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CHAPTER 2

CHARACTERISATION OF
FILAGGRIN GENE (FLG)-NULL
MUTATIONS IN COMMON
GENODERMATOSES
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2.1 INTRODUCTION

2.1.1 The biology of filaggrin

2.1.1.1 The role of filaggrin in skin barrier formation

The primary function of the skin is to act as a protective, waterproof barrier to
prevent excessive water loss whilst safeguarding against the entry of foreign
pathogens and allergens. To attain an effective skin barrier, basal
keratinocytes move upwards from the basal layer and undergo terminal
differentiation and eventual programmed cell death (Candi et al., 2005). The
FLG gene is actively transcribed and translated into profilaggrin and takes part
in a series of spatially and temporally regulated biochemical events (detailed
in Chapter 1) that cause the cross-linking of cellular lipid-protein matrix to
replace the plasma membrane of keratinocytes with a tough, selectively
permeable cornified envelope (CE).

A defective skin barrier results in ichthyosis vulgaris (IV) and atopic
dermatitis (AD), a chronic inflammatory skin disease. In 2006, the McLean
laboratory in Scotland demonstrated that null mutations in the FLG gene led to
insufficient or absent filaggrin protein in the granular layer of the epidermis
and greatly impeded the formation of an effective skin barrier. This is the
genetic cause of IV and is also a major pre-disposing factor in AD and its
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associated secondary allergic diseases, such as allergic rhinitis and asthma
(Palmer et al., 2006; Smith et al., 2006).

The term ‘filaggrin’ is derived from ‘filament aggregating protein’ and was
first coined by Beverly Dale and colleagues in 1980 to describe the
intermediate filament binding protein isolated from the stratum corneum (Dale
et al., 1980). Specifically, filaggrin binds to keratin intermediate filaments but
not to other components of the cytoskeleton such as actin or microtubules
(reviewed in Sandilands et al., 2009). Filaggrin is synthesised as a giant,
hyper-phosphorylated proprotein (>400 kDa) and is visible as keratohyalin
granules localised in the granular layer. As the terminal differentiation
programme

is

initiated

in

keratinocytes,

profilaggrin

undergoes

dephosphorylation and proteolysis to form 10-12 filaggrin monomers that can
bind to keratins and are thought to aid the collapse of the keratin filament
network and flattening of cells into squames. Thereafter, other late epidermal
proteins like transglutaminases and involucrin work together to cross-link the
lipid-protein matrix to form a dead cornified envelope. To fulfil its subsequent
role, filaggrin is ultimately degraded into amino acids and their derivatives,
which help to maintain the moisture levels and texture of skin (Rawlings and
Harding, 2004).

The following paragraphs will describe this multi-step biochemical and
structural events in more detail.
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2.1.1.1 The genetic structure of the filaggrin gene (FLG)

In humans, profilaggrin is encoded by the filaggrin gene (FLG), which is
located on chromosome 1q21 within a cluster of genes that make up the
epidermal differentiation complex (EDC; Mischke et al., 1996). Profilaggrin
consists of three exons (Presland et al., 1992). Exon 1 (15 bp) and exon 2 (159
bp) contain the 5’-untranslated region and start codon respectively. Exon 3 is
unusually large (12.7-14.7 kb), and codes for most of the histidine-rich
polyprotein profilaggrin, which consists of 10-12 tandem repeats of the 37
kDa filaggrin peptide flanked on the either side by two partial filaggrin repeats
and N- and C-terminal domains (McKinley-Grant et al., 1989; Gan et al.,
1991; Presland et al., 1992). Each filaggrin repeat is identical in size (324
amino acids) and contains a short hydrophobic linker-region that is
proteolytically cleaved during conversion of profilaggrin into active filaggrin
monomers. See Figure 2.1 for a schematic representation of the gene and its
encoded protein.
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Figure 2.1 The genetic structure of the filaggrin gene (FLG) and
profilaggrin

a. The FLG gene is located within the epidermal differentiation complex
(EDC) on 1q21 and spans ~25kb of DNA, encompassing three exons
and two introns. The start codon of profilaggrin is located in exon 2;
exon 3 encodes the majority of profilaggrin.

b. Profilaggrin is expressed as a polyprotein that contains a variable
number (10-12) of tandemly arranged, near identical, full length
filaggrin repeats, which are flanked on either side by partial, imperfect
filaggrin repeats. This diagram shows the 12-repeat variant where 1 and
2
refer to duplicated repeats 8 and 10. The N-terminal domain contains
two Ca2+ binding motifs that are similar to S-100 proteins. The Cterminal of profilaggrin is believed to be necessary for it it to be
processed into filaggrin monomers.
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2.1.1.3 Expression control of profilaggrin

Free filaggrin monomers initiate aggregation of keratin intermediate filaments
and trigger a series of events that lead to drastic structural changes and
eventual cell death of keratinocytes (Candi et al., 2005). The expression of
profilaggrin must therefore be tightly controlled to prevent any premature
interaction with the keratin filament matrix. The mechanisms that underlie
FLG expression remain poorly understood; however collective reports have
indicated that the regulation of the FLG promoter activity during epidermal
differentiation is highly complex and involves the finely balanced interplay of
numerous transcription factors (reviewed in Sandilands et al., 2009).

Early studies showed that high levels of profilaggrin expression are induced
upon the binding of transcription factors from the AP1 family (Jun and/or Fos)
to responsive elements within the proximal FLG promoter (Jang et al., 1996).
In addition, POU-domain proteins (transcription factors that contain a bipartite
DNA-binding domain known as the POU domain) such as Oct1, Skn1 a/I and
Oct6 bind to two specific recognition elements within the FLG promoter and
showed in vitro antagonising/stimulating effects on profilaggrin expression
indirectly by modulating the Jun-dependent activity of the FLG promoter
(Jang et al., 2000). In 2008, Candi et al. also described the regulatory function
of transcription factor p63 isoforms during epidermal differentiation. These
p63 isoforms are differentially expressed and use alternative promoters to
execute a precise schedule for keratinocyte terminal differentiation (Candi et
al., 2008). For example, the transactivating (TA)-domain-containing isoforms
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of p63 (TAp63α and TAp63γ) and the N-terminally truncated p63 isoform
with an intact α-tail (∆Np63α) block FLG transcription, whereas expression
of the p63 isoform truncated at the N-terminal and lacking the entire α-tail
(∆Np63p40) elicits the expression of many epidermal differentiation markers
including profilaggrin (King et al., 2006).

The human FLG promoter also contains both retinoic-acid and glucocorticoid
response elements, which function to suppress promoter activity in the
presence of their ligands (Presland et al., 2001). Other regulators of
profilaggrin expression include members of the peroxisome-proliferatoractivated receptor (PPAR) family. PPARs are ligand-activated transcription
factors with diverse functions that include stimulation of epidermal
differentiation (Icre et al., 2006).

2.1.1.4 Post-translational processing of profilaggrin

Following

its

synthesis,

profilaggrin

promptly

undergoes

extensive

phosphorylation and packaging to form insoluble keratohyalin granules as
seen in the granular layer of the epidermis (Lonsdale-Eccles et al., 1982;
Figure 2.2). This hyper-phosphorylated state might render proteolytic
cleavage sites such as the linker peptide between filaggrin repeats inaccessible
to activities of proteases and protect against premature association with keratin
filaments (Resing et al., 1993), because only dephoshorylated filaggrin
monomers have keratin-filament-aggregating properties (Lonsdale-Eccles et
al., 1982). Undoubtedly, phosphorylation has a major role in safeguarding the
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Figure 2.2 The biochemical processing of profilaggrin
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Figure 2.2 The biochemical processing of profilaggrin
Figure legend
In the granular layer, profilaggrin is stored in an inactive and insoluble form
within keratohyalin granules. As Ca2+ levels increase, the keratohyalin
granules degranulate while profilaggrin is dephosphorylated and proteolysed,
via a multistep process into free filaggrin monomers by a variety of proteases
including matriptase, prostasin and probably kallikrein 5. The N-terminal head
domain is cleaved and undergoes nuclear translocation and further degradation
into the A and B domains. The filaggrin monomers which are released into the
stratum corneum bind directly to keratin filaments, and this is thought to cause
their collapse and condensation into thickened and aggregated keratin
filaments, which has the effect of condensing the keratinocyte cytoskeleton.
This is followed by crosslinking with transglutaminases (TGMs) and
modification by peptidylarginine deiminases (PADs) to form an insoluble
keratin matrix. Together with lipids and other cornified-layer proteins, this
ultimately forms an effective skin barrier, which prevents water loss through
the skin as well as the unwanted entry of molecules such as allergens.
Filaggrin undergoes subsequent degradation by a variety of proteases,
including caspase 14, into free amino acids and derivatives such as urocanic
acid (UCA) and pyrrolidone carboxylic acid (PCA) - these are collectively
referred to as natural moisturising factor (NMF), which contributes to skin
hydration and possibly confers UV protection. Figure reused with permission
from Sandilands et al., 2009.
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temporal and spatial processing of profilaggrin into filaggrin monomers and
understanding the mechanism may shed more light on how abnormal
processing can influence the pathology of diseases involving filaggrin.

To date, casein kinase 2 (CK2) is the only protein kinase that has been shown
to phosphorylate filaggrin in vitro(Kam et al., 1993). However analysis of
profilaggrin

using

phosphorylation-site

prediction

software

(http://scansite.mit.edu) has identified putative phosphorylation sites by CK2,
CK1, glycogen synthase kinase 3 (GSK3) and DNA-dependent protein kinase
(DNA-PK) within each filaggrin repeats. The linker regions in profilaggrin
also contain consensus sites that may be targeted by AGC (protein kinase
A/protein kinase G/protein kinase C) and CAMK (Ca2+-regulated kinases
PKC, Akt, RSK) families of protein kinases. In addition, there are a number of
tyrosine-kinase target sites throughout the profilaggrin protein, as well as
AGC kinase target putative site within repeat seven, which could provide
additional regulation in the processing of profilaggrin (reviewed in Sandilands
et al., 2009). Evidently, more in vitro and in vivo experiments would be
required to confirm the kinases involved in profilaggrin phosphorylation.

To trigger the proteolysis of profilaggrin into multiple copies of monomeric
filaggrin, the hyper-phosphorylated profilaggrin must be dephosphorylated to
expose protease cleavage sites. This tightly controlled process involves the
activation of several protein phosphatases (PPases), including acid
phosphatases and PP2A-type enzyme (Kam et al., 1993). The decrease in
cellular sodium chloride concentration during the transition of a granular to
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cornified keratinocyte may encourage increased activity of the PP2A-type
enzyme for profilaggrin dephosphorylation (Kam et al., 1993).

After dephosphorylation, the N- and C-termini of the profilaggrin precursor
are first cleaved before subsequent processing to filaggrin monomers. The Nterminal domain is 293 amino acids in length and can be divided into the
phylogenetically well-conserved A domain (81 amino acids) and less wellconserved B domain (212 amino acids). The A domain contains two Ca2+binding motifs (Presland et al., 1995), which share similarity with the EFhands of the S100 Ca2+-binding protein family. In vitro experiments have
showed that the removal of Ca2+ from the N-terminal of profilaggrin induced
conformational changes (Presland et al., 1995), therefore a change in Ca2+
concentration may play a role in changing the conformation of profilaggrin to
expose protease cleavage sites and initiate further proteolysis of profilaggrin
(Markova et al., 1993). Further proteolysis of the N-terminal domain results in
the cleavage of the B domain from the A domain (Presland et al., 1997); the B
domain contains a bipartite nuclear localisation signal and translocates into the
nucleus where it has been postulated to be involved in promoting keratinocyte
denucleation. Therefore, the N-terminal head domain of profilaggrin performs
multiple roles during epidermal differentiation that are distinct from the
physical association with keratins, namely Ca2+-dependent regulation of
profilaggrin-filaggrin processing and a role in the final events of keratinocyte
denucleation (reviewed in Sandilands et al., 2009).
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The C-terminal domain of profilaggrin comprises 157 amino acids (Presland
et al., 1992), with the final 15 amino acids bearing 60% sequence identity in
human, mouse and rat, including a highly conserved tyrosine motif (Presland
et al., 1992). The precise function of the C-terminal domain is unclear, but its
expression appears to be essential for profilaggrin stability and proteolysis into
filaggrin, because humans who carry truncating mutations distal of the Nterminus (i.e. translated profilaggin has all intact filaggrin repeats but lacks
the C-terminus), fail to process the truncated profilaggrin into filaggrin
monomers (Sandilands et al., 2007; Nemoto-Hasebe et al., 2009).

The linker regions between filaggrin repeats are cleaved next to release
filaggrin monomers. Several enzymes have been proposed to mediate
profilaggrin processing, including profilaggrin endopeptidase (PEP1) (Resing
et al., 1995), Ca2+-dependent pro-protein proteases µ-calpain (Yamazaki et al.,
1997) furin and proprotein convertase subtilisin/kexin type 6 (PCSK6, also
known as PACE4) (Pearton et al., 2002). Mouse-knockout experiments have
also identified matriptase (List et al., 2003) and prostasin (Leyvraz et al., 2005)
as important serine proteases in the proteolytic cleavage of profilaggrin to
filaggrin monomers – these knockout mice showed an accumulation of
profilaggrin in their stratum corneum and die shortly after birth due to a
defective epidermal barrier (List et al., 2003; Leyvraz et al., 2005). Further
analysis of the two knockout mice strains suggest that prostasin is likely to act
downstream of matriptase to process profilaggrin (Netzel-Arnett et al., 2006).
It has been postulated that one of the regulators of matriptase and prostasin is
serine protease inhibitor lympho-epithelial Kazal type inhibitor (LEKTI),
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which localises to the granular layer of the epidermis with matriptase and
prostasin. LEKTI is encoded by the serine protease inhibitor Kazal type 5
gene (SPINK5)and its most well characterised inhibitory target is kallikrein 5
(KLK5), a protease involved in desquamation (Deraison et al., 2007). It is
currently unknown if KLK5 plays an active role in profilaggrin processing,
but SPINK5-deficient mice (i.e. reduced protease inhibitory activity) show
acceleration in profilaggrin processing (Descargues et al., 2005; Hewett et al.,
2005).

2.1.1.5 Final degradation of filaggrin

After proteolytic processing of profilaggrin, the resultant filaggrin monomers
are processed further into amino acids and their derivatives to produce the
components of natural moisturising factor (NMF), which is mainly made up of
pyrrolidone carboxylic acid (PCA), trans-urocanic acid (trans-UCA),
histidine, proline, glycine, alanine, serine and ornithine (O'Regan et al., 2010;
Figure 2.2).

Positive charges on the basic filaggrin monomers are partly neutralised by
deimination of the arginine residues to citrulline residues by peptidylarginine
deinimases (PADs) 1 and 3 (Tarcsa et al., 1996). This possibly changes the
conformation of filaggrin and renders it accessible to further degradation by
caspase 14, calpain 1 and bleomycin hydrolase (BH) into components of
NMF, such as PCA (Denecker et al., 2008; Kamata et al., 2009); histidase also
breaks down free histidine into trans-UCA (Suchi et al., 1993). These NMF
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components contribute to water retention and flexibility of the skin barrier
(Rawlings and Harding, 2004) while maintaining an acidic skin pH of ~5.5 to
curb the colonisation of pathogenic bacteria like Staphyloccus aureus on skin
surfaces (Proksch et al., 2009). In addition, trans-UCA is converted to cisUCA by UVB radiation and this may aid to decrease skin sensitivity to UVB
by immunosuppression (Walterscheid et al., 2006).

In conclusion, profilaggrin fulfils at least two important roles in the process of
skin barrier function. Firstly, the processing of profilaggrin to filaggrin is
thought to promote the collapse of the keratin filament network to form a
smooth, tight barrier to retain moisture and keep out external pathogens – this
important defense mechanism is underscored by the flaky tail mouse model
with a murine Flg mutation which exhibits an ichthyotic phenotype (Denecker
et al., 2007), increased trans-epidermal water loss (TEWL) and enhanced
percutaneous entry of allergens via a more permeable skin barrier (Fallon et
al., 2009). Secondly, NMF derived from the ultimate degradation of filaggrin
repeats contribute to skin hydration, pH balance and UVB protection, as
exemplified by caspase 14 knockout mice who do not develop scaly skin (i.e.
no defect in skin barrier formation) but show increased TEWL and UVB
radiation sensitivity (Deraison et al., 2007).
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2.1.2 Common genodermatoses associated with filaggrin

2.1.2.1 Ichthyosis vulgaris

Ichthyosis vulgaris (IV; OMIM #146700) is one of the most common skin
disorders, affecting up to 1 in 80 English school (Brown et al., 2008). This
disorder is characterised by dry, scaly skin that is most prominent over the
lower abdomen, arms and legs, palmar hyperlinearity and keratosis pilaris
(Sybert et al., 1985; Smith et al., 2006).

Analysis by electron microscopy (Anton-Lamprecht and Hofbauer, 1972) first
drew attention to ultrastructural defect of reduced keratohaylin granules in IV
patients. EM analysis was also used to exclude the diagnosis of X-linked
ichthyosis (i.e. keratohyalin granules still present), which is not easily
distinguishable from the IV clinical phenotype. Subsequently, the observation
of absent or reduced keratohyalin granules and hyperkeratosis of the epidermis
in histology studies were also used to diagnose IV. As 90% of keratohyalin is
made up of profilaggrin, Sybert et al. further demonstrated that profilaggrin
and filaggrin were reduced or absent in five patients with IV (Sybert et al.,
1985). In 1998, Nirunsuksiri et al. presented evidence that profilaggrin mRNA
from keratinocyte cultures of IV patients is intrinsically unstable and has a
shorter half-life compared to normal keratinocytes (Nirunsuksiri et al., 1998).
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In concurrence with the biochemical studies, linkage analysis showed the
association of IV with markers in the epidermal differentiation complex
(EDC) on chromosome 1q21. The EDC is a dense cluster of genes encoding
more than 45 epidermal structural proteins including filaggrin, loricrin,
involucrin, trichohyalin other genes involved in epidermal differentiation.
Although filaggrin expression was known for 20 years to be reduced or absent
in IV patients, the route to uncovering the direct genetic cause of IV was
challenging, because it was very difficult to conduct routine and effective
sequencing of FLG due to its sheer size. In addition to its prohibitive length,
the FLG gene is both highly repetitive and polymorphic, which prevented
sequencing of the entire gene by conventional methods. In 2006, the precise
molecular basis of IV was finally uncovered by the identification of
premature-termination-codon (PTC) mutations (p.R501X and c.2282del4) in
FLG(Smith et al., 2006). These PTC mutations in FLG are classed as ‘null’
mutations because no functional filaggrin protein is detected in patients
carrying the FLG alleles. Smith et al. also clarified the mode of inheritance of
IV as semi-dominant: p.R501X homozygotes and p.R501X/c.2282del4
compound heterozygotes showed severe IV phenotype while patients carrying
one FLG-null mutation showed a less severe ichthyotic phenotype (Smith et
al., 2006).

2.1.2.2 Atopic dermatitis

Atopic dermatitis (AD; OMIM #603165) is a chronic, relapsing skin disorder
characterised by skin inflammation, xerosis and pruritus-induced scratching,
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leading to acute and chronic skin lesions (Palmer et al., 2006; Figure 2.3).
AD occurs in ~20% of all children in developed countries like Ireland and
Singapore (Tay et al., 2002; Palmer et al., 2006) and has a lower prevalence
rate of ~2% in developing countries. Intriguingly, the incidence of AD
increases when populations with a low AD prevalence migrate to areas of high
AD prevalence, highlighting the importance of environmental factors in the
pathogenesis of AD (Rottem et al., 2005). A strong genetic component also
contributes to the development of AD; specifically, the prevalence of AD in
children with one affected parent is 60%, and this rises to 80% for children
with two affected parents. Additional evidence for a genetic influence is
demonstrated in the higher concordance rates for AD in monozygotic twins
(77%) compared with dizygotic twins (15%) (Ong and Leung, 2006).

Clinical investigations of AD patients revealed a hyper-activated immune
system where elevated levels of interleukins (ILs) served as potent
chemoattractants, leading to the infiltration of increased numbers of T-helper
type 2 (Th2) immune cells in affected skin lesions (Ong and Leung, 2006).
Pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs) and
intracellular nucleotide-binding oligomerisation domains (NODs) recognise
highly conserved pathogen-associated microbial patterns (PAMP) and rapidly
activate the innate immune system. A multitude of association studies have
identified many polymorphisms in PRRs that might lead to the upset of this
complex system – the R753Q variant of TLR2, which is capable of
recognising the cell wall of S. aureus, caused depressed production of IL-8
following stimulation with bacterial components such as lipoteichonic acid
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(Mrabet-Dahbi et al., 2008). This could possibly increase the occurrence and
severity of bacterial infections in AD patients (Ahmad-Nejad et al., 2004).
Another polymorphism in the promoter of TLR9 (which recognises viral
constituents) was also reported to decrease the activity of the TLR9 promoter
and subsequently led to reduced resistance against viruses (Novak et al.,
2007). In addition, polymorphisms in other PRRs such as NOD1 and NOD2
on chromosome 7p14-p15 and 16q12 respectively have also been associated
with AD and atopy (Weidinger et al., 2005).

The activation of the innate immune system is followed by the reaction of the
highly specific adaptive immune system. Under the influence of the cytokine
milieu, specifically IL-4 and IL-13, B-cells are stimulated to produce large
amounts of IgE, which is characteristic of extrinsic AD. Various candidate
gene studies suggested that polymorphisms in the receptor genes of IL-4, IL13 and their downstream mediator STAT6 (signal transducer and activator of
transcription 6) led to increased synthesis of IgE and consequently extrinsic
AD (Novak et al., 2002; He et al., 2003; Weidinger et al., 2004). Furthermore,
variants in the promoter region of the high-affinity IgE receptor α chain
(FCER1A) have also been reported to influence AD risk (Mahachie John et
al., 2010).

Besides the immunological component, recent studies have also shed light on
epithelial barrier impairment as an important cause of AD development; in
particular, null mutations within the filaggrin gene result in the absence or
haploinsufficiency of the filaggrin protein, leading to a compromised skin
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Figure 2.3 Clinical features of atopic dermatitis (AD)

b

a. AD is an inflammatory, chronically relapsing disorder marked by scaly
and pruritic lesions. The patient also shows lichenification of the skin.
b. The skin on the flexural surfaces of the joints is most commonly
affected in Caucasians.
Images are kindly provided by Alan Irvine.
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barrier that allows the entry of allergens to trigger an immunological response
(Irvine, 2007). A multitude of follow-up studies on AD case-control cohorts
rapidly brought FLG null mutations into spotlight as the most widely
replicated and strongest risk factor of AD (van den Oord and Sheikh, 2009),
shifting the paradigm of AD from being fundamentally immunological to a
condition with underlying skin barrier dysfunction origins (Irvine and
McLean, 2006).

2.1.3 Challenges in studying the global genetics of FLG

Since the discovery of the first FLG-null mutations by Smith et al. in 2006,
methods for the comprehensive analysis of FLG and widely replicated in
Europe and Asia (Nomura et al., 2007; Sandilands et al., 2007; Chen et al.,
2008; Hsu et al., 2009; Sinclair et al., 2009; Zhang et al., 2011). Despite
sharing a similar AD prevalence rate of around 20% in Europe, Japan and
Singapore (Tay et al., 2002; Palmer et al., 2006; Nomura et al., 2007),
previous studies have reported distinct sets of FLG-null mutations present in
each population (Sandilands et al., 2007; Akiyama, 2010). The p.R501X and
c.2282del4 FLG mutations are shared across many European countries
(Brown and Irvine, 2008) but studies in Asia have reported more variation
amongst populations in Japan, China, Singapore, Taiwan and Bangladesh
(Chen et al., 2008; Hsu et al., 2009; Nemoto-Hasebe et al., 2009; Sinclair et
al., 2009; Zhang et al., 2011). This exemplifies the importance of
characterizing the FLG mutation architecture in different populations to
evaluate the contribution of FLG mutations towards AD in these populations.
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Thereafter, stratification of FLG-associated AD versus FLG-independent AD
cases would aid in the elucidation of other genetic and environmental variants
that could also trigger AD (Brown and Irvine, 2008).
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2.1.3 Aims of this chapter

•

Establish a collaborative clinical network in the National Skin Centre
(NSC), National University Hospital (NUH) and Institute of Medical
Biology (IMB), to facilitate clinical sample collection for scientific
research in Singapore.

•

Investigate the genetic cause of IV in the Singaporean Chinese population.

•

Examine the association of FLG-null mutations with AD in a case-control
series of Singaporean Chinese.

•

Optimise the FLG sequencing technique and develop medium-high
throughput screening methods for efficient detection of FLG-null
mutations.

•

Characterise the spectrum of FLG-null mutations in a population-based
analysis in Singaporean Chinese.

•

Compare the FLG mutation spectrum between Asia and Europe to enrich
our global knowledge of FLG genetics.

•

Assess the feasibility of using non-invasive auxiliary markers such as
palmar hyperlinearity and keratosis pilaris, to diagnose FLG-associated
AD.
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2.2 MATERIALS AND METHODS

2.2.1 Clinical networking for dermatology research in
Singapore

Biomedical sciences is a budding research field in Singapore, and one of the
main challenges is the establishment of robust research links between the
clinical and research communities. Over the last five years, the Epithelial
Biology Laboratory in Singapore has worked actively towards close
collaborations with the NSC and other hospitals to build cohorts of patient
samples for the study of various genodermatoses.

The NSC is an outpatient specialist dermatological centre with a team of ~60
dermatologists who have the experience and expertise to treat numerous skin
diseases. NSC handles a load of around 1000 patients daily and specialises in
the provision of cost-effective care for skin conditions in a setting of clinically
relevant research, quality education and patient management tailored to the
local and regional populations.

During the course of my research, we worked closely with dermatologists
(Prof. Yoke Chin Giam, Dr. Mark Tang, Dr. Hugo van Beaver and Dr. Jean
Ho) and research nurses (Ms Nancy Liew and Ms Veron Lu) to collect
detailed clinical data and samples of 100 IV patients and more than 400 AD
cases.
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2.2.2 Clinical material and data collection

2.2.2.1 Pilot study of eight Singaporean Chinese ichthyosis vulgaris
patients

Blood samples were obtained from eight independent Singaporean Chinese
patients diagnosed with IV by Dr Jean Ho from the NSC (Figure 2.4), and
genomic DNA was isolated according to standard procedures. 3 mm skin
punch biopsies were collected from the patients; these were formalin-fixed,
paraffin wax embedded and sectioned for immunohistochemical analysis. In
all cases, fully informed written consent was obtained from the participants, or
from their parents where the patients were below 21 years of age.

2.2.2.2 FLG-null mutation discovery cohort

This cohort was recruited by Dr. Mark Tang and Dr Jean Ho from the Eczema
outpatient clinic at the NSC from March 2006 – December 2009. This group
comprised of 69 unrelated Singaporean Chinese patients diagnosed with IV
and 23 unrelated Singaporean Chinese with moderate-to-severe adult AD to
form a total discovery cohort of 92 (including eight IV patients from Chen et
al. 2008, IV pilot study). The severity of IV was graded using a global
assessment scale which considered the severity of scaling and number of body
sites involved: “mild”, mild scaling and dryness on one body site (e.g. legs);
“moderate”, moderate scaling and dryness and/or two affected body sites;
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Figure 2.4 Clinical features of ichthyosis vulgaris (IV)

a. Palmer hyperlinearity seen in patient 3 heterozygous for FLG-null
mutation c.7945delA.
b. Due to the semi-dominant inheritance pattern of IV, a more marked
hyperlinearity can be seen on the palms on patient 8, who is a
compound heterozygote for FLG mutations c.441delA and c.1249insG.
c. Fine scaling on limbs was also present in patient 3 of the IV pilot
study.
d. In contrast, prominent scaling on the trunk and limbs was seen in
patients diagnosed with severe IV.
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“severe”, severe scaling and dryness and/or generalized involvement. DNA
from blood or saliva samples was obtained for genotyping using commercial
collection kits (DNA Genotek Inc, Ontario CA; GE Healthcare) after informed
patient consent.

2.2.2.1 Childhood-adolescent Singaporean Chinese atopic dermatitis
cohort

Saliva samples were obtained from 425 Singaporean Chinese patients, aged 121 years, who were treated at the Paediatric Dermatology and Eczema
outpatient clinic in NSC and NUH from January 2008 to December 2009. All
patients were diagnosed with AD by two paediatric dermatologists according
to the UK Working Party’s diagnostic criteria for AD (Williams et al., 1994)
and examined for palmar hyperlinearity and keratosis pilaris; AD severity was
graded as mild, moderate or severe according to the objective SCORAD
(SCORing Atopic Dermatitis) index (SCORAD; Oranje et al., 2007). The
mean age of 425 Singaporean Chinese in the childhood-adolescent AD cohort
was 10 years old (range 1-21 years old; standard deviation 5.18 years) and
68% of patients were male.

2.2.2.4 Population controls

For the pilot study of eight IV patients, DNA from 100 Singaporean Chinese
and ~160 Chinese unselected controls were also included in the study to test if
FLG-null mutations were present in the general population.
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In the case-control study of FLG mutations in childhood-adolescent AD
patients, genomic DNA from 440 Singaporean Chinese individuals were
obtained from the Singapore Bio-Bank (http://www.stn.org.sg/) and used as
unselected population controls. These controls were specifically matched for
Chinese ethnicity, with a mean age of 44 years (range 1-80 years old; standard
deviation 14 years) and consisted of 44.1% males (Common et al., 2011). The
IV and AD status was unknown for all controls.

2.2.2.5 Exclusion criteria and ethnicity of all cases and controls

Patients with known congenital and X-linked ichthyoses, equivocal diagnosis
of AD or mixed ethnicities were excluded from the study. To avoid ethnic
admixture due to inter-racial marriages, cases were only included where the
patients, their parents and all four grandparents were recorded as ethnic
Chinese. All patients satisfying the diagnostic and ethnic criteria described
above were invited for study participation and included after informed written
consent from all patients or their parents/guardians was obtained. This study
was approved by the local Domain-Specific Review Board guidelines, and
was in full accordance with the Declaration of Helsinki principles.
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2.2.3 Immunohistochemistry

Skin biopsies were taken from the calf area of patients for embedding into
paraffin block prior to sectioning. Skin sections were subjected to
immunoperoxidase staining with mouse monoclonal 15C10 antibody
(Novocastra, Newcastle, UK), which binds to an epitope in the N-terminal
portion of the human filaggrin repeat unit. Antigen retrieval was performed by
heating sections under pressure for 10 to 15 minutes in 10 mmol/L citrate
buffer, pH 6.0. Sections were incubated in primary antibody for 15 min at
room temperature, washed 3 times for 5 mins in PBS, then incubated in
secondary antibody/ polymer/ horseradish peroxidase (EnVision system,
DakoCytomation, Hamburg, Germany) for 30 mins at room temperature and
rinsed again. Antibody binding was visualised using DAB chromogen
solution, sections were washed well and mounted in aqueous mounting
medium. Sections of normal skin were stained as controls.

2.2.4 Comprehensive sequence analysis of FLG

FLG genotyping and allele size variant determination of the FLG-null
mutation discovery cohort was completed by overlapping PCR and direct
sequencing of FLG based on adapted primers and conditions that have been
previously reported (Sandilands et al., 2007; Table 2.1). In addition, several
new primer pairs were designed and the PCR reactions optimised to expand
the coverage of FLG sequence to achieve sequencing robustness (Table 2.2).
Briefly, 50 ng of DNA was amplified with 5 pmol forward primer and 5 pmol
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Table 2.1

PCR primer pairs from Sandilands et al., 2007 for

comprehenesive analysis of the filaggrin gene (FLG)
FLG exon
Exon 1

Primer pairs
Forward 5’ CGT GAG GAA GCT GGG AAG TA 3’

Size (bp)

AT1 (°°C)

381

57

431

57

Reverse 5’ TTA TGC CCT CAT TTT CCT TCT 3’
Exon 2

Forward 5’-CTA CTA AGT CCA GCT GTA AGT G 3’
Reverse 5’ GCT CTA TCT TTG GTC TTG TCA G 3’

FLG exon 3 repeats

Primer pairs

size (bp)

AT (°°C)

1-3

Forward 5’ GCT GAT AAT GTG ATT CTG TCT G 3’

3697

61

1916

62

2609

60

1224

62

Forward 5’ CCC AGG ACA AGC AGG AAC T 3’

2858/

62

Reverse 5’ GCT TCA TGG TGA TGC GAC CA 3’

3830

2

Forward 5’ GAA ACG TCT GGA CAT TCA GGA 3’

1367

62

1753/

62

Reverse 5’ GAC CCC GAT GAT TGT TCC TGT 3’
3-5

Forward 5’ GCA AGC AGA CAA ACT CGT AAG 3’
Reverse 5’ ACA TCA GAC CTT TCC TGG GAC 3’

4-7

Forward 5’ GAC AAG ATT CAT CTG TAG TCG 3’
Reverse 5’ CTG GCT AAA ACT GGA TCC CCA 3’

7-8

Forward 5’ CCA CAC GTG GCC GGT CAG CA 3’
Reverse 5’ CTA CCG AAT GCT CGT GGT GGT 3’

7-10

9-10

Reverse 5’ GCT TCA TGG TGA TGC GAC CA 3’
10

Forward 5’ GCC CAT GGG CGG ACC AGG A 3’
Reverse 5’ CTG CAC TAC CAT AGC TGC C 3

FLG end

Forward 5’ CTA GTA CCG CTA AGG AAC ATG G 3’
Reverse 5’ TGG CTC CTT CGA TAT TTC TGA 3’

1

AT – Annealing temperature

2

– PCR product size if extra FLG repeat 8 present

3

– PCR product size if extra FLG repeat 10 present

2728
781

3

56
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Table 2.2

Additional PCR primers pairs for comprehensive analysis of the filaggrin gene (FLG)

Region along FLG coding sequence
5530 – 5620

Primer pairs
Forward 5’-GAG TCC GCC CAT GGA CGC ACA-3’

PCR product size (bp)

Annealing temperature (°°C)

312

62

363

62

512

62

563

60

357

62

632

68

Reverse 5’-CCT GGA GCC GTC TCC TGA TTG TTT-3’
6150 – 6210

Forward 5’-CAT GGA TCC CAC CAC CAG CTC C-3’
Reverse 5’-GCT GTC TTG TGC CTG ATC ATA A-3’

7360 – 7385

Forward 5’-CCA CAC GTG GCC GGT CAG CA-3’
Reverse 5’-CTG GCT AAA ACT GGA TCC CCA-3’

7670 – 7749

Forward 5’-GCA GAC AAA CTC GTA ACG AT-3’
Reverse 5’-GTC TTC TGA ATG TCC CTC A-3’

8270 – 8312

Forward 5’-GTG GTA GTC AGG CCA GTG ACA A-3’
Reverse 5’-CTA CCG AAT GCT CGT GGT GGT-3’

10527 – 10581

Forward 5’-CAC ACA GTC AGT GTC AGG CCA T-3’
Reverse 5’-TTC TGG AAG CAG ACC CAG ACC A-3’

Additional PCR primers are necessary to create more overlapping PCR so as to enhance the coverage of FLG sequencing in the Singaporean
Chinese population.
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reverse primer in a 10 µl reaction containing the AccuPrime™ Taq
polymerase system buffer II reaction mix (Invitrogen Singapore Pte Ltd,
Singapore) and cycled under the following conditions: one cycle of 94°C for 2
minutes and 30 – 35 cycles of 94°C for 30 seconds, 62°C for 30 seconds, 68°C
for 45 seconds. All PCR products were sequenced using an ABI PRISM
3730xl genetic analyzer (Applied Biosystems B.V., Singapore). All novel
mutations were confirmed by bidirectional resequencing and additional
screening methods such as fragment analysis by restriction digest and allelic
discrimination by fluorescent PCR as detailed in the following sections.

2.2.5 Medium-high throughput screening methodologies for
FLG-null mutations

2.2.5.1 Fluorescent PCR and allelic size discrimination

In the pilot study, three insertion/deletion mutations (c.441delA, c.1249insG
and c.7945delA) were detected. To enable high-throughput screening for the
three mutations on control samples, a multiplex fluorescent PCR using 6-FAM
(6-carboxyfluorescein) or HEX (hexachloro-fluorescein) labelled PCR primers
were used (Table 2.3). 50 ng of DNA was amplified in a 10 µl reaction with
1.5 mM MgCl2, 0.25 mM of each dNTP, 5 pmol forward primer, 5 pmol
reverse primer, 4% (v/v) dimethyl sulphoxide and 0.5 U AmpliTaq Gold
polymerase (Applied Biosystems, Foster City, CA). The primers used to
screen for each mutation and PCR conditions are listed in Table 2.3. The
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Table 2.3

Primer pairs used in fluorescent PCR of FLG for allelic discrimination

Group

FLG mutation

A

c.441delA

A

c.7945delA

A

c.6950del8

A

c.3321delA

B

c.1640delG

B

c.2952delC

C

c.8393delA

C

c.dupl9040_9058

Primer sets
Forward 5’ - GTT TCT TGC TGA TAA TGT GAT TCT GTC TG-3’
Reverse 5’ – ACT AGA TTC ATG CCT TTT CCC-3’
Forward 5’ - GTT TCT TCC CAG GAC AAG CAG GAA CT-3’
Reverse 5’ – CTT CCT CTA GTG CTG GGC CCC-3’
Forward 5’-GTT TCT TAG GGC CCA GGA CAA GCA GGC C-3’
Reverse 5’- CTG GTG GTG GGA TCC GTG TCT C-3’
Forward 5’-GTT TCT TGA TAG TGA GGG ACA TTC AGA G-3’
Reverse 5’-ATG AGT GCT CAC CTG GTA GAT-3’
Forward 5’-GTT TCT TCA CGG AAA GGC TGG GCT GA-3’
Reverse 5’-AAC ACT GGA TCC CTG GTT CCT A-3’
Forward 5’-GTT TCT TCA CGT AAT GAG GAA CAA TCA A-3’
Reverse 5’-GAA GTC TCT GCG TGA GGA GTT-3’
Forward 5’-GAT GGA CGG GGC CCA GCA CTA-3’
Reverse 5’-GGG TGT CTG GAG CCA TCT CTT AG-3’
Forward 5’-GGA TCT GCT CAG GAG CAG CT-3’
Reverse 5’-CTT GGT GGC TCT GCT GAT GGG A-3’

Wildtype allele (bp)

Mutant allele (bp)

389

388

540

539

313

325

160

159

553

552

352

351

624

623

388

407

AllPCR reactions were performed with the AccuPrime™ Taq polymerase system (Invitrogen Singapore Pte. Ltd., Singapore) using the
following PCR conditions: 1 cycle of 94°C for 2 minutes and 30 cycles of 94°C for 30 seconds, 60°C for 30 seconds, 68°C for 45 seconds. PCR
products were multiplexed into group A, B or C and run as one fluorescent allele discrimination assay.
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combined PCR products were diluted 1:60 and sized against ROX-500 size
markers according to the manufacturer’s recommended protocol (Applied
Biosystems). Expected sizes for wild-type and mutant alleles are listed in
Table 2.3.

In the next phase of the study with the FLG-null mutation discovery cohort
and childhood-adolescent AD cases carried out in Singapore, most
insertion/deletion of DNA bases leading to FLG-null mutations (c.441delA,
c.1640delG, c.2952delC, c.3321delA, c.6950del8, c.7945delA, c.8393delA,
c.dupl9040_9058) were screened by multiplex fluorescent PCR using only 6FAM labelled PCR primers. Amplification of fluorescent PCR fragments was
performed as described in section 2.2.3.1 using the AccuPrime™ Taq
polymerase system buffer II reaction mix. The combined PCR products were
diluted in the range of 1:200 to 1:300 and sized against LIZ-1200 markers
according to the manufacturer’s recommended protocol (Applied Biosystems).

The alterations in protocol used in the pilot study and the subsequent phase of
the study were due to differences in reagent/equipment availability between
the laboratories in Singapore and Dundee. Specifically, the Roche Expand
High Fidelity PCR System, which was previously used in Dundee, failed to
work optimally in Singapore and the Invitrogen AccuprimeTMTaq polymerase
System was adopted for better amplication of FLG repeats. In the fluorescent
PCR-allelic discrimination technique, the LIZ-500 fluorescent marker was
changed to the LIZ-1200 fluorescent marker for software compatibility with
the ABI PRISM 3730xl genetic analyzer. In addition, all HEX-labelled PCR
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primers were replaced with FAM-labelled PCR primers as the HEX-channel
was not available in the above genetic analyzer.

2.2.5.2 Restriction digest and gel pattern analysis

For missense variants causing premature termination codons in FLG, assays
were designed, that utilised the ability of restriction digest enzymes to
recognise specific cut sites, for unambiguous mutation detection. Missense
variants p.R501X, p.Q1745X, p.Q2417X, p.E2422X, p.S2706X, p.R4307X
were screened by this method (Table 2.4).

In the pilot study, PCR product was amplified in a 25 µl reaction containing
1.5 mM MgCl2, 10 pmol forward primer, 10 pmol reverse primer, 0.25 mM of
each dNTP, 4% (v/v) DMSO and 1 U High Fidelity polymerase mix (Roche,
Penzberg, Germany). PCR amplification conditions were as follow: 1 cycle of
94°C (5 min) followed by 35 cycles of 94°C (30 sec), varying annealing
temperature (30 sec), 72°C (45 sec) and a final extension cycle of 72°C (5
min). In the subsequent phases of the study, 25 µl PCR amplification reaction
was performed using the AccuPrime™ Taq polymerase system buffer II
reaction mix as detailed in section 2.2.3.
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Table 2.4

FLG mutation

p.R501X

p.R1140X

p.Q1745X*

Restriction digest and gel pattern analysis of FLG-null mutations

Primer sets

Forward 5’-GTT TCT TCA CGG AAA GGC TGG GCT GA-3’
Reverse 5’-ACC TGA GTG TCC AGA CCT ATT-3’
Forward 5’-GTT TCT TCA CGG AAA GGC TGG GCT GA-3’
Reverse 5’-ACC TGA GTG TCC AGA CCT ATT-3’
Forward 5’-GAC AAG ATT CAT CTG TAG TCG-3’
Reverse 5’-ACA TCA GAC CTT TCC TGG GAC-3’

p.Q2417X

Forward 5’-CCA CAC GTG GCC GGT CAG CA-3’

p.E2422X

Reverse 5’-GTC CTG ACC CTC TTG GGA CGT-3’

p.S2706X

Forward 5’-GTT TCT TCC CAG GAC AAG CAG GAA CT-3’
Reverse 5’-CTT CCT CTA GTG CTG GGC CCC-3’

PCR product size (bp)

Restriction

Wildtype allele

Mutant allele

enzyme

fragments (bp)

fragments (bp)

313

NlaIII

183, 109, 21

128, 109, 55, 21

646

FokI

296, 280, 70

280, 154, 142, 70

463

MwoI

332, 131

463

Bfa I

185

132, 53

Nla III

95, 69, 21

95, 90

DraIII

616

445, 171

185

616

AllPCR reactions except * were performed with the AccuPrime™ Taq polymerase system (Invitrogen Singapore Pte. Ltd., Singapore) using the
following PCR conditions: 1 cycle of 94°C for 2 minutes and 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds, 68°C for 45 seconds.
* PCR to detect Q1745X mutation used an annealing temperature of 56°C for 30 seconds.
Restriction digest assays to detect Q2417X, E2422X and R4307X mutations were previously described (Chen et al., 2008).
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2.2.5.3 Direct sequencing of small PCR fragments

All other detected FLG-null mutations (p.G323X, p.Q368X, p.S406X,
c.1249insG, p.S1302X, c.4004del2, c.4272del2 and p.1515X) not included in
the fluorescent PCR and restriction digest methods were screened by direct resequencing of custom-designed PCR fragments within the mutation site
(Table 2.5). FLG-null mutations screening in the childhood-adolescent cohort
was completed with the assistance of Dr. Rebecca Haines, Dr John Common
and Ms Anita Balakrishnan from the Institute of Medical Biology, Singapore.

2.2.6 Statistical analysis

For the case-control study of the childhood-adolescent AD cohort to test for
the association of FLG-null mutations in Singapore, allele frequencies were
compared using Fisher’s exact test. Logistic regression analysis was used to
estimate the odds ratios of the combined FLG-null genotype using allele- and
genotype-based models of disease; permutation testing using Stata was
performed to evaluate the association of FLG genotype with AD severity –
mild, moderate and severe AD were coded as 1, 2 and 3 respectively.
Analyses were performed using the statistical analysis package Stata (Version
9, Stata for Linux, StataCorp LP, College Station, Texas). Thirty-five AD
cases and seven controls with incomplete genotyping data for any of the 17
FLG-null mutations were excluded from combined FLG-null genotype
analysis. The statistical analysis was conducted with advice and assistance
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Table 2.5

Primer pairs used in direct sequencing of custom-designed FLG fragments

FLG mutation

Primer sets

PCR product size (bp)

p.G323X

967G>T

p.Q368X

Forward 5’-GCC ACA TAT TAC ACA ATC CAG G-3’

p.S406X

Reverse 5’-CTT GGT GGC TCT GCT GTC TCA-3’

655

c.4004del2

insG
Forward 5’-GAC AGT GAG AGA CAC TCA GAC-3’
Reverse 5’-CTG GGT GCA GTC TGT CCG TGT-3’

3905C>A
567

c.4275del2
p.S1515X

1102C>T
1217C>G

c.1249insG
p.S1302X

cDNA change

delAG
delGT

Forward 5’-CTT TCC TCT ACC AGG TGA GCT-3’
Reverse 5’-CTT GAT GGG ACC TGG GGT TC-3’

601

4544C>A

AllPCR reactions were performed with the AccuPrime™ Taq polymerase system (Invitrogen Singapore Pte. Ltd., Singapore) using the
following PCR conditions: 1 cycle of 94°C for 2 minutes and 30 cycles of 94°C for 30 seconds, 60°C for 30 seconds, 68°C for 45 seconds.
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from Dr Sara Brown from the University of Dundee, UK and Professor
Heather Cordell from the University of Newcastle, UK.
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2.3 RESULTS

2.3.1 Pilot study: FLG-null mutations in eight SingaporeanChinese patients with ichthyosis vulgaris

As stated above, profilaggrin is an unusually large (12.7 – 14.7 kb) and
repetitive gene that has proved to be very challenging to sequence for
detection of pathogenic mutations. Recently, comprehensive re-sequencing
protocols have been developed to allow complete routine analysis of the entire
filaggrin gene (Sandilands et al., 2007; Table 2.1).

In a pilot study, Sandilands protocol was used to detect six mutations in
Singaporean Chinese IV patients (Chen et al., 2008), of which five have not
been seen in other populations previously studied (Gruber et al., 2006;
Marenholz et al., 2006; Smith et al., 2006; Barker et al., 2007; Nomura et al.,
2007; Sandilands et al., 2007; Stemmler et al., 2007). The five novel
mutations were not detected in any of the 260 normal Chinese/Singaporean
Chinese control samples, therefore these mutations are probably rare or family
specific (Table 2.6; Figures 2.5 and 2.6). This could also explain why these
mutations were not previously reported in the Japanese and Chinese patients
studied previously (Nomura et al., 2007). Alternatively, these mutations may
also have arisen quite recently amongst the Singaporean Chinese.
Interestingly, both the c.1249insG and c.7945delA frameshift mutations were
detected in two out of eight unrelated IV patients. It was therefore realised that
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Figure 2.5 Examples of FLG-null mutations caused by base
insertion/deletion in Singaporean Chinese ichthyosis
vulgaris (IV) patients

a. Direct DNA sequencing of specific FLG PCR products. Left panel
shows the normal control sequence from the FLG S100 domain
corresponding to codons 145 – 149. Middle panel shows the detection
of heterozygous c.441delA mutation in patient 8. Right panel confirms
the c.441delA mutation by cloning and sequencing of the mutant
allele.
b. The c.1249insG FLG mutation was detected in the FLG partial repeat
corresponding to codons 414 – 418 in patients 6 and 8.
c. Patient 6 is also a heterozygous carrier of FLG mutation c.7945delA in
FLG repeat 7 corresponding to codons 2647 – 2651.
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Figure 2.6 Examples of base substitution FLG-null mutations in
Singaporean Chinese ichthyosis vulgaris (IV) patients

a. Direct DNA sequencing of specific FLG PCR products. Left panel
shows the normal control sequence from the FLG repeat 6
corresponding to codons 2415 – 2419. Right panel shows a
heterozygous transition 7249C>T resulting in nonsense mutation
p.Q2147X in patient 6.
b. Left panel shows the normal control sequence from FLG repeat 6
corresponding to codons 2420 – 2424. Right panel shows a
heterozygous transversion 7264>T resulting in nonsense mutation
p.E2422X in patient 4.
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Table 2.6

FLG profiles of eight Singaporean Chinese IV patients in the pilot study

Patient

IV severity

Filaggrin staining

Mutation(s) detected

Repeat Number

Ethnicity of other cases where found

1

Severe

Normal

-

-

N/A

2

Severe

Reduced

R4307X

102

-

3

Mild

Reduced

7945delA

7

-

4

Mild

Reduced

E2442X

6

Dutch, Chinese

5

Severe

Nearly absent

1249insG, 7945delA

0, 7

-

6

Severe

Reduced

Q2417X

6

-

7

Severe

Absent

-

-

N/A

8

Severe

Nearly absent

441delA, 1249insG

S100 domain, 0

-
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a larger cohort of IV patients would be useful in assessing the prevalence of
these mutations in Singaporean Chinese IV patients. Additional IV patients
were collected, and an AD patient cohort was also assembled to further
characterise the FLG-null mutations in the Singaporean Chinese population.

Among the eight IV cases initially studied (Table 2.6), patients 5 and 8 were
found

to

be

compound

heterozygotes

for

FLG

mutations.

Immunohistochemical analysis of skin biopsies showed filaggrin to be nearly
absent in the granular layer, whereas patients 2, 3, 4 and 6 (who are
heterozygous for FLG mutations) showed reduced filaggrin staining compared
to the control (Figure 2.7). Patient 7 showed complete absence of filaggrin
staining but no mutation was detected in exon 3. Further re-sequencing also
confirmed that this patient had no detectable mutations in exons 1 or 2, nor in
the intron splice sites.

2.3.2 Mining for novel FLG-null mutations in the discovery
cohort

By 2009, the collection of additional IV and AD patients for the study cohorts
had been completed in Singapore (refer to section2.2.2.3). To further
characterise the filaggrin mutation landscape in Asia, we extended our study
by carrying out sequencing of the full FLG gene in the FLG mutation
discovery cohort, consisting 92 Singaporean Chinese patients with IV and/or
moderate-to-severe AD. Within this discovery cohort, 69 IV patients of
Chinese ethnicity, who had been referred from the outpatient dermatological
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Figure 2.7 Histological features of patients with ichthyosis
vulgaris (IV)

All left panels show hematoxylin & eosin (H&E) staining and right panels
show immunohistochemical staining with the 15C10 monoclonal antibody
against filaggrin repeats in skin biopsies.
a. Keratohyalin graunules are clearly visible in normal control skin after
H&E staining. Immunohistochemical staining detects filaggrin repeats
readily in 4 – 5 granular cell layers and throughout the stratum
corneum.
b. Heterozygous c.7945delA FLG-null mutation leads to reduced
keratohyalin granules and filaggrin staining in the granular layer.
c. Compound heterozygote for c.441delA/c.1249insG FLG mutations,
has barely detectable keratohyalin granules and filaggrin staining.
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clinics at the National Skin Centre, Singapore, displayed global dry skin and
extensive semi-adherent scaling. As symptoms of AD were the most common
reason for IV patients to seek treatment from the National Skin Centre, it was
not surprising that a high percentage (93%) of these patients also had
moderate-to-severe AD, based on the objective SCORAD index. 77% of the
patients in this cohort showed marked palmar hyperlinearity, and keratosis
pilaris was observed in 10% of all patients (Table 2.7). The remaining 23
patients had moderate-severe AD and no IV symptoms.

We detected an additional 15 null FLG mutations across the FLG coding
sequence, of which 13 are novel (Figure 2.8). FLG-null mutation c.3321delA
surfaced in this cohort and has become the only pan-Asian FLG-null mutation
reported in all previously studied Asian AD cohorts (Nomura et al., 2007; Hsu
et al., 2009; Kang et al., 2009; Zhang et al., 2011). The p.R501X mutation has
also been reported as a single case in Japan (Hamada et al., 2007) but is
widely prevalent in European populations (Marenholz et al., 2006; Ruether et
al., 2006; Sandilands et al., 2006; Barker et al., 2007; Morar et al., 2007;
Brown et al., 2008; Novak et al., 2008). To confirm the absence of other
Asian FLG mutations in Singapore, we also screened all IV patients for
Japanese-specific FLG mutations p.S2554X, p.S2889X and p.S3926X but
none were found. In total, 40.3% of IV patients in the FLG mutation discovery
cohort carried one or more FLG-null alleles.
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Table 2.7 Clinical features of the FLG-null mutation discovery
cohort

Cohort

Clinical feature

Number Percentage

oSCORAD (SD)

IV patients (n = 69)
Moderate-to-severe AD

64

92.81

-2

FLG-null

Palmar hyperlinearity

53

76.8

-

mutation

Keratosis pilaris

7

10.1

-

discovery

Moderate-to-severe AD patients with no IV (n=23)

cohort

Moderate AD

14

60.9

30.6 (5.7)

(n=92)

Severe AD

9

39.1

55.4 (12.6)

Palmar hyperlinearity

13

56.5

-

Keratosis pilaris

3

13.0

-

1

As symptoms of AD were the most common reason for IV patients to seek
treatment from the National Skin Centre, a high percentage (92.8%) of these
patients also had moderate-to-severe AD.
2

Mean objective SCORAD (oSCORAD) and standard deviation (SD) were
not calculated because oSCORAD scores were not available from eight IV
patients from the IV pilot study.
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Figure 2.8 FLG-null mutations identified in the Singaporean Chinese population

A total of 22 FLG-null mutations were detected in the Singaporean Chinese IV and AD cohort, of which 14 are novel. FLG mutations marked
with * were recurrent in the 69 IV patients in Singapore indicating that these are not just family specific mutations but are likely to be more
common in the target population. FLG mutation c.3321delA is a pan-Asian mutation and p.Q2417X, p.E2422X, p.Q1745X and p.S2706X are
also known to be present in selected Asian populations.
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2.3.3 Observation of overlapping clinical features in ichthyosis
vulgaris and X-linked ichthyosis

To investigate the genetic cause of scaly skin in the remaining patients, we
sequenced all 10 exons of the steroid sulphatase gene (STS)1. One individual
with severe scaling had complete deletion of the STS gene and was reclassified as a X-linked ichthyosis case. We also detected a hemizygous base
change c.652A>G (p.S218G) in another individual with severe scaling.
Although serine at position 218 is only conserved between humans and
chimpanzees, variant c.652A>G was not detected in 94 population controls,
and its pathologic effect on the function of steroid sulphatase warrants future
investigation. These two patients with STS variants were removed from the IV
cohort for clinical re-examination; discussion of these patients would be
elaborated in Chapter 4.3.3.

2.3.4 The association of FLG-null mutations with atopic
dermatitis in Singapore

When the range of clinical features of the childhood-adolescent AD cohort
was compared, it was observed that 5.9% had mild, 54.6% moderate and
39.5% had severe AD. 51.3% of the AD cohort had concurrent IV, 33.9%
showed palmar hyperlinearity and 7.1% had keratosis pilaris. Palmar
hyperlinearity is characterised by deep, marked lines on the palm, while
1

Methodology detailed in Chapter 4.2.2.3
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keratosis pilaris appears as a rough bumpy texture on the skin due to the
formation of keratin forms hard plugs within hair follicles. Allergic rhinitis
and asthma were also reported in 59.8% and 28.2% of patients respectively
(Table 2.8).

The 21 FLG mutations detected in the discovery cohort were subsequently all
screened for in all the 425 AD patients. In the process of screening for FLGnull mutation c.4004del2, an additional novel mutation c.4275del2 was
detected and confirmed by sequencing. Ultimately, 22 FLG-null mutations
were screened in 425 AD patients. Five FLG-null mutations (c.1640delG,
c.2952delC, c.4004del2, c.8393delA and c.dupl9040_9058) were not found in
the AD cohort (Figure 2.8). All 17 detected FLG-nullmutations were
subsequently screened in 440 population controls (880 alleles) with unknown
phenotype. 20.2% of the AD cohort carried at least one FLG-null mutation
compared to 7.3% of the population controls. The combined FLG-null
genotype (composed of 17 FLG-null mutations) was strongly associated with
AD (P = 5.3 x 10-9; OR = 3.3, 95% CI = 2.2 – 5.0) and the more prevalent
mutations p.G323X, c.3321delA, p.S1515X, c.6950del8, p.Q2417X and
p.E2422X were each associated independently with AD (Table 2.9). There
was also clear association of the presence of FLG-null alleles with greater AD
severity (permutation test; P = 0.0063).
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Table 2.8 Clinical features of the childhood-adolescent atopic
dermatitis (AD) cohort

oSCORAD
Cohort

Clinical feature

Number

Percentage
(SD)1

Mild AD

25

5.9

9.8 (3.9)

Moderate AD

232

54.6

29.3 (6.6)

Childhood-

Severe AD

168

39.5

52.2 (9.8)

adolescent

IV

218

51.3

-

AD cohort

Palmar hyperlinearity

144

33.9

-

Keratosis pilaris

30

7.1

-

Allergic rhinitis

254

59.8

-

Asthma

120

28.2

-

(n=425)

1

oSCORAD – objective SCORAD
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Table 2.9 Association of FLG-null mutations with atopic
dermatitis (AD) in Singaporean Chinese patients
FLG mutation

c.441delA
p.G323X1

p.Q368X

p.S406X

c.1249insG

p.R501X
c.3321delA1

c.S1302X

c.4275del2
p.S1515X1

p.Q1745X
c.6950del81
p.Q2417X1
p.E2422X1

c.7945delA

p.S2706X

p.R4307X
FLG-null
combined
genotype2

FLG Genotype

Cohort

P value1

AA

Aa

aa

Total

Controls

438

0

0

438

AD

417

2

0

419

Controls

440

0

0

440

AD

415

5

0

420

Controls

440

0

0

440

AD

418

1

0

419

Controls

438

2

0

440

AD

416

4

0

420

Controls

440

0

0

440

AD

419

3

0

422

Controls

438

0

0

438

AD

424

1

0

425

Controls

430

10

0

440

AD

398

25

0

423

Controls

434

4

0

438

AD

421

3

0

424

Controls

440

0

0

440

AD

423

1

0

424

Controls

438

2

0

440

AD

409

10

0

419

Controls

439

0

0

439

AD

418

2

0

420

Controls

436

4

0

440

AD

407

14

1

422

Controls

440

0

0

440

AD

410

7

0

417

Controls

440

0

0

440

AD

416

6

0

422

Controls

439

1

0

440

AD

412

4

0

416

Controls

431

7

0

438

AD

406

9

0

415

Controls

438

1

0

439

AD

419

4

0

423

Controls

403

29

1

433

AD

307

70

13

390

0.239

0.027

0.488

0.441

0.117

0.492

0.009

1.000

0.491

0.019

0.239

0.011

0.006

0.014

0.205

0.618

0.209

5.3 x 10-9
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Table 2.9 Association of FLG-null mutations with atopic
dermatitis (AD) in Singaporean Chinese patients

Table legend
1

– The Fisher’s exact test was used to compare the occurrences of FLG-null
mutations between AD patients and population controls. P values of < 0.05
were deemed as significant association with AD.

2

– FLG mutations p.Q2417X, p.E2422X, c.3321delA, c.6950del8, p.S1515X
and p.G232X (bold) are more common in our population and are
independently associated with AD.

3

– ‘aa’ in the FLG-null combined genotype refers to patients who carry two
FLG-null mutations. These patients may be homozygous (carrying the same
FLG mutation in both alleles) or compound heterozygotes (carrying a different
FLG mutation in each allele).

Out of the 13 AD patients with the ‘aa’ FLG-null combined genotype, only
one patient was homozygous for mutation c.6950del8. The other 12 patients
were compound heterozygotes and would be reflected as ‘Aa’ in the individual
rows of FLG mutations but ‘aa’ in the FLG-null combined genotype row.
Only patients with complete data in all 17 FLG-null mutation loci were
included in the ‘FLG-null combined genotype’ count for Fisher’s exact test
and logistic regression analysis.
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2.3.5 The Singaporean Chinese atopic dermatitis FLG-null
mutation landscape is distinct from that in Europe

In Asia, a maximum of ~27% of AD cases have been linked to the FLG-null
genotype (Nemoto-Hasebe et al., 2009) while replication studies in Europe
have reported up to 50% of all AD cases carrying one or more FLG-null
mutations (Brown and McLean, 2009). 20.2% of individuals in our current
AD cohort have at least one FLG-null allele (Figure 2.9), with seven different
FLG mutations (c.3321delA, c.6950del8, p.S1515X, p.S2706X, p.Q2417X,
p.E2422X, p.G323X) accounting for nearly 80% of the wide FLGnullmutation spectrum. The remaining mutations consist of 10 rare FLG
variants. In contrast, in a well studied Irish AD cohort (n=228), 46% of cases
carry one or more FLG-null mutations and the two most prevalent mutations
(p.R501X, c.2282del4) alone accounted for 80% of the European FLG
mutation spectrum (Figure 2.10).

2.3.6 Palmar hyperlinearity and keratosis pilaris are clinical
markers of FLG-null mutations

Because of the difficulty in sequencing the FLG gene outside a specialist
laboratory, there is a need to identify less invasive techniques for spotting
patients with filaggrin deficiency, if intervention at the primary care level is
desirable. Hyperlinear palms (increased number and depth of creases on
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Figure 2.9

n = 384

Comparison of the proportion of AD patients in Singapore and Ireland carrying FLG-null mutations

n = 228

384 Singaporean Chinese AD patients screened for 17 FLG-null mutations in Table 2.7 were compared to 228 Irish AD patients screened for at
least 5 European-specific FLG null mutations. The Irish AD cohort is slightly enriched for cases of severe AD (47.8%, defined by the
Nottingham Eczema Severity Score) compared to the Singaporean Chinese cohort (39.5%). This may be one of the contributing factors leading
to a difference in FLG-null mutation frequency between these two cohorts.
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Figure 2.10

n = 384

Comparison of the FLG-null mutations spectrum between Singapore and Ireland

n = 228

Singapore presents a wider spectrum of FLG mutations compared to Ireland. Eight different FLG-null mutations account for 80% of the wide
spectrum of FLG mutations in Singapore while 2 prevalent FLG-null mutations dominate 80% of the European FLG spectrum.
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palms) and keratosis pilaris (keratotic plugs in hair follicles, especially on the
outer upper arms) have been previously reported to be strong clinical markers
of FLG-null mutations (Brown et al., 2008; Novak et al., 2008).

In the

childhood-adolescent AD cohort, 34.1% of patients with palmar hyperlinearity
and 14.5% of patients without palmar hyperlinearity carried at least one FLGnull mutation (denoted ADFLG). This corroborates the association of FLG-null
mutations with palmar hyperlinearity (P = 9.0 x 10-15; OR = 5.8, 95% CI = 3.6
– 9.3). In this study, FLG-null mutations were also significantly associated
with keratosis pilaris (P = 0.001; OR = 14.7, 95% CI = 2.1 – 10.7) even
though this clinical marker was only present in 7.1% of AD patients in
Singapore (Table 2.10). Thus these two characteristics represent good
phenotypic indicators of FLG-null mutations.
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Table 2.10 Association of clinical markers with FLG-null
mutations
Cohort

1

FLG-null combined genotype1

Fisher’s

AA

Aa

aa

Total

Controls

403

29

1

433

Palmar hyperlinearity

89

35

11

135

Controls

403

29

1

433

Keratosis pilaris

20

7

1

28

exact p value
9.0 x 10-15

0.001

– ‘aa’ in the FLG-null combined genotype refers to patients who carry two
FLG-null mutations. These patients may be homozygous (carrying the same
FLG mutation in both alleles) or compound heterozygotes (carrying a different
FLG mutation in each allele).
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2.4 DISCUSSION

2.4.1 Population specific FLG-null mutations cause ichthyosis
vulgaris in Singaporean Chinese

In the pilot study of eight Singaporean Chinese IV patients, it was confirmed
that FLG-null mutations cause IV in Singaporean Chinese. Given the similar
ancestry among the Singaporean Chinese, Chinese and Japanese, it was
surprising that the mutations previously reported in those populations were not
found in our eight patients. With the number of mutations increased to 30 or
more, it is possible that FLG is constantly under constant positive selection to
retain its null mutations, thus every population will have a unique set of FLG
mutations.

In the present study, five FLG-null mutations were novel and probably rare as
they were not detected in population controls; mutation p.E2442X was
previously reported in a Dutch IV patient (Sandilands et al., 2006). It is
intriguing to find the identical mutation in a Singaporean Chinese patient as
well as a single case in a Chinese control individual. As this mutation was not
detected in other European populations nor was it recurrent in the Dutch, it
was classified as a rare mutation. However, our present data suggests that this
mutation may be present at low levels in some Asian populations. Upon
further investigation by the clinician, the Dutch patient was confirmed to have
Chinese ancestry. Ideally, all detected mutations thus far should be screened in
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different collected population samples to achieve a more complete picture of
the FLG-null mutations in different populations, but this can be time
consuming unless high throughput screening methods for each mutation can
be developed.

Immunohistochemistry of skin sections from IV patients clearly revealed the
semi-dominant mode of inheritance in IV (Figure 2.7): the amount of
filaggrin in the skin decreases with the increase in number of FLG-null
mutations carried by an individual, i.e. patients carrying two FLG-null
mutations have nearly absent filaggrin staining. In view of this, it is clearly
useful to stain skin biopsies, when available, for filaggrin to predict the likely
number of filaggrin mutations carried by an IV patient. From the molecular
genetics, it seems certain that profilaggrin produced by a individual with a
mutation in a more N-terminal filaggrin repeat suffers more extensive
truncation, i.e. patient 3 must be producing less filaggrin repeat units than
patient 8 (Figure 2.7). At this point of time, it is not possible to carry out
quantification of the amount of filaggrin repeats stained in a patient’s skin and
use this information as a predictive tool to pinpoint the location of mutations
along FLG in IV patients.

In the case of patient 7, there is a complete absence of filaggrin staining, but
no FLG mutation was detected in the patient’s DNA. It is possible that patient
7 has a mutation in other genes (such as those coding for proteases involved in
profilaggrin processing) that play a critical role in the regulation of filaggrin
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expression, although it is also possible that a mutation has been missed, due to
the size and complexity of this repetitive gene.

2.4.2 A wide spectrum of FLG-null mutations is present in Asia

This study was designed to discover the FLG mutations that underlie IV in an
Asian population, and to facilitate future studies of AD in this geographical
region. Singapore is an immigrant South East Asian city-state with a
population of 4.5 million, consisting of Chinese (75.6%), Malays (13.6%),
Indians (8.7%) and others (2.1%). According to the Department of Statistics,
Singapore, in 2009, Singapore is the only country outside greater China where
immigrant ethnic Chinese constitute the majority of the population. Due to this
recent migration from China (less than three generations ago), Singaporean
Chinese are still genetically very close to the population of South China
(http://www.singstat.gov.sg). The Singaporean Chinese population is thus a
well-defined genetic group for an Asian study of the FLG mutation landscape.
The one-year prevalence of IV in 2002 was reported to be 8% in Singaporean
school children (Tay et al., 2002). Similar to many developed European
countries, AD cases are also on the rise in Singapore; a study conducted on
2363 students in 2002 reported a prevalence of 20.8%.

Following the study by the McLean group (Palmer et al., 2006), the filaggrin
gene has quickly risen to become the most significant and most widely
replicated genetic risk factor in AD. Follow-up studies have attributed the
manifestation of AD to a combination of environmental assaults,
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immunological hypersensitivity and skin barrier dysfunction, particularly as a
result of filaggrin deficiency. The challenge of sequencing the large and
repetitive filaggrin gene (12.7 – 14.7 kb) has recently been overcome by the
development of a comprehensive and effective set of PCR and sequencing
primers and protocols (Sandilands et al., 2007).

Previous reports across

Europe and Asia (Smith et al., 2006; Nomura et al., 2007; Chen et al., 2008;
Hsu et al., 2009; Zhang et al., 2011) have confirmed FLG as the causative
gene for IV but have also highlighted the presence of specific FLG-null
mutations distinct to each population, suggesting that population analysis
based solely on the European mutation spectrum is inappropriate and
inefficient.

The first clear finding that emerged from the present study is that Singaporean
Chinese have a very different FLG mutation landscape from Europeans. In the
IV and AD cohorts studied here, 22 FLG-null mutations were detected in total,
of which 14 are novel. The predominance of a small set of common FLG-null
mutations, as seen in Europe, was not observed (Figure 2.10). In distinct
contrast, a larger number of rare FLG-null mutations were detected, predicting
the continual emergence of rare, family-specific mutations in Asia as FLG
studies are extended to more Asian populations. There are now 30 FLG-null
mutations identified in patients from China, Singapore, Japan, Korea and
Taiwan, with only one, c.3321delA, recurring in all the populations. The FLGnull mutation p.Q2417X is present in Singapore and Taiwan (Chen et al.,
2008; Hsu et al., 2009), p.E2422X and p.Q1745X are present in Singapore
and China (Chen et al., 2008; Sandilands, unpublished data; Zhang et al.,
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2011), and p.S2706X in Singapore (this study) and Thailand (WHI McLean,
unpublished data).
Different evolutionary histories may explain the differences in the FLG-null
mutation spectrum between Asia and Europe. The finding of many different
mutations suggests that FLG may be under a constant mutation pressure in
Asia, leading to a wide spectrum of rare FLG-null mutations that have recently
arisen. Conversely, a possible evolutionary bottleneck unique to Europe (such
as the plague) may have led to the historical retention of a small number of
FLG-null mutations in surviving individuals. Subsequent re-population of
Europe by this small founder gene pool, coupled with a FLG-null
heterozygote advantage (elaborated in section 2.4.4), equilibrated the
prevalence of these FLG-null mutations to ~10% of the general European
population (Irvine and McLean, 2006).

Differences in environmental

pressures which exist between tropical south-east Asia and temperate Europe
may mean that the heterozygote advantage conferred by FLG-null mutations
was historically less important in Asia, such that Asian descendants today
carry fewer FLG-null mutations than Europeans.

Although the FLG-null mutation spectra in Asia and Europe are distinct,
incomplete penetrance of the FLG-null genotype on AD manifestation is
observed in both continents (this study, Palmer et al., 2006). For example,
within our present FLG mutation discovery cohort, one severe IV patient
carrying both the p.R501X and p.E2422X FLG-null mutation did not have
AD; two moderate-to-severe IV patients carrying a c.3321delA and
c.dupl9040_9058 FLG mutation respectively also did not have AD. This
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implies that a compromised skin barrier due to filaggrin deficiency alone may
not be sufficient to cause AD. Alternatively, other positive environmental or
genetic

factors

could

compensate

for

FLG-null

mutations;

further

investigations on a larger group of such patients would be necessary to
elucidate the possible differential penetrance of specific FLG-null mutations
for AD.

2.4.3 A smaller proportion of Asian atopic dermatitis patients
carry FLG-null mutations

This study of a childhood-adolescent AD cohort reveals a strong association of
FLG-null mutations with AD, which corroborates the findings of other studies.
In this present study, 20.2% of mild-to-severe AD patients carry one or more
FLG-null mutations, in contrast to 46% of moderate-to-very-severe Irish AD
patients carrying one or more FLG-null mutations (Figure 2.9). This
difference may be due to the association of FLG-null genotype with increased
AD severity (permutation test P = 0.0063), i.e. FLG-null mutations may be
slightly enriched in the Irish cohort with more cases of severe AD.
Conversely, this discrepancy of FLG-associated AD between Asia and Europe
could result from (1) environmental variations, (2) contribution of other genes
towards AD or (3) inherent skin biology differences between Asia and Europe.
The contribution of the environment to the presentation of AD may be an
important factor. The environment in Europe and Singapore is clearly different
– AD patients in Europe experience a cool and dry climate, with symptoms
worsening in the winter. In contrast, the warm and humid environment in
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Singapore could benefit IV and AD patients as transepidermal water loss is
reduced. In addition, sweating may enhance desquamation of the skin leading
to the milder appearance of IV skin (Watkinson et al., 2001). On the other
hand, a warm climate could also provide an optimal environment for skin
microbial colonisation and augment the contribution of immunological
mechanisms towards AD manifestation. These differences in environment
could lead to clinical heterogeneity in AD and IV between Asian and
European patients. During patient recruitment for this study, we noted that the
majority of IV patients seek treatment for symptoms of AD rather than IV,
leading to an enrichment of AD incidence (92.8%) in our IV cases (Table
2.6a).

It is well established that AD is a multi-factorial condition and other genes
besides FLG contribute to its aetiology. Formation of the skin barrier is a
complex process involving many components. The occurrence of IV and AD
in Singaporean Chinese patients lacking FLG-null mutations may be caused
by variants in genes involved in pathways that modify filaggrin protein
processing,or unknown mutations in other independent genes. Moreover,
variants in the promoter/enhancer regions of FLG may also affect filaggrin
expression in patients. It is expected that follow-up genetic investigations
such as GWAS for AD and homozygosity mapping of large consanguineous
families with IV will uncover further genetic loci important in the aetiology of
AD and IV.
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The third reason for the lower proportion of FLG-associated AD in this study
may be discrete differences in the skin biology between Asians and
Europeans. Recently, Muizzuddin et al. showed that Asian skin has less
cohesive proteins and weaker barrier strength than European skin and is
therefore more susceptible to disruption by tape stripping (Muizzuddin et al.,
2010). It is possible that this inherently weaker barrier allows easier entry of
allergens and contributes to the threshold incidence of AD in Asia. This would
render the immune-boosting advantage of environmental allergen priming
through a more permeable skin barrier in FLG-null heterozygotes less
significant in Asians, further explaining the lower prevalence of FLG-null
mutations in Asia. Interestingly, keratosis pilaris was less frequently observed
in Singaporean-Chinese AD patients (7.1%) than in English school children
(34.4%) as previously reported by Brown et al., 2008. This warrants future
studies to investigate the interaction of skin type and environment in
hyperkeratosis of the hair follicles.

2.4.4 The FLG-null mutation heterozygote advantage
hypothesis in Europe and Asia

FLG-null mutations occurs in ~10% and 7.3% in the general European and
Singaporean Chinese populations respectively. The reason whyFLG mutations
are so prevalent is unclear although it has been proposed that balancing
selection conferring a heterozygote advantage might explain the persistence
and independent emergence of FLG null mutations in different populations
(reviewed in van den Oord and Sheikh, 2009; Akiyama, 2010). It has also
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been speculated that in individuals carrying one or more FLG null mutation,
‘natural vaccination’ may have permitted the survival of ancient pandemics
better than other individuals due to a stronger immune system built up by
increased trans-epidermal transfer of pathogenic antigens (Irvine and McLean,
2006). This hypothesis is potentially supported by the case of the flaky-tail
mouse, which carries a FLG-null mutation and shows enhanced percutaneous
antigen transfer and increased transepidermal water loss (TEWL; Fallon et al.,
2009).

2.4.5 Towards the non-invasive diagnosis of FLG-null
mutations

The usefulness of specific clinical markers to identify underlying FLG-null
mutations is of high clinical significance. The occurrence of palmar
hyperlinearity in our patients was comparable to that observed in the European
studies and showed strong association with FLG-null mutations (Table 2.7;
Weidinger et al., 2006; Brown et al., 2008; Novak et al., 2008). To examine
the correlation of clinical markers with the presence of FLG-null mutations in
the AD patients, we calculated the positive predictive value (PPV) and
negative predictive value (NPV) of palmar hyperlinearity and keratosis pilaris
for FLG mutations. The PPV of palmar hyperlinearity was 34.1% and the
NPV was 85.5%; keratosis pilaris had comparable PPV and NPV values of
31.6% and 79.3% respectively. This indicates that AD patients without palmar
hyperlinearity and/or keratosis pilaris are unlikely to carry FLG-null
mutations.
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Other non-invasive methods such as tape stripping (Kezic et al., 2009), or
Raman spectroscopy profiling of the stratum corneum (O'Regan et al., 2010),
have demonstrated a good concordance between FLG genotype and the levels
of natural moisturising factors (NMF) produced from degraded filaggrin
protein. As the equipment and technical expertise for these non-invasive
methods become less costly and more widespread in a few years’ time, it is
likely that they will prove extremely useful in the classification of AD into
ADFLG or ADNON-FLG. Early identification of FLG-null mutations in AD
patients may be helpful in allowing targeted early intervention strategies,
which may prevent, or reduce, escalation of the atopic disease phenotype in
patients.
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2.5 CONCLUSIONS

In this chapter, the work described has established FLG-null mutations as the
causative gene of IV, and confirmed FLG mutations as a significant predisposing factor for AD, in the Singaporean Chinese population. In addition,
AD patients carrying two FLG mutations were found to show increased AD
severity compared to AD patients who only carried one FLG mutation.
However FLG mutations were not detected in some IV patients. In addition, a
smaller proportion of AD patients (20.2%) carried FLG mutations in the
Singaporean Chinese cohort, as opposed to ~50% of European AD cases
harbouring FLG mutations. This suggests that unknown genetic mutations and
environmental effects play significant roles in the aetiology of IV and AD in
Singapore.

This study represents the most comprehensive study of the spectrum of FLGnull mutations in an Asian population to date. There are now known to be at
least 30 FLG mutations detected in Asia; in comparison to the European
populations, Asia has a wider spectrum of FLG-mutations. The reasons are
currently unclear but ethnic differences (including historical population
bottlenecks) and varying environmental influences may be important in the
moulding of the FLG landscape in distinct populations.

Finally, palmar hyperlinearity and keratosis pilaris are useful clinical markers
that could be used to predict the presence of FLG-null mutations in AD.
Future less-invasive techniques such as tape stripping and Raman
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spectroscopy to detect skin NMF may be useful in the stratification of AD
cases into ADFLGor ADNON-FLG and may aid in the elucidation of other AD predisposing genetic factors by conducting GWAS in patients with ADNON-FLG.

