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Capsule summary (37 words) 40 

This study emphasizes screening of the entire FLG gene beyond population-specific 41 

mutations. Screening was simplified by implementing single-molecule molecular-inversion-42 

probes and NextGeneration Sequencing. The diagnostic yield of FLG mutations increased 43 

identifying novel mutations and enhancing further research opportunities.   44 



To the editor, filaggrin (filament aggregating protein) has an important role in the terminal 45 

differentiation of the epidermis. The keratohyalin granules in the stratum granulosum contain 46 

profilaggrin which consists of 10-12 almost identical filaggrin repeats. In the uppermost layer 47 

of the granular cells - where transition to the corneocytes of the stratum corneum takes place 48 

– profilaggrin is processed into its active component, filaggrin. Filaggrin fragments are cross-49 

linked to epidermal keratins by transglutaminase in order to form the cornified cell envelope. 50 

Remnants of filaggrin are further processed into natural moisturizing factors (NMF) (1).  51 

Filaggrin (FLG) mutations show a semi-dominant inheritance: homozygous or compound 52 

heterozygous loss-of-function mutations are causally linked to ichthyosis vulgaris (2). This in 53 

contrast to heterozygous carriers who tend to have a milder phenotype or have a 54 

predisposition to develop atopic dermatitis, allergic rhinitis and asthma (3).  55 

FLG is a remarkable gene within the epidermal differentiation complex on chromosome 56 

1q21. The third and last exon, more than 12.7kb in size and encoding almost the entire 57 

filaggrin protein - is one of the largest exons known in the human genome (1). These 58 

filaggrin repeat units have a highly homologous and repetitive character that has hampered 59 

molecular diagnostics with conventional Sanger sequencing.  Different approaches have been 60 

described in literature including Next Generation Sequencing (4, 5). By implementation of 61 

single molecule molecular inversion probes (smMIPS) and barcoded next generation 62 

sequencing (NGS) in a single tube, the entire coding region of FLG can be easily screened for 63 

rare family-specific mutations or mutations in ethnic groups not previously studied. Pooling 64 

barcoded samples will make this method very cost effective and superior to other established 65 

FLG sequencing techniques (see Table E1 in this article’s Online Repository at 66 

www.jacionline.org). 67 

MIPs are single-stranded DNA molecules that are designed to complement a target DNA. 68 

The probe contains an extension and a ligation arm flanking this target. The gap created over 69 



the target region can be approximately 100-200 bases. Following hybridization of MIPs onto 70 

the target, gap-filling and ligation results in circularized DNA molecules containing the 71 

sequence of the target. Exonuclease removes the linear DNA and non-hybridized linear 72 

probes. Circularized MIPs are amplified by PCR and sequenced with NGS. The smMIPs 73 

were designed in accordance with the instructions published elsewhere (6). For input in the 74 

smMIP FLG analysis, 100 ng of genomic DNA was used (6). Since exclusion of NGS-75 

duplicates-reads is possible with the single molecule (sm)-tag (5-N for FLG smMIPs), 76 

mutation percentages can be related and assigned to polymorphic duplicated filaggrin-repeat-77 

unit 8 and 10 if a long-distance specific PCR-fragment sizing experiment is included.  78 

Sequencing was performed on a NextSeq500 instrument ((Illumina, San Diego, CA), calling 79 

of relevant variants was done with a commercial analysis software tool (Sequence Pilot 80 

version 4.4.0 Build 508; JSI medical systems, Ettenheim, Germany) and sequence reads 81 

displayed with Integrative Genomics Viewer V2.3.60. 82 

A cohort of 202 patients residing in the Netherlands (mostly Dutch ethnicity) with a clinical 83 

manifestation ranging from atopic dermatitis to ichthyosis vulgaris was previously screened 84 

for five population-specific FLG mutations by Sanger sequencing. A FLG mutation was 85 

detected in 35% of the cohort. Retrospectively the entire FLG was analyzed again with the 86 

smMIP-NGS strategy. Mutations predicted to result in premature protein termination were 87 

scrutinized such that only nonsense and frameshift (small insertions and deletions) mutations 88 

were identified and selected.  In several (17/202; 8%) of the screened patients, additional 89 

novel truncating mutations were identified (figure 1 and 2). These mutations were either new 90 

findings elucidating their previously unexplained phenotype, or a second previously 91 

unidentified mutation, confirming the clinical marked ichthyosis. Establishing a confirmed 92 

molecular diagnosis will exclude the often clinically challenging to distinguish X-linked or 93 

autosomal recessive congenital ichthyosis (see percentages in figure 1) as well as confirm 94 



FLG deficiency as a potential disease modifier for severity in the other types of ichthyosis. 95 

Therefore, both patients and clinicians would benefit from a confirmed diagnosis. To date, 96 

approximately 113 unique mutations have been reported. Within this cohort and aside from 97 

10 previously reported mutations, 17 additional new mutations have been identified. All were 98 

confirmed with Sanger sequencing consequently also verifying which of the duplicated repeat 99 

units 8 and 10 were involved. Mutations such as c.1501C>T (p.Arg501*) and 100 

c.2282_2285del comprise about 80% of the mutations found in the European population (7).  101 

Although this percentage is comparable to the Dutch cohort (69%), the distribution is 102 

significantly skewed towards the c.2282_2285del mutation (45%, figure 1B). Hence, one 103 

should consider mutation distribution variation in every European country. Currently, the 104 

most frequent four to five Western European mutations are tested with conventional Sanger 105 

sequencing or TaqMan PCR assays. However, a clear distinction can be made between 106 

population-specific (Asian and European variants) and family-specific variants (8).  In order 107 

to detect all relevant variants, the focus of detection should be diverted from known 108 

population specific mutations to the entire coding region of the gene. By sequencing the 109 

entire FLG gene we were able to identify 23% additional mutations although this was only 110 

4% in the Irish (figure 1B) population (8). Beyond mutations found in the large exon 3, 111 

mutations in exon 2, c.63dup and c.94G>T (p.(Glu32*)) coding for the S100 calcium binding 112 

domain, were for the first time identified (figure 2). These results emphasize that truncating 113 

mutations may be detected anywhere in the gene by using the smMIP-NGS strategy. In 114 

addition, more than two mutations could be present in the gene (figure 2B) thus underscoring 115 

that variants may be present on the same allele (in cis).  Therefore, one should consider 116 

different familial inheritance patterns for counseling. 117 

In conclusion, this and other studies (4, 5) emphasize the need to screen the entire FLG gene 118 

for mutations. We show a novel utility for smMIPs to establish this.  Being able to screen the 119 



entire gene improves the diagnostic yield in atopic dermatitis and ichthyosis vulgaris (in this 120 

study 8%) and makes it possible to identify novel findings or hidden variants in the 121 

homologous repeated units of the gene. Herein, the smMIP-NGS method has proven to be 122 

cost-effective and reliable. Besides its value in diagnostics, this strategy can also be applied 123 

as a tool to facilitate patient stratification in large cohort studies. 124 
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Legends 175 

Figure 1: Overview of the FLG mutation results from the Dutch patient cohort. A; 176 

Proportion of the cohort carrying FLG-mutations. No mutation was detected in 57% of 177 

patients whereas the remaining 43% carried one or more mutations in FLG or had a 178 

coexisting STS mutation. STS mutations represent X-linked ichthyosis and ARCI autosomal 179 

recessive congenital ichthyosis patients. B; Spectrum of mutations in the Dutch population 180 

(N=143). The c.2282_2285del mutation is the most frequent followed by p.R501* 181 

representing 45% and 24 % of all mutations, respectively. 23 % of the mutations are different 182 

from the frequent West-European variants. Figure adapted from (8). 183 

Figure 2: Overview of the mutations found, located outside the population specific FLG 184 

sites. A; Schematic protein illustration of profilaggrin with the location of the mutations in 185 

each specific filaggrin repeat unit. Above, the 5 most frequent Western European mutations 186 

tested with conventional Sanger sequencing. Below, the additional mutations found with the 187 

smMIP-NGS strategy. The mutations in red are novel (n=17) and not described in literature 188 

before. Figure adapted from (4). B; Display of additional findings with the smMIP-NGS 189 

strategy in FLG mutation analysis. Mutations are shown according to their accompanied 190 

allele and colour coded for new (red, 17x), known (blue, 10x) and frequent West European 191 

(black) mutation. Of note, in patient 66 and 97 more than two FLG mutations were identified 192 

on the different alleles (3 and 4, resp.).  ¶: Unknown if  mutations are present on the different 193 

alleles (compound heterozygous), although the patients’ clinical features do indeed suggest 194 

this. 195 







Table E1: Comparison of the smMIP-based NGS technology to the already established FLG 

sequencing tools. 

Method specificity sensitivity Labour intensity cost 

Sanger
a
 ++ ++ ++++ ++++ 

TaqMan PCR
b
 +++ +++ +++ + 

WES
c
 ++ ++ + +++ 

Array-based NGS
d
 +++ +++ ++ ++ 

Capture-based NGS
e
 ++ ++ + ++ 

smMIP-based NGS +++ +++ + + 

+ to ++++ range illustrates increasing values (low to high) a: Sanger sequencing is highly dependent 

on primer-specific product amplification and PCR conditions are extremely delicate to prevent a-

specific products (1) b: TaqMan PCR assay, considered as the gold standard (2), is only applicable to 

specific mutations and does not analyse the whole FLG gene (3). c: Whole Exome Sequencing (WES) 

does not select for only the FLG gene (more costly, using more NGS capacity) and sequencing 

coverage is usually <100x (4). Because alignment problems may map the homologous repeated 

sequence wrong, specificity and sensitivity is reduced (5) d: Labour and costs range higher, since no 

single-tube protocol is used (6). e: Coverage of the targeted gene was 88%, some variants could have 

been missed (7).  

 

References 2, 6 and 7 also performed an in depth comparison to beadchip technology, Sanger 

sequencing, and WES and TaqMan analyses, respectively. 
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