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CHAPTER 4 

 

 

 

 

INTERACTION OF SKIN BARRIER 

GENES IN GENODERMATOSES 
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4.1 INTRODUCTION 

 

4.1.1 Interaction of different genes in genodermatoses 

 

In the most commonly accepted paradigm for complex diseases, single genetic 

factors are considered to have a modest contribution to the total variation in 

the trait; they are likely to exert additive or synergistic effects known as 

epistatic interactions (Glazier et al., 2002). Even for the ‘mendelian’ gene 

disorders, the observation of disease severity discrepancy among affected 

members within the same family has been frequently observed. It is likely that 

this is due to modifier genes and/or environmental effects.  

 

In Chapter 1.3.4, some examples of gene interactions in genodermatoses were 

illustrated - the modification of recessive dystrophic epidermolysis bullosa 

(RDEB) by a common mutation in the metalloproteinase-1 gene (MMP1; 

Titeux et al., 2008), as well as the exacerbation of pachyonychia congenita 

(PC) and X-linked ichthyosis (XLI) phenotypes by the co-inheritance of FLG-

null mutations (Liao et al., 2007; Gruber et al., 2009). This chapter first 

describes a collaborative effort set up between scientists and clinicians from 

Germany, Ireland and England to establish a large pooled cohort of AD 

patients, in order to study the potential interaction of SPINK5 and KLK7 as 

genetic modifiers of FLG. Secondly, further evidence of FLG as a modifier 

gene in other genodermatoses was collected from the study of a female Indian 

patient with unusually severe XLI phenotype. Thirdly, an attempt was also 
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made to study the underlying genetic cause, in two Singaporean Chinese 

patients, of concurrent IV and AD symptoms. 

 

4.1.2 The role of KLK7 and SPINK5 in the skin barrier 

 

In the Irish population, ~50% of moderate-severe AD carried a at least one 

FLG-null mutation (see Chapter 2.3); world-wide replication studies 

(reviewed in van den Oord and Sheikh, 2009) have also confirmed FLG-null 

mutations to be an exceptionally strong risk factor implicated in the aetiology 

of AD and its associated atopic conditions.  

  

As introduced in Chapter 1.2, the formation of an effective skin barrier is a 

highly orchestrated and complex event. In particular, the progressive 

breakdown of the giant profilaggrin protein in the keratohyalin granules to its 

eventual degradation into free amino acids requires the interaction of many 

enzymatic and biochemical components (reviewed in; Sandilands et al., 2009). 

One of the proteases that has been suggested to be involved in profilaggrin 

processing is the stratum corneum chymotryptic enzyme (SCCE) (Resing et 

al., 1995; Descargues et al., 2005), which is possibly regulated by the serine 

proteases inhibitors lymphoepithelial Kazal-type inhibitor (LEKTI), encoded 

by the serine peptidase inhibitor Kazal type 5 gene (SPINK5) (Bitoun et al., 

2003; Descargues et al., 2005).  
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Interestingly, an insertion in the 3’ untranslated region (UTR) of the 

kallikrein-related peptidase 7 gene (KLK7) encoding SCCE (Vasilopoulos et 

al., 2004) has been reported to be associated with AD. Early genome-wide 

linkage analysis of AD family studies suggested a potential locus at 5q31, and 

after identification of 6 common polymorphisms in SPINK5, the variant 

E420K was associated with AD in a cohort of British children (Walley et al., 

2001). This association has been replicated in two small Japanese studies 

(Kato et al., 2003; Nishio et al., 2003) but other studies have failed to replicate 

this association. Currently, the reported effects of KLK7 and SPINK5 are 

rather weak and lack robust confirmation in replication cohort studies. 

Therefore, to address the existing literature and to clarify the role of these 

previously reported polymorphisms in SPINK5 and KLK7 in the pathogenesis 

of AD, a large group of AD patients and population controls were collected to 

perform an association study designed with enough power to detect relatively 

weak susceptibility factors towards AD. In addition, given their potential 

effects on posttranslational modification of filaggrin, we also sought to 

examine the gene-gene interactions between FLG, KLK7 and SPINK5.  

 

4.1.3 The importance of the cholesterol synthesis pathway 

 

4.1.3.1 The role of steroid sulphatase in the cholesterol synthesis pathway 

 

The steroid sulphatase gene (STS) gene is located on the distal short arm of the 

X-chromosome at the Xp22.3 locus (Traupe and Happle, 1983) and this region 
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is subjected to gene loss due to chromosomal deletion or point mutations. The 

primary role of steroid sulphatase is to hydrolyse 3β-sulphate esters in 

cholesterol sulphate and sulphated steroid hormones; the former process is of 

crucial importance for the synthesis of cholesterol to form an effective lipid 

envelope in the stratum corneum. Within the epidermal layers, steroid 

sulphatase activity is low in the stratum basale and stratum spinosum, whereas 

enzyme levels increases to 10 to 20 times more in the stratum granulosum and 

persists into the stratum corneum. Steroid sulphatase localises not only in 

cytoplasmic microsomes but also in lamellar bodies, where it is extruded with 

other lipids to take part in the regulation of permeability barrier homeostasis 

and desquamation (reviewed in Elias et al., 2004).  

 

Since cholesterol is already present in the lipid membranes of basal 

keratinocytes, it has to be sulphated into cholesterol sulphate by the enzyme 

cholesterol sulphotransferase into epidermal cholesterol sulphate, which 

remains in its sulphate form until the keratinocytes transit into the stratum 

granulosum. Thereafter, it is desulphated back to cholesterol in the stratum 

granulosum and stratum corneum by steroid sulphatase (Figure 4.1). 

Disruption of this cholesterol sulphate cycle accounts for a permeability 

barrier defect and abnormal desquamation in XLI patients who carry STS-null 

mutations.  

 

Normally, cholesterol sulphate constitutes ~5% of the total lipid content in the 

stratum granulosum, and this decreases to ~1% in the stratum corneum after 

its hydrolysis into cholesterol (Long et al., 1985; Ranasinghe et al., 1986). A  
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Figure 4.1 The cholesterol sulphate cycle in the epidermis 

 

 
 

 

Cholesterol sulphotransferase predominates in the lower epidermis and is believed to be responsible for the synthesis of cholesterol sulphate, 

which makes up ~5% in dry weight of the stratum granulosum (SG). Cholesterol sulphate stimulates epidermal differentiation by activating 

protein kinase C η, which in turns leads to the phosphorylation of epidermal differentiation proteins. It also up regulates the transcriptional genes 

involved in cornification, such as TGM1 and IVL,and also inhibits protreases to prevent premature desquamation. In the stratum corneum (SC), 

cholesterol sulphate is processed into cholesterol by steroid sulphatase to promote desquamation. Levels of cholesterol sulphate usually decrease 

to 1-2% in normal skin. 
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direct consequence of steroid sulphatase deficiency is the accumulation of 

cholesterol sulphate in the epidermis (Kubilus et al., 1979; Epstein et al., 

1981) and this can constitute up to 12% of dry weight in the stratum corneum 

in the skin of XLI patients (Williams and Elias, 1981). 

 

Besides its ultimate conversion to cholesterol in the stratum corneum for skin 

barrier function, cholesterol sulphate also has regulatory functions (Strott, 

2002; Strott and Higashi, 2003) and is involved in the process of epidermal 

differentiation by at least two mechanisms: (1) It activates the η isoform of 

protein kinase C (Denning et al., 1995; Kashiwagi et al., 2002), which in turn 

stimulates the phosphorylation of proteins to kickstart the process of 

cornification; and (2) it is also a transcriptional regulator of proteins such as 

transglutaminase-1 and involucrin, operating through an activator protein-1 

binding site in the promoter region (Kawabe et al., 1998). It is also highly 

possible that these two mechanisms are linked – protein kinase C activation by 

cholesterol sulphate could phosphorylate activator protein-1, leading to 

enhanced transcriptional regulation TGM1 and IVL(reviewed in; Elias et al., 

2008).  

 

4.1.3.2 Null mutations in the steroid sulphatase gene (STS) cause X-linked 

ichthyosis 

 

XLI is a relatively common genodermatosis that affects 1 in 6000 males 

(Lykkesfeldt et al., 1985). About 90% of XLI patients have large deletions 

involving the entire STS gene; however, less frequent point mutations have 
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also been reported (Paige et al., 1994; Liao et al., 2007) resulting in deficiency 

in steroid sulphatase activity. The resultant accumulation of epidermal 

cholesterol sulphate and decreased stratum corneum cholesterol is thought to 

result in disturbed epidermal permeability barrier function and abnormal 

desquamation (reviewed in Elias et al., 2008). Cutaneous manifestations 

typically present in the first weeks of life with symmetrical adherent brown 

scales, most notably on the extensor surfaces of the lower limbs and lateral 

aspects of the trunk with relative sparing of the flexural sites (Hoyer et al., 

1986). Reported extracutaneous manifestations include corneal opacities (10-

15%), cryptorchidism and an increased risk of attention deficit hyperactivity 

disorder and autism (Kent et al., 2008). 

 

The integrity of the lower epidermis of these patients is normal but a 

pronounced delay in recovery is observed when the skin barrier is breached 

(Lavrijsen et al., 1993). The cholesterol content of the stratum corneum in XLI 

patients decrease by at least 50% (Williams and Elias, 1981) so it is 

unsurprising that lipid envelope formation is impeded. In addition, cholesterol 

sulphate accumulation in the stratum corneum also leads to the inhibition of 

HMG-CoA reductase, the rate-limiting enzyme in cholesterol synthesis, thus 

further reducing cholesterol synthesis (Figure 4.1). Finally, the presence of 

excess cholesterol sulphate hinders the transglutaminase-1-

mediatedattachment of ω -hydroxyceramides in the lipid envelope to the 

protein cornified envelope (Nemes et al., 2000). 
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The presentation of large, polygonal adherent scales on the body of XLI 

patients point to abnormalities in the desquamation process. Kinetic studies 

have demonstrated that hyperkeratosis in XLI is a consequence of delayed 

desquamation (Frost et al., 1966) due to the persistence of corneodesmosomes 

in the stratum corneum (reviewed in Elias et al., 2004). The proteolysis of 

corneodesmosomes for the sloughing off of dead skin cells is mediated by 

stratum corneum chymotryptic enzyme (SCCE; encoded by KLK7), and 

stratum corneum tryptic enzyme (SCTE; encoded by KLK5). These serine 

proteases exhibit optimal activity at neutral pH and would have reduced 

activity in the stratum corenum of the XLI patient, where lower than normal 

pH has been observed. The presence of the anionic sulphate groups in the 

stratum corneum is also believed to cause further stabilisation of 

corneodesmosomes through the formation of Ca
2+

 bridges (reviewed in Elias 

et al., 2004). 
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4.1.4 Aims of this chapter 

 

• Explore other genes important in skin barrier such as SPINK5 and KLK7 

for association with AD. 

 

• Test for potential gene interaction effects of SPINK5 and KLK7 with FLG 

towards AD susceptibility. 

 

• Understand the accrued clinical consequences of null mutations in STS and 

FLG in an Indian patient with X-linked ichthyosis. 

 

• Investigate the underlying genetic cause of two Singaporean Chinese 

patients with concurrent IV and AD symptoms. 
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4.2 MATERIALS AND METHODS 

 

4.2.1 Study populations and clinical material 

 

4.2.1.1 Cases and cohorts for the SPINK5, KLK7 and FLG variants study 

 

The study of SPINK5, KLK7, and FLG variants was a collaborative study 

across Europe consisting of (1) a cohort of 486 German parents-offspring trios 

for AD; (2) an additional series of 287 patients with AD from Germany and 

(3) a collection of 418 English and Irish patients with AD. Comparisons were 

made with 3 sets of population controls – 552 Irish blood donors, 3992 adults 

from the Co-operative Health Research in the Region of Augsburg (KORA) 

and 7646 individuals from the population-based Avon Longitudinal Study of 

Parents and Children (ALSPAC) cohort.  

 

AD patients from Ireland were diagnosed according to the UK diagnostic 

guidelines (Williams et al., 1994) by an experienced paediatric dermatologist 

(Dr. Alan Irvine, Dr. Grainne O’Regan or Dr. Rosemarie Watson) and 

recruited from Our Lady’s Children’s Hospital, Crumlin. One hundred and 

sixty-three English adults of white British ancestry with persistent AD were 

diagnosed by Dr. Jonathan Barker, Dr. Simon Meggitt or Dr. Nicholas 

Reynolds and recruited from King’s College London and University of 

Newcastle. Ninety-two percent of the English AD patients had an age of onset 

of less than 16 years old.  
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Details on the other study cohorts involved in this study have been published 

(Weidinger et al., 2008a).  

 

4.2.1.2 Indian and Singaporean Chinese cases of X-linked ichthyosis 

 

Blood samples were obtained after informed consent from the patient and their 

parents (if available) for standard DNA extraction detailed in Chapter 2.2.2. 

DNA from 113 anonymous, unselected Indian population controls and 94 

random Singaporean Chinese population controls were also included in the 

study.  

 

All individuals were recruited after written informed consent and all study 

methods were approved by the relevant local authorities in accordance with 

the Declaration of Helsinki principles. 

 

4.2.2 Genotyping of KLK7, SPINK5, STS and FLG 

 

In the study of SPINK5, KLK7 and FLG variants, the Irish and English 

samples were genotyped in the University of Dundee; Dr. Aileen Sandilands 

performed the genotyping the SPINK5 variant while I performed the 

genotyping for KLK7.  The genotyping of other cohorts were carried out by 

other collaborators. 
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4.2.2.1 Analysis of KLK7 by fluorescent PCR and allelic size 

discrimination 

 

The 4-bp insertion (AACC) in the 3’ UTR of KLK7 was genotyped using 

fluorescent PCR followed by allelic size discrimination on the Applied 

Biosystems 3130xl Genetic Analyser. 10 µl PCR reactions were performed 

with 25 ng of genomic DNA with 400 pmol/µl of forward primer 5’-GTT 

TCT TCA AGT GTG CAA GTT CAC CAA-3’ and 400 pmol/µl of FAM-

labeled reverse primer 5’-GAT TGG TTT ATC AAC AGG GC-3’ with the 

AmpliTaq Gold Buffer containing 1.5mM MgCl2, 10 nmol of each dNTP, 4% 

(v/v) DMSO, and 0.25 U of AmpliTaq Gold polymerase (Applied Biosystems, 

Foster City, CA).  The PCR was cycled using the following conditions: 1 

cycle of 94ºC  (12 minutes); 25 cycles of 94ºC  (30 seconds), 58ºC (30 

seconds), 72ºC (45 seconds) and a final extension cycle of 72ºC (5 minutes). 

The PCR products were diluted 1:40 in water and sized against ROX-500 

sized standards (Applied Biosystems) to reveal the 201 bp wild-type product 

or 205 bp insertion variant product. 

 

4.2.2.2 SNP analysis of SPINK5 by Taqman Genotyping Assay 

 

The E420K polymorphism was genotyped in a 10 µl PCR reaction using 10 ng 

of DNA, 2X Taqman master mix and pre-designed, labelled primers 

purchased from Applied Biosystems (assay ID C_2000249_10). The reaction 

was run on a 7900HT Fast Real-Time PCR system using the manufacturer’s 

recommended protocol. 
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4.2.2.3 Direct sequencing of STS 

 

The primers used in PCR amplification of the STS were previously reported 

(Liao et al., 2007), and are listed in Table 4.1. 200 ng of genomic DNA was 

amplified in a 25-µl reaction with 1X GoTaq buffer containing 1.5 mM 

MgCl2, 0.25 mM of each dNTP, 10 pmol forward primer, 10 pmol reverse 

primer, 4% (v/v) DMSO, and 1U GoTaq polymerase (Promega, Hampshire, 

UK). PCR conditions for STS exons 1, 2 and 6-9 were as follows: one cycle of 

94ºC (5 minutes); 30 cycles of 94ºC (30 seconds), 57ºC (1 minute), 72ºC (2 

minutes) and a final extension cycle of 72ºC (5 minutes). The annealing 

temperature for exons 3 and 4 was modified to 52ºC; the annealing 

temperature for exon 10 was 55ºC. 

 

4.2.2.4 Sequencing of FLG and screening of novel FLG-null mutation 

 

The coding region of FLG was fully sequenced in the Indian patient with XLI 

and her parents as detailed in Chapter 2.2.4. All PCR products were 

sequenced using an ABI PRISM 3730 genetic analyzer (Applied Biosystems, 

Foster City, CA). The novel mutation c.3672del4 was detected by direct DNA 

sequencing and confirmed by fluorescent PCR. The latter method was used to 

screen for prevalence of the novel mutation in 113 Indian control samples.  50 

ng of DNA was amplified in a 10 µl reaction with 1.5mM MgCl2, 0.25 mM of 

each dNTP, 5 pmol forward primer 5’-GCAAGCAGACAAA 
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Table 4.1 PCR primer pairs used for complete sequencing of the steroid sulphtase gene (STS) 

 

STS exon Forward primer Reverse primer Product size 

Exon 1 STS1F 5'CACAAATCATACCGAAGGGG3' STS 1R 5'AGCTGCTGTGAACATCCCAA3' 434bp 

Exon 2 STSE2F 5'TCCTTTACAGGAAGATGAAG3' STSE2R 5'CATTACCAACCTGATAGTTTT3' 161bp 

Exon 3&4 STS3F2 5'CTCTCATCTCGCCTCTCTTT3' STS4R 5'TCCTCTCCCACTCTTTTGCT3' 815bp 

Exon 5 STS5F 5'AATACCTTAGCGTTTGTGGGG3' STS5R 5'CGAACAAACCACAAACAACAA3' 714bp 

Exon 6 STSE6F 5'TTTTGCAGGAACACTGAGACTCCG3' STSE6R 5'AACGTACCCACACTCCAGTCCATTT3' 152bp 

Exon 7 STSE7F 5'TCCCCTCCAGGGCAGATCTTGAAC3' STSE7R 5'CATTTCTCACCTTTATAGATCCC3' 158bp 

Exon 8 STSE8F 5'GATCTTTTAGGAGGAAAAGCAAAC3' STSE8R 5'CAGAGTACCTGTCCTCAGGCAAGG3' 178bp 

Exon 9 STSE9F 5'TATCCCACAGGATCATTGATGGAC3' STSE9R 5'TTTACTCACTGTTCTGAGGTGC3' 143bp 

Exon 10 STS10F 5'TCCGCATCACTTTTTCATTTG3' STS10R 5'CTACAGACCTTATCCCCCTCA3' 647bp 
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CTCGTAAG-FAM-3’, 5 pmol reverse primer 5’-CAGACAACCTCTCGGA 

GTCG-3’, 4% (v/v) DMSO, and 0.5 U high-fidelity Taq polymerase (Roche, 

Penzberg, Germany).  PCR amplification conditions were as follows: one 

cycle of 94 ºC (5 minutes); 35 cycles of 94ºC (30 seconds), 63ºC (30 seconds), 

72ºC (45 seconds), and a final extension cycle of 72ºC (5 minutes). The PCR 

products were diluted 1:40 and sized against ROX-500 size markers according 

to the manufacturer’s recommended protocol (Applied Biosystems). The wild-

type and c.3672del4 mutant alleles are 196 bp and 192 bp respectively. 

 

4.2.3 Detection of STS with fluorescent in situ hybridisation 

(FISH) and steroid sulphatase activity assay 

 

Conventional methods were used to perform metaphase spread of leukocytes. 

FISH analysis to detect the STS gene was carried out with the Vysis CEPX 

control probe for the X chromosome (Abbott Laboratories Ltd, Maidenhead, 

UK), according to the manufacturer’s recommended protocol. Leukocytes 

were also isolated from EDTA-treated blood for the radiometric assay of 

steroid sulphatase activity using dehydroepiandrosterone sulphate as described 

previously (Gillard et al., 1987).  

 

For the Indian case study, trained personnel in North West Thames Regional 

Genetics Service carried out FISH analysis and steroid sulphatase activity 

assay. Dr. Leena Gole of the National University Hospital assisted in FISH 
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analysis for the Singaporean patient and radiometric steroid sulphatase assay 

was done at the Woman’s and Children’s Hospital, Adelaide, Australia.  

 

4.2.4 Statistical analysis 

 

All statistical analyses were carried out by the German collaborators using R 

2.6.0 (R Foundation for Statistical Computing, Vienna, Austria), unless 

otherwise stated.  I was not directly involved in the statistical analysis but 

have described the analysis methods for completeness of the chapter. 

 

Case-control association analysis of SPINK5 and KLK7 variants with AD were 

performed with logistic regression models after adjustment for age and gender. 

To analyse the gene-gene interaction of FLG with SPINK5/KLK7, individuals 

who carried two FLG-null mutations were excluded since they did not express 

any filaggrin protein and thus could not interact with SCCE and LEKTI in a 

posttranslational manner.4 types of gene-gene interaction analyses were 

performed after age and gender adjustment: 

(i) Selecting the appropriate model based on the Akaike 

Information Criterion (AIC) (Foster, 2000), followed by 

logistic regression model with product-interaction terms. 

(ii) Calculating an interaction score based on the number of copies 

of potentially disease-association alleles (Weedon et al., 2006) 

and using the score as a covariate in logistic regression. 

(iii) Maternal effects for SPINK5 were tested using only the parent-

offspring trio cohort by comparing estimated odds ratios (ORs) 
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using a multinomial regression model in BayesX 1.50 

(www.stat.uni-muenchen.de/~bayesx/bayesx.html). 

(iv) The random forest test was conducted to measure the variable 

importance, and is used to detect variables relevant for 

interaction response (Strobl et al., 2007). High positive values 

of importance measure indicate relevant importance for 

predicting response, while small or negative values indicate 

that the variable is irrelevant. 
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4.3 RESULTS AND DISCUSSION 

 

4.3.1 KLK7 and SPINK5 show no association with atopic 

dermatitis 

 

Filaggrin is the key protein for the development of the cornified envelope and 

process of cornification. Two common FLG-null mutations (R501X and 

2282del4) have previously been established as strong risk factors for AD 

(Weidinger et al., 2008b). KLK7 encodes the protease SSCE, which has been 

suggested to be involved in the complex proteolytic processing of filaggrin 

(Figure 2.2). A 4-bp insertion in the 3’UTR of the KLK7 gene possibly 

influencing SSCE activity has been reported to be associated with AD in a UK 

case-control study, but this association has not been replicated thus far 

(Walley et al., 2001; Morar et al., 2007). SPINK5 is the gene defective in 

Netherton syndrome and encodes the serine protease inhibitor LEKTI, which 

is involved in the regulation of SSCE activity. An association of the SPINK5 

SNP with AD has been reported (Kato et al., 2003) but was not confirmed in a 

recent study (Folster-Holst et al., 2005). 

 

The effect of SPINK5 and KLK7 polymorphisms on AD predisposition was 

first tested in all the cohorts (Tables 4.2 and 4.3). The association of the 

KLK7 insertion polymorphism with AD was not significant in all the cohorts 

studied; while the association of the SPINK5 polymorphism (rs2302367) with  
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Table 4.2 Association of FLG, SPINK5 and KLK7 variants with atopic dermatitis (AD) in German family-based study 

 

 

Cohort Gene Variant OR 95% CI P value 

FLG Combined genotype
1
 2.75 1.93 – 3.98 1.8 X 10

-8
 

SPINK5 rs2303067 1.25 1.04 – 1.50 0.01815 German families 

KLK7 AACC ins 1.03 0.84 – 1.27 0.79215 

 

 

1
 – Combined FLG genotype included data of p.R501X and c.2282del4 in the cohort 

 

Table adapted from Weidinger et al., 2008a
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Table 4.3  Association of FLG, SPINK5 and KLK7 variants with atopic dermatitis (AD) in case-control series  

Cohort Gene Variant OR 95% CI P value 

Combined genotype1 (Aa vs AA) 4.15 3.10 – 5.56 1.3 X 10-21 
FLG 

Combined genotype (aa vs AA) 23.11 7.23 – 73.89 1.2 X 10-7 

rs2303067 (Aa vs AA) 1.14 0.87 – 1.49  0.34285 
SPINK5 

rs2303067 (aa vs AA) 1.22 0.89 – 1.67 0.21252 

AACC ins (Aa vs AA) 1.11 0.89 – 1.40 0.35472 

German 

AD cases: 773 

Controls: 3392 

KLK7 
AACC ins (aa vs AA) 0.95 0.64 – 1.42 0.81033 

Combined genotype (Aa vs AA) 4.34 2.77 – 6.79 1.3 X 10-10 
FLG 

Combined genotype(aa vs AA) 2.6 X 1056 0 - ∞ 1.0 

rs2303067 (Aa vs AA) 0.78 0.52 – 1.18 0.23945 
SPINK5 

rs2303067(aa vs AA) 1.15 0.71 – 1.87 0.57398 

AACC ins (Aa vs AA) 1.29 0.89 – 1.86 0.17756 

Irish/English 

AD cases: 418 

Controls: 552 

KLK7 
AACC ins (aa vs AA) 0.91 0.47 – 1.76 0.76988 

Combined genotype (Aa vs AA) 3.04 2.68 – 3.44 8.5 X 10-68 
FLG 

Combined genotype (aa vs AA) 49.48 19.72 – 123.61 8.2 X 10-17 

rs2303067 (Aa vs AA) 0.97 0.87 – 1.07 0.50850 

Pooled 2 

AD cases: 2774 

Controls: 10,607 SPINK5 
rs2303067(aa vs Aa) 1.13 1.00 – 1.27 0.04545 

 

1
 – Combined FLG genotype included data of p.R501X and c.2282del4 in the cohort. 

 
2
 – Pooled cohorts include all German, Irish/English, ALSPAC and KORA cohorts. The KLK7 variant was not genotyped in all cohorts because it was not 

significantly associated with AD in the German and Irish/English cohorts. 

 

Table adapted from Weidinger et al., 2008a
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AD was barely significant even in individuals homozygous for the SPINK5 

polymorphism (OR=1.13; 95% CI=1.00-1.27; P=0.05; Table 4.3).  

 

Interestingly, in the German family-based analysis, the SPINK5 polymorphism 

(rs2303067) showed slight over-transmission to AD affected offspring 

(OR=1.25; 95% CI=1.04-1.50; P=0.018; Table 4.2). The SPINK5 and KLK7 

polymorphisms showed comparable allele frequencies across all study 

populations. 

 

The common FLG-null mutations p.R501X and c.2282del4 were previously 

genotyped and published (Weidinger et al., 2006; Weidinger et al., 2007) but 

more families were collected to increase the statistical power of this study. In 

concurrence with previous studies, FLG-null mutations greatly increased the 

risk for AD in the German family-based cohort (OR=2.75; 95% CI=1.93-3.98; 

P=1.8 X 10
-8
), the Irish/English case-control series (OR=5.88; 95% CI=3.85-

8.99; P = 2.8 X 10
-16

), as well as the pooled cohorts (OR=3.36; 95% CI=2.97-

3.79; P=1.3 X 10
-84

).  

 

4.3.2 Maternally-inherited SPINK5 demonstrate weak 

interaction with FLG-null mutations 

 

Parent-of-origin effects have been previously reported for SPINK5 variants 

(Kato et al., 2003), therefore we also tested for differences between maternal 

and paternal allele sharing in the German family-based cohort, and confirmed 

a stronger relative AD risk for the maternally inherited rs2302067 allele A 
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leading to missense variant E420K as compared to the paternal transmission of 

the same allele (OR=2.18; 95% CI = 1.38-3.43; P = 0.0008).  

 

Next, the multinomial regression model approach was used to investigate for 

the maternal parent-of-origin effect. In our German family collection, the risk 

of AD development attributed to FLG-null mutations increased (regardless of 

the inherited source of these FLG mutations) if the A allele in SPINK5 SNP 

rs2303067 was inherited from the mother. However, the null hypothesis for 

equal FLG risk in both response categories could not be rejected.  In all the 

other gene-gene interaction analyses, there was no evidence of SPINK5 and 

KLK7 exerting a significant effect on FLG and increasing the risk of AD 

susceptibility in all groups. However, it cannot be excluded that acquired 

alterations in filaggrin processing or variation in other genes in the sample 

pathway, such as other proteases, might contribute to AD susceptibility. 

Functional studies such as protein activity in in vitro skin culture and mouse 

knockout experiments are needed to explore the individual roles of products of 

genes within the filaggrin pathway and their biologic interactions.  

 

In addition, with the emergence of whole-genome association studies with 

hundred of thousands of measured genetic variations, it would be of absolute 

necessity to develop innovative statistical methods such as stratification by 

disease subtype and/or genotype to analyse the complex molecular interactions 

on the DNA level to elucidate the relationship between combinations of 

polymorphisms for AD susceptibility. Using diverse and complementary 

statistical approaches in these large cohorts, we demonstrated the exceptional 
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importance of FLG deficiency as a strong AD risk factor, and showed that 

maternally inherited SPINK5 missense variant might be a potential player to 

modify the filaggrin processing cascade, but this association needs further 

replication in other cohorts and its biological mechanism is currently unclear.   

 

4.3.3 Exacerbation of X-linked ichthyosis phenotype due to STS 

and FLG interaction 

 

In the second analysis described in this chapter on gene-gene interactions, the 

effect of null mutations that cause the breakdown of distinct but converging 

biological pathways were studied in a XLI patient carrying both a STS and 

FLG mutations. In addition, the possible modifying effect of the environment 

on gene penetrance is also demonstrated in two Singaporean Chinese AD 

patients who also carry STS mutations. 

 

4.3.3.1 Unusually severe X-linked ichthyosis in an Indian female 

 

The proband presented at age 11 years with symmetrical scaling, that was 

more pronounced on the lateral aspects of the trunk and extensor surfaces of 

the limbs, together with large brown, tightly adherent polygonal scales 

(Figure 4.2a). There was flexural sparing and the palms and soles were 

unaffected (Figure 4.2c). These cutaneous signs were evident shortly after 

birth following a prolonged labour but an otherwise normal pregnancy. She  
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Figure 4.2 Clinical features of recessive X-linked ichthyosis 

(XLI)  

 

 
 

a. The proband had a quite severe, widespread and hyperpigmented 

ichthyosis despite systemic retinoid treatment in contrast to her father 

(b), who has a much milder presentation. Both father and daughter are 

hemizygous and homozygous, respectively, for complete deletion of 

the steroid sulphatase gene. The daughter also carries a heterozygous 

filaggrin loss-of-function mutation, which was inherited from her 

mother and not carried by the father. 

 

c. Close-up of the hyperkeratotic scaling in the proband, with flexural 

sparing. 
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has suffered from mild flexural atopic dermatitis and asthma although there is 

no family history of atopic disease. Slit lamp ophthalmic examination revealed  

a faint hazy dot opacity scattered through the posterior stroma of both corneas. 

The proband is the second child born to consanguineous Indian parents who 

are first cousins. The father has a similar but less severe cutaneous phenotype 

(Figure 4.2b) and the mother has dry skin with fine scales on her limbs and 

hyperlinearity of the palms (Figure 4.3). The elder sister is unaffected. In the 

extended family there are 7 affected males having a similar phenotype to that 

of the father (Figure 4.4). There are no other known females affected by 

ichthyosis. Of note, the proband’s parents are first cousins (Figure 4.4). The 

proband’s ichthyosis has been treated with emollients and topical tazarotene 

0.05% gel and the atopic dermatitis with moderately potent topical 

corticosteroids.  

 

This is the fourth report of XLI in a female since 1971. The first identified a 

16-year-old girl with ichthyosis and Turner’s syndrome. The proband was the 

only female affected with ichthyosis in her family pedigree and seven affected 

male members were identified across three generations (Solomon and Schoen, 

1971). The first proven case of X-linked recessive ichthyosis in women 

occurred in a consanguineous family. The three affected females were the 

offspring to first cousins whose mothers were sisters. The affected females’ 

phenotype did not differ from that of males with XLI (Mevorah et al., 1981). 

More recently in 2005, a further case of an affected female was reported in 

France. This was later discovered to be the result of a previously undisclosed 
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Figure 4.3  Clinical features of ichthyosis vulgaris (IV) in the 

mother of proband with X-linked ichthyosis (XLI) 

 

 
 

a. The mother of the Indian female with severe XLI showed deep, 

marked lines on her palm. 

 

b. Symptoms of IV were also detected as fine scaling on her leg 

(highlighted by the arrows). 



 155 

Figure 4.4 Pedigree of Indian family affected by X-linked ichthyosis (XLI)  

 

 
 
Classical X-linked recessive inheritance can be observed in the kindred, where affected males are born to female carriers. Consanguinity in the 

kindred led to homozygosity for the STS deletion mutation in the proband (arrow).

Prenatal death Prenatal death 
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consanguineous family relationship (Thauvin-Robinet et al., 2005). It should 

be noted that males are almost exclusively affected XLI and other X-linked  

recessive disorders because they only possess one copy of X-chromosome, 

which is transmitted from unaffected female carriers to their sons. Although 

rare, X-linked recessive disorders in females have been reported and can arise 

through X-chromosome abnormalities (e.g. Turner’s syndrome 45 X0), X-

autosomal translocations, skewed X-inactivation, or as is the case here, 

homozygosity for X-linked recessive mutation.  

 

4.3.3.2 Homozygous STS and heterozygous FLG mutations in severe X-

linked ichthyosis 

 

The proband’s white blood cell steroid sulphatase activity was 0.9 nmol/mg 

protein/hour (normal range 1.5-4.4 nmol/mg protein/hour) consistent with a 

diagnosis of XLI. The mother had low levels of steroid sulphatase activity (1.5 

nmol/mg protein/hour) consistent with carrier status. The proband had a 

normal karyotype, however, fluorescent in situ hybridization analysis of 

cultured lymphocytes detected a homozygous deletion of the X region p22.3 

from both X chromosomes (Figure 4.5); the father was hemizygous for the 

STS deletion.  

 

In addition to the identification of FLG-null mutations as the underlying 

genetic cause for IV and a strong predisposing factor for AD, a recent report 

has suggested that FLG mutations, which are common in general human  
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Figure 4.5 Fluorescent in situ hybridisation (FISH) analysis of Indian 

female with X-linked ichthyosis (XLI) 
 

 
a. Fluorescent in situ hybridisation (FISH) confirms deletion of STS from the 

proband’s father.  

 

b. No FISH signal was detected for STS in either X-chromosome of the proband. 

 

 

The FISH image of a normal individual (with red signals for STS) was not 

available. 
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populations, can adversely modify the phenotype in XLI, when inherited in 

combination with an STS mutation in XLI patients (Liao et al., 2007). 

Due to the display of a markedly more severe phenotype in the proband, FLG 

mutation analysis was undertaken. As the spectrum of FLG mutations in the 

Indian population is currently unknown and believed to be different from that 

of the European population, FLG was fully sequenced in the proband using the 

method described in Chapter 2.2.4. This identified a novel 4 base-pair 

deletion mutation, designated c.3672del4 in exon 3 of the FLG gene (Figure 

4.6). The c.3672del4 frameshift mutation leads to a premature termination 

codon at position 1444 downstream, consistent with other filaggrin loss-of-

function mutations reported in ichthyosis vulgaris (Smith et al., 2006; 

Sandilands et al., 2007). The proband’s mother was found to be heterozygous 

for the same FLG mutation consistent with her phenotype of palmar 

hyperlinearity and mild IV (Figure 4.3); significantly, the c.3672del4 

mutation was absent from the father, who had a milder, more typical XLI 

presentation (Figure 4.2). A fluorescent PCR genotyping assay was developed 

for this mutation and 113 ethnically matched population controls (with no 

phenotypic data) were screened. This mutation was excluded from 113 

controls and is therefore a rare variant.  

 

Functionally, STS deficiency impacts on the biogenesis of stratum corneum 

lipids (reviewed in Elias et al., 2008), whereas filaggrin haploinsufficiency or 

complete deficiency impacts on the protein components of the stratum 

corneum (Sandilands et al., 2009).  One would therefore predict a filaggrin 

mutation and an STS mutation would be additive and lead to a more severe  
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Figure 4.6 Novel FLG-null mutation detected in Indian female 

with X-linked ichthyosis (XLI) 
 

 
a. Fluorescent in situ hybridization (FISH) confirms deletion of STS from 

the proband’s father. Direct sequencing of specific FLG PCR products. 

This shows the normal control sequence of FLG exon 3 corresponding 

to codons 1223 – 1227.  

 

b. A novel FLG-null mutation c.3672del4 was detected in one allele of 

the mother of the proband with XLI. 

 

c. The proband inherited the mutation c.3672del4 from her mother, 

leading to exacerbation of her XLI phenotype. 

 

d. The c.3672del4 mutation on the mutant allele is confirmed by cloning 

and sequencing. 
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phenotype due to deficiencies in both the protein and lipid components of the 

skin barrier, as previously suggested (Liao et al., 2007).  In the family reported 

here, the observed exacerbation of the ichthyotic phenotype in an individual 

who is null for STS and heterozygous for a filaggrin loss-of-function allele 

adds strength to the hypothesis that filaggrin mutations can adversely modify 

XLI. 

 

4.3.4 Overlapping clinical phenotype between ichthyosis 

vulgaris and X-linked ichthyosis in Singaporean Chinese 

patients with atopic dermatis 

 

In chapter 2, we collected the FLG-null mutation discovery cohort, which 

consisted of 69 Singaporean Chinese diagnosed with IV (some patients with 

accompanying AD symptoms) and 23 moderate-severe AD patients, for 

comprehensive FLG sequencing. FLG-null mutations were detected in 45% of 

the cohort, an unprecedented low number based on previous reports where 

FLG-null mutations were detected in >90% of individuals diagnosed with IV 

in Europe and Japan (Sandilands et al., 2006; Nomura et al., 2009). As there 

was no skin biopsy material available for the 69 Singaporean Chinese IV 

patients, we could not confirm the loss of filaggrin protein in these patients via 

immunohistochemistry methods. Moreover, a literature search revealed that 

IV and XLI might not always be easily distinguishable (Anton-Lamprecht and 

Hofbauer, 1972). As such, to investigate the cause of ichthyosis in these 38 

patients with no detected FLG-null mutations, direct sequencing of all STS 
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exons was performed, with the assistance of Ms Christabelle Goh from the 

Institute of Medical Biology, Singapore. 

 

4.3.4.1 Clinical features of atopic dermatitis patients with no detected 

FLG-null mutations 

 

The first patient is a 23-year-old male with a history of dry skin since six 

months of age and was also diagnosed with severe AD for the past 3 years, 

with an objective SCORAD of 50.9 recorded from his last clinical visit. Dry, 

generalised ichthyotic scaling reminiscent of IV was observed over the limbs 

but sparing the flexures; the patient also displayed palmer hyperlinearity 

although keratosis pilaris was not observed (Figure 4.7). The parents and 

sister were not affected but another male sibling reported similar symptoms, 

which suggested a possibility of X-linked inheritance.  

 

The second patient is a 30-year-old male with severe childhood atopic 

dermatitis (objective SCORAD 68.5) and allergic rhinitis. His condition was 

chronic, with multiple flares and infective episodes including eczema 

herpeticum. His total IgE level was markedly raised at 6578 IU/ml (normal < 

87 IU/ml) and IgE RAST test to house dust mite was positive. Thickened, 

lichenified prurigo-like eczematous papules and plaques were observed on 60-

80% of body surface area before treament; his condition is currently well 

controlled by oral cyclosporine therapy (Figure 4.8a). He also had mild 

ichthyotic scaling but no palmar hyperlinearity nor keratosis pilaris were 

noted. His family history was unclear. 
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Figure 4.7 Clinical features of X-linked ichthyosis (XLI) in 

Singaporean Chinese male with deletion of the steroid 

sulphatase gene (STS) 

 
 

 
 

 

a. The first patient showed dry generalised ichthyotic scaling, especially 

over limbs but sparing the flexures. Small areas of pale brown scaling 

were present upon closer examination. Atopic dermatitis was observed 

over the limbs and wrist; hyperpalmar linearity was also observed. 

 

b. c.  Complete deletion of STS was confirmed by FISH (b) and (c) and 

the patient was re-classifed as a XLI case.  

 



 163 

Figure 4.8 Clinical features and novel STS variant in Singaporean 

male with AD 

 

 

Case 2 codons 215-221

V F F G L L F

a

V F F S L L F

Control codons 215-221 b

 
 

 

 

a. The second patient showed thickened, lichenified prurigo-like 

eczematous papules and plaques were observed on 60-80% of body 

surface area. However, his condition was well controlled by oral 

cyclosporine therapy when the picture was taken. 

 

b. A hemizygous change c.652A>G was observed in exon 5 of STS in the 

patient. This base change results in the substitution of serine for 

glycine at position 218 (p.S218G) of steroid sulphatase. 
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4.3.4.2 STS mutations detected in two Singaporean Chinese diagnosed 

with ichthyosis vulgaris and atopic dermatitis 

 

 No PCR product was detected in the first patient when the amplification of all 

10 STS exons was attempted. The amplification of a FLG fragment was 

carried out simultaneously to ensure the good quality of DNA. The complete 

deletion of STS was confirmed via FISH analysis performed by Dr. Leena 

Gole of the Cytogenetics Laboratory in National University Hospital, 

Singapore. 

 

All 10 STS exons were present in the second patient and no previously 

reported STS point mutations were detected. However, a hemizygous 

transition change c.652A>G was observed in exon 5 of STS (Figure 4.8b). 

This base change resulted in the substitution of serine for glycine at position 

218 (p.S218G) of steroid sulphatase. This variant was not present in 94 

Singaporean Chinese population controls, excluding the possibility of this 

variant as a common polymorphism found in the general population. 

 

To investigate the effect of the p.S218G missense variant on catalytic activity 

of steroid sulphatase, leukocytes were obtained from the second patient and 

sent for steroid sulphatase activity testing at the Woman’s and Children’s 

Hospital Adelaide. The steroid sulphatase activity level was 0.39 

pmol/min/mg protein, which was considerably lower than the normal activity 

range (0.8-4.4 pmol/min/mg protein). However, the patient’s steroid 

sulphatase activity level was higher than the observed levels in XLI patients (< 
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0.15 pmol/min/mg protein), therefore the patient is unlikely to be affected by 

XLI. The low activity level of steroid sulphatase was possibly due to a slight 

deterioration of sample; a fresh leukocyte sample from the patient should be 

sent for re-testing for conclusive interpretation of the results. 

 

In addition to the steroid sulphtase activity assay, the p.S218G variant was 

modelled with computer software RasMol with the kind assistance of Dr. 

Chandra Verma from the Bioinformatics Institute, Singapore.  Point mutations 

in STS reported in the literature usually affect the globular, polar domain 

containing the catalytic site of the enzyme  (purple, Figure 4.9); the novel 

variant S218G (red,Figure 4.9) lies in the putative transmembrane domain of 

steroid sulphatase (Hernandez-Guzman et al., 2003). Although the serine 

residue at position 218 is not highly conserved among species, its effect on the 

membrane anchoring ability or catalytic activity of the enzyme remains to be 

investigated. 

 

Despite having distinct genetic basis, the study of these 2 Singaporean 

Chinese patients demonstrated that the clinical phenotype of IV and XLI 

might overlap in a warm and humid climate. Sweating has been demonstrated 

to improve the appearance of ichthyotic scales by encouraging desquamation 

(Watkinson et al., 2001). It is currently unknown if the occurrence of AD in 

these XLI patients is associated with STS mutations or the presence of other 

genetic modifiers involved in the protein pathway of skin barrier synthesis 

and/or immunological system interacted with STS mutations to cause severe 

AD in these patients.  
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Figure 4.9 Computer model structure showing amino acid 

substitutions in steroid sulphatase 

 

 
 

Novel variant

  Ser218Gly

Amino acid substitutions

reported in the literature
Globular domain

     (catalytic)

Transmembrane

        domain

 
 

 

 
Point mutations in STS reported in the literature usually affect the globular, 

polar domain containing the catalytic site of the enzyme  (purple). The novel 

variant p.S218G (red) lies in the putative transmembrane domain of steroid 

sulphatase, and its effect on steroid sulphatase remains to be investigated. 
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4.4 CONCLUSIONS 

 

This chapter investigated the association of common polymorphisms in 

SPINK5 and KLK7 with AD in several large European family-based and case-

control cohorts and demonstrated that variants in these gene were not major 

predisposing factors of AD. Also, in view of the close biological relationship 

of FLG, SPINK5 and KLK7 protein products, gene-gene interactions between 

FLG and SPINK5/KLK7 were investigated.  The polymorphism in KLK7 was 

not a significant FLG gene modifier, whereas maternally-transmitted SPINK5 

polymorphism was a weak modifier of FLG.  

 

The exacerbation of the XLI phenotype in an Indian case study indicated the 

accumulative effect of STS and FLG mutations on the integrity of the skin 

barrier. The effect of positive environmental influences on clinical 

presentation in mendelian disorders such as XLI were also demonstrated in 

Singaporean Chinese patients with STS mutation; this highlighted the 

necessity of multiple methods to confirm the diagnosis of genodermatoses 

with overlapping clinical features.  However, the presence of severe AD in 

these patients also hinted at the possibility of other gene-gene interactions in 

complex disorders such as AD that warrants further investigation. 

 


