydrogenase gene (ALDH3A2) that prevents the oxidation of 

long-chain aliphatic fatty aldehydes to fatty acids (De Laurenzi et al., 1996).  

 

1.2.2.3 Cholesterol 

 

Cholesterol is an essential structural component of the lipid membrane, where 

it is required for membrane fluidity, permeability and signaling cascades. In 

addition, it is also the third major lipid class in the stratum corneum that is 

necessary to keep the skin barrier hydrated. Cholesterol sourced from food is 

transported around the body via blood circulation but only a small amount is 

absorbed by keratinocytes in the stratum basale. Instead, most cholesterol in 

the epidermis is synthesised in situ from acetate in the cells (reviewed in 

Proksch et al., 2008).  
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Hydroxymethylglutaryl coA reductase (HMG-coA) is the rate limiting enzyme 

in the cholesterol synthesis pathway and inhibition of this enzyme with 

lovastatin to combat high cholesterol in patients often leads to side effects 

such as a disturbed barrier function and hyperkeratosis (Proksch et al., 1992). 

Mutations in the steroid sulphatase gene (STS) result the failure to process 

cholesterol sulphate into cholesterol; this accumulation of cholesterol sulphate 

affects desquamation of the skin and manifests as the autosomal recessive X-

linked ichthyosis (OMIM #308100), a condition marked by difficult labour of 

the affected baby and the subsequent onset of dark polygonal scales and 

corneal opacities (Shapiro et al., 1978; Ballabio et al., 1987). More details of 

this disorder and its underlying genetics will be discussed in Chapter 4 of this 

thesis. 

 

1.2.3 Biochemical components involved in skin barrier 

formation  

 

1.2.3.1 Calcium ions 

 

Calcium is one of the most important regulatory chemicals involved in the 

formation of an effective skin barrier. The gradient of Ca
2+
 increases steadily 

from the stratum basale upwards and peaks at the stratum granulosum, where 

the process of terminal differentiation is most active (Lee et al., 1992; Hitomi, 

2005). The expression of many epidermal differentiation proteins, including 

keratins, profilaggrin and transglutaminases are regulated by the Ca
2+
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concentration in the cell (Hitomi, 2005). The stratum corneum has a low 

concentration of Ca
2+ 
because the flattened corneocytes contain minimal water 

to dissolve Ca
2+
. In the event of a breach in the skin barrier, water gains entry 

into the stratum corneum to dissolve more Ca
2+
 and disrupts the gradient of 

calcium ions. In turn, the barrier repair programme is activated, triggering the 

extrusion of lipids from the lamellar body and up regulation of structural 

proteins and enzymes to seal the wound (Menon et al., 1985; Menon and 

Elias, 1991; Lee et al., 1992).  

 

Disturbances in calcium metabolism lead to increased transepidermal water 

loss, as exemplified by Darier-White disease (OMIM #124200) and benign 

chronic pemphigus, also known as Hailey-Hailey disease (OMIM #169600;). 

In Darier-White disease, mutations were detected in the calcium transporter 

ATPase gene (ATP2A2) and this was associated with demosomal-keratin 

filament complex abnormalities and resultant detachment of suprabasal 

keratinocytes (Sakuntabhai et al., 1999). Hailey-Hailey disease shows similar 

defects, with recurrent blistering in the suprabasal layers. The underlying 

cause is mutation of the ATP2C1 gene, which codes for the ATP-powered ion 

pump that sequesters Ca
2+ 
in the Golgi apparatus. A defective ion pump leads 

to an attenuation of the Ca
2+
 gradient and subsequent cell-cell adhesion defects 

(Hu et al., 2000). 
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1.2.3.2 Enzymes relevant in barrier formation 

 

Transglutaminases are Ca
2+
-dependent enzymes that catalyse the formation of 

many isopeptide bonds in the body. There are at least nine transglutaminases 

in humans, with transglutaminases-1, 3 and 5 having important roles in the 

process of stratum corneum formation (Candi et al., 1995; Steinert et al., 

1996a; Steinert et al., 1996b).   Mutations in transglutaminase-1 gene (TGM1) 

result in severe impairment of the protein-protein and protein-lipid 

crosslinking process. Patients habouring TGM1 mutations present with non-

bullous autosomal recessive ichthyoses, including lamellar ichthyosis type 1 

(LI1; OMIM #242300) and non-bullous ichthyosoform erythroderma (NBIE; 

OMIM #242100). LI1 patients are characterised by a colloidon membrane 

during birth, which later heals with development of large brown scales all over 

the body (Williams and Elias, 1985; Russell et al., 1995); NBIE is marked by 

superficial, fine white scaling with pronounced erythroderma (Arce and 

Berchmans, 1969). About 32% of LI patients carry TGM1 mutations, while 

other patients have mutations in other genes including lipoxygenase genes 

(ALOXE3 and ALOX12B), the ATP-binding-cassette transporter gene 

(ABCA12), cytochrome P450 gene (CYP4F22) and ichthyin (reviewed in 

Fischer, 2009).  

 

Lipoxygenases are necessary in the body to catalyse the oxygenation of 

polyunsaturated fatty acids; however their exact role in skin barrier formation 

is currently unclear. In 2005, Eckl et al. identified mutations in ALOX12B and 

ALOXE3 that inactivate the enzymatic function of these enzymes and cause 
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LI5 (Eckl et al., 2005). Disruption of ABCA12 leads to a loss of ion gradient 

across cell membranes and causes LI2 (Lefevre et al., 2003) and Harlequin 

Ichthyosis (HI; OMIM #242500), a potentially lethal autosomal recessive 

condition marked by mutilating hyperkeratosis and severe dehydration 

(Unamuno et al., 1987). 

 

The formation of the skin barrier is also heavily reliant on proteases, which are 

involved in the activation of cornified envelope precursors by proteolysis, 

ablation of the nucleus in keratinocytes, and in proteolysis of 

corneodesmosomes for effective desquamation.  Mutations in a serine 

proteases inhibitor known as lymphoepithelial kazal-type related inhibitor 

(LEKTI) encoded by the SPINK5 gene leads to premature activation of pro-

inflammatory kallikrein peptidases by matriptase (a serine protease), and 

manifests clinically as the Netherton syndrome (OMIM #256500), a condition 

marked by severe ichthyosis, inflammation and “bamboo hair” (Chavanas et 

al., 2000). Several reports have also linked the presence of a missense 

mutation (p.Glu420Lys) in SPINK5 to AD susceptibility (Walley et al., 2001; 

Kato et al., 2003) and this will be further discussed in Chapter 4.  

 

1.2.3.3 Anti-microbial peptides 

 

The human skin is constantly exposed to a wide variety of harmful 

microorganisms but it is surprisingly resistant to microbial infections. In 

addition to the physical skin barrier to keep out infections, there is an 

additional chemical defence system made up of anti-microbial peptides that 
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possess a broad spectrum of potent anti-microbial activity (Harder and 

Schroder, 2005).  Anti-microbial peptides kill microbes by targeting the 

microbial cell membrane or by activating Toll-like receptors (TLRs) of the 

innate immune system to attract immature dendritic cells to mount an immune 

response (reviewed in Zasloff, 2002). Two major classes of anti-microbial 

peptides have been described in the mammalian skin – the β-defensins (Harder 

et al., 1997; Stolzenberg et al., 1997) and cathelicidins (Gallo et al., 1994; 

Frohm et al., 1997). The expression of some peptides such as β-defensin-1, 

RNase7 and S100A7 are constitutively present at low levels (Fulton et al., 

1997), whereas the expression of other peptides such as β-defensin-2 and 

cathelicidin LL-37 rise quickly during skin injury or in inflammatory 

conditions such as psoriasis (Frohm et al., 1997; Ong et al., 2002). 

Intriguingly, the protein and mRNA expression of β-defensin-2 and LL-37 

were deficient in AD skin lesions and could explain the increased avidity of 

Staphylococcus aureus for AD skin (Ong et al., 2002). Conversely, sustained 

activity of anti-microbial peptides could also lead to disease, as demonstrated 

by abnormally high levels of LL-37 in the facial skin of patients with acne 

rosacea, a condition marked by erythema and papulopustules (Yamasaki et al., 

2007).  This suggested that high levels of LL-37 could cause hyperactivation 

of the innate immune response leading to acne rosacea; LL-37 has also been 

found to bind to self-DNA and mediate dendritic cell activation to drive 

autoimmunity in psoriasis (Lande et al., 2007).  Evidently, the role of anti-

microbial peptides in skin barrier defence is highly convoluted and further 

studies are warranted for a more comprehensive understanding of the effects 

of anti-microbial peptides in skin disorders. 
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1.3 THE GENETICS OF SKIN DISEASES 

 

1.3.1 Methods for finding causative genes in skin disorders 

 

1.3.1.1 Genetic linkage analysis 

 

The molecular genetics of an inherited disease can be elucidated in several 

different ways, including genetic linkage analysis and candidate gene 

approach. For the former method, the disease must show genetic linkage to a 

specific region of the genome; this is followed by fine mapping and 

sequencing of genes in that region to identify pathogenic mutations in one 

particular gene (Figure 1.3). 

 

In genetic linkage analysis, there is usually little or no biochemical clue 

available to suggest the involvement of a specific gene responsible for disease 

manifestation. Large pedigrees with affected and unaffected individuals will 

be studied to identify a region of genome that is common to all the affected 

individuals and different in the unaffected individuals; this region is likely to 

habour the causative gene mutation leading to disease. Genome-wide linkage 

strategies usually make use of variably sized microsatellite markers scattered 

throughout the genome, but homozygosity mapping techniques using single 

nucleotide polymorphism (SNP) chip arrays is a more rapid approach for the 

study of recessive conditions in consanguineous families (Ashton et al., 2002).  
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Figure 1.3  Genome-wide association studies (GWAS) to find 

disease susceptibility genes 
 

 
 

This figure shows the genotyped GWAS data in a Manhattan plot, where the 

Log of the P value is plotted against chromosome position of the SNP. Peaks 

of association identified are subjected to higher density SNP genotyping to 

sub-localise the signal to a small region, usually about the size of a single gene 

or smaller. Then sequencing this region is required to identify the causative 

variant or variants tagged by the most significantly associated SNPs. These 

causative variants are subjected to further functional analysis to investigate 

how they lead to disease susceptibility.  

 

Figure kindly provided by Irwin McLean and Frances Smith. 



 26 

1.3.1.2 Candidate gene approach 

 

The candidate gene approach (formerly known as reverse genetics), involves 

the search for clues to the genetic disorder usually by protein or mRNA 

expression discrepancies and logical association based on prior knowledge. 

For example, immunohistochemical analysis showed the loss of filaggrin 

protein in the stratum granulosum in IV patients (Sybert et al., 1985), 

subsequent genetic analysis of the FLG sequence confirmed FLG-null 

mutations as the cause of IV(Smith et al., 2006). It should be noted that 

genetic linkage analysis and candidate gene approaches are not mutually 

exclusive and often used in combination, as demonstrated in the discovery of 

KRT5 mutations as the underlying cause of epidermolysis bullosa simplex 

(EBS) (Lane et al., 1992). 

 

1.3.1.3 Sanger sequencing 

 

After the isolation of the putative gene for a genetic disorder, the next step is 

to identify the precise base change(s) that lead to functional changes of the 

gene product. This can be done by sequencing the entire gene, a feat which is 

becoming easier as technological advances make automated nucleotide 

sequencing faster, cheaper and more accessible. However, some genes are 

unusually large or difficult to sequence – the COL7A1 gene has 118 exons 

(Christiano et al., 1994) and the FLG gene has an unusually large, repetitive 

exon that cannot be sequenced by conventional PCR (Presland et al., 1992); 

therefore, a variety of mutation detection methods can be devised to screen for 
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sequence changes, including denaturing gradient gel electrophoresis (DGGE), 

chemical cleavage of mismatch (CCM), single stranded conformation 

polymorphism (SSCP), heteroduplex analysis (HA), conformation sensitive 

gel electrophoresis (CSGE), denaturing high-performance liquid 

chromatography (DHPLC) and the protein truncation test (PTT) (Whittock et 

al., 1999). 

 

1.3.2 Mendelian skin disorders 

 

1.3.2.1 Modes of inheritance 

 

To date, approximately 5,000 single gene disorders have been identified in 

humans but the precise molecular basis is only known about 60% of these 

disorders (OMIM, http://www.ncbi.nlm.nih.gov/Omim/mimstats.html). It is 

important to understand the inheritance pattern of these skin disorders to 

provide informed genetic counseling to prospective parents about the risk of 

passing on pathogenic gene mutations to their children. The main modes of 

inheritance for single gene disorders are (1) autosomal dominant (2) 

autosomal recessive (3) X-linked dominant and (4) X-linked recessive. 

 

Autosomal dominant disorders are usually apparent and manifest most 

frequently among offspring of the affected individual. Usually, the affected 

parent carries one copy of the autosomal dominant mutation while the 

unaffected carries no mutation; their children have a 50% chance of inheriting 
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the mutation from the affected parent and this risk is equal in children of either 

gender and is not influenced by the number of previously affected or 

unaffected offspring (Figure 1.4a). Occasionally, unaffected parents will give 

birth to children with autosomal dominant disorders in situations where the 

mutation is present only in a parental gamete or occurs de novo in the patient. 

In the latter case, the siblings of the affected child will have a very low risk of 

contracting the disorder. An example of an autosomal dominant skin disorder 

is EBS, where mutation p.R125C in KRT14 exerts a dominant negative effect 

on keratin filament assembly and leads to fragility of the keratin filament 

network.  

 

In autosomal recessive disorders, both parents of the affected individual are 

usually carriers of one normal and one mutated allele for the same gene and 

are typically disease free or have a very mild phenotype. Their children have a 

25% risk of inheriting two mutant copies of the gene and manifesting the 

disorder; 50% chance of being a carrier of the disorder (inheriting one mutant 

copy and one wild-type copy) and 25% chance of inheriting only the wild-type 

gene (Figure 1.4b) If the mutations from both parents are the same, the 

affected individual is referred to as a homozygote, but if different parental 

mutations within a gene have been inherited, the individual is termed a 

compound heterozygote. Netherton syndrome (OMIM #256500) is an example 

of a severe, autosomal recessive ichthyosis disorder caused by the loss of a 

serine protease inhibitor LEKTI activity. There are also instances of semi-

dominant inheritance where an individual displays a severe phenotype if he  
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Figure 1.4 The autosomal modes of genetic inheritance 
 

 
 

 
 

 

Example pedigrees showing classical inheritance patterns commonly 

encountered in clinical practice. Square indicate males; circles, females; filled 

symbols indicate the disease phenotype; open symbols, normal individuals. 

Autosomal dominant inheritance can be distinguished by male-to-male 

transmission, observation of the disease phenotype in both males and females, 

as well as in persons in each generation. In autosomal recessive conditions, the 

parents are phenotypically normal carriers. In-breeding (consanguinity) is 

often, but not universally, indicative of recessive inheritance. 
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carries two mutations and a moderate phenotype if he carries one mutation, as 

seen in FLG-null mutations in IV (Smith et al., 2006). 

 

In X-linked modes of inheritance, the gene involved usually lies in a region of 

the X-chromosome, which has no equivalent region on the Y-chromosome. In 

X-linked dominant inheritance, both males and females are affected, and the 

pedigree pattern may resemble that of autosomal dominant inheritance 

(Figure 1.5a). There is, however, one important difference. An affected male 

transmits the disorder to all his daughters and to none of his sons. X-linked 

dominant inheritance is the mechanism in incontinentia pigmenti (OMIM 

#308300) and focal dermal hypoplasia (OMIM #305600; also known as Goltz 

syndrome), conditions that are almost always limited to females. Affected 

males may be aborted spontaneously or die before implantation. 

 

X-linked recessive conditions occur almost exclusively in males, but the gene 

is transmitted by carrier females who are heterozygous for the mutation. The 

sons of an affected male and unaffected female will all be normal since their 

single X-chromosome comes from their clinically unaffected mother (Figure 

1.5b). However, the daughters of an affected male will all be carriers and will 

pass on the disorder to their sons. Occasionally, some females show clinical 

abnormalities as evidence of the carrier state; this phenomenon can be 

explained by incomplete or biased Lyonization – the normally random process 

of that inactivates either the wild-type or mutated X chromosome (Happle, 

2006). An example of a X-linked recessive disorder is X-linked ichthyosis 

(XLI; OMIM #308100), where gross deletion of a X-chromosome containing  
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Figure 1.5 The X-linked modes of genetic inheritance 
 

 

 

 
 

 

In X-linked dominant disorders, affected females transmit the disorder to male 

and female offspring; in some severe diseases, the male foetuses are aborted 

due to the lack of an addition X-chromosome for gene compensation. Affected 

males transmit the condition to all their daughters but not their sons. In X-

linked recessive diseases, only males are affected, born to unaffected carrier 

females. 
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STS or point deletions within the gene impedes the cholesterol synthesis 

pathway and lead to dark polygonal scaling in affected individuals (Williams 

and Elias, 1981; Hoyer et al., 1986). 

 

1.3.3 Complex genetic traits of the skin 

 

For some genetic disorders, the mode of inheritance may not be apparent; 

these genetic traits are complex, where the accumulated effect of many genetic 

variants is necessary to present a phenotype. In addition to the presence of 

many susceptibility genes that may be difficult to pin down, the manifestation 

of these conditions is also influenced by environment and lifestyle. 

 

In twin studies of complex skin disorders such as alopecia areata (AA), atopic 

dermatitis (AD), psoriasis (PS) and acne vulgaris, concordance is usually less 

than 100% between monozygotic twins because of environmental factors and 

incomplete disease penetrance, but this percentage is higher than that in 

dizygotic twins, highlighting the presence of heritable genetic components. 

 

AA is one of the most common autoimmune diseases with a lifetime risk of 

2% (Gilhar and Kalish, 2006). Its clinical features include patchy hair loss on 

the scalp, total scalp hair loss (alopecia totalis) or over the entire body 

(alopecia universalis) that can be caused by the sudden attack of hair follicle 

cells by T-lymphocytes (Martinez-Mir et al., 2007). At least four susceptibility 

gene regions have been identified in genome-wide association studies 
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(Martinez-Mir et al., 2007; Petukhova et al., 2010), mostly in genomic regions 

containing innate and adaptive immune systems genes. 

 

AD, PS and acne are also skin disorders marked by interactions among skin 

barrier function, immunological hypersensitivity and the external microbial 

environment; these skin diseases will be discussed in more detail in 

throughout various chapters of this thesis.  

 

1.3.4 Gene interactions in skin disorders 

 

In section 1.2, the complexity in the skin barrier formation is demonstrated by 

the multitude of protein, lipid and biochemical components involved. Thus, it 

is not surprising that a patient who is ‘double-hit’ by mutations in more than 

one gene involved in the skin barrier synthesis will show an altered (positively 

or negatively) clinical phenotype. This usually happens when one of the 

mutations has a relatively common occurrence in the general population.  

 

In 2007, Titeux et al. reported increased severity of recessive dystrophic 

epidermolysis bullosa (RDEB; OMIM #226600) in patients who carried a 

frequent functional single nucleotide polymorphism (SNP) in the promoter 

region of matrix metalloproteinase-1 gene (MMP1). This SNP increases the 

enzymatic activity of MMP, which is believed to accelerate the degradation of 

type VII collagen. As RDEB is caused by mutations in COL7A1 encoding type 

VII collagen, further imbalance between the synthesis and degradation of type 
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VII collagen increased the severity of RDEB (Titeux et al., 2008; Kern et al., 

2009). 

 

Filaggrin gene (FLG)-null mutations are carried by ~10% of European descent 

and emerging studies have confirmed their involvement with other rare skin 

disorders such as pachyonychia congenita (PC; OMIM #167200) and X-linked 

ichthyosis (XLI; OMIM #308100). In the PC case study, the mother and son 

carried an identical KRT16 mutation but the son showed more severe plantar 

keratoderma and hypertrophic nail dystrophy; investigation revealed the 

inheritance of a common FLG-null mutation from his father. It has been 

postulated that mutations in both KRT16 and FLG could further hamper 

interactions between keratins and filaggrin; alternatively, the resulting barrier 

defect contributed by filaggrin haploinsufficiency could also worsen the 

prognosis of PC (Gruber et al., 2009). Liao et al. also reported an exacerbation 

of the XLI phenotype in a male Scottish patient who harboured mutations in 

STS and FLG; the disruption of the cholesterol and filaggrin synthesis 

pathways caused major impairment to the formation of the skin barrier (Liao 

et al., 2007). In Chapter 4 of this thesis, the interaction of FLG with STS in an 

Asian patient is detailed further. 
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1.4 AIMS OF THESIS 

• Identify population-specific FLG-null mutations in Asia, particularly 

in the Singaporean Chinese population.  

 

• Establish the presence of FLG-null mutations in Singaporean Chinese 

as a causative factor of ichthyosis vulgaris (IV). 

 

• Investigate the significance of FLG-null mutations in Singaporean 

Chinese as predisposing factors towards atopic dermatitis (AD). 

 

• Examine the role of FLG-null mutations in AD-associated conditions 

such as recurrent skin infection and peanut sensitisation in Singaporean 

Chinese.    

 

• Explore the possible interactions of different genes involved in skin 

barrier formation and observe for altered phenotype in genodermatoses 

such as AD, IV and X-linked ichthyosis vulgaris (XLI). 

 

• Examine the importance of the epidermal differentiation complex 

(EDC) as a psoriasis susceptibility locus in Singaporean Chinese and 

elucidate possible candidate genes. 

  

• Set up a robust clinical research network between hospitals and 

research institutes in Singapore and Dundee. 


