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Capsulesummary (37 words)

This study emphasizes screening of the eRil@® gene beyond population-specific
mutations. Screening was simplified by implemensingyle-molecule molecular-inversion-
probes and NextGeneration Sequencing. The diagngstd of FLG mutations increased

identifying novel mutations and enhancing furthesearch opportunities.
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To the editor, filaggrin (filament aggregating miof) has an important role in the terminal
differentiation of the epidermis. The keratohyajnanules in the stratum granulosum contain
profilaggrin which consists of 10-12 almost ideatifilaggrin repeats. In the uppermost layer
of the granular cells - where transition to thenemrcytes of the stratum corneum takes place
— profilaggrin is processed into its active compunélaggrin. Filaggrin fragments are cross-
linked to epidermal keratins by transglutaminaserater to form the cornified cell envelope.
Remnants of filaggrin are further processed intiimr@h moisturizing factors (NMF) (1).
Filaggrin FLG) mutations show a semi-dominant inheritance: hgigoas or compound
heterozygous loss-of-function mutations are caysiaked to ichthyosis vulgaris (2). This in
contrast to heterozygous carriers who tend to lawvédder phenotype or have a
predisposition to develop atopic dermatitis, aller@initis and asthma (3).

FLG is a remarkable gene within the epidermal difféegion complex on chromosome

1921. The third and last exon, more than 12.7kdze and encoding almost the entire
filaggrin protein - is one of the largest exonswndn the human genome (1). These
filaggrin repeat units have a highly homologous eepktitive character that has hampered
molecular diagnostics with conventional Sanger saqing. Different approaches have been
described in literature including Next Generati@y&encing (4, 5). By implementation of
single molecule molecular inversion probes (smMI&&) barcoded next generation
sequencing (NGS) in a single tube, the entire @pdagion ofFLG can be easily screened for
rare family-specific mutations or mutations in ethgroups not previously studied. Pooling
barcoded samples will make this method very cdstgfe and superior to other established
FLG sequencing techniques (see Table E1 in this @if®nline Repository at
www.jacionline.org).

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

The probe contains an extension and a ligationfemking this target. The gap created over
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the target region can be approximately 100-200dsdlowing hybridization of MIPs onto
the target, gap-filling and ligation results inctitarized DNA molecules containing the
sequence of the target. Exonuclease removes tw IDNA and non-hybridized linear
probes. Circularized MIPs are amplified by PCR sequenced with NGS. The smMIPs
were designed in accordance with the instructiardighed elsewhere (6). For input in the
smMIPFLG analysis, 100 ng of genomic DNA was used (6). Sexclusion of NGS-
duplicates-reads is possible with the single md&e(am)-tag (5-N for FLG smMIPSs),
mutation percentages can be related and assigmeslytmorphic duplicated filaggrin-repeat-
unit 8 and 10 if a long-distance specific PCR-fragirsizing experiment is included.
Sequencing was performed on a NextSeq500 instru(i#amina, San Diego, CA), calling
of relevant variants was done with a commercialyamsoftware tool (Sequence Pilot
version 4.4.0 Build 508; JSI medical systems, Egem, Germany) and sequence reads
displayed with Integrative Genomics Viewer V2.3.60.

A cohort of 202 patients residing in the Netheri(mostly Dutch ethnicity) with a clinical
manifestation ranging from atopic dermatitis tatigfosis vulgaris was previously screened
for five population-specifi€LG mutations by Sanger sequencing-I&G mutation was
detected in 35% of the cohort. Retrospectivelyahi#reFLG was analyzed again with the
smMIP-NGS strategy. Mutations predicted to resufpiemature protein termination were
scrutinized such that only nonsense and frame@mfall insertions and deletions) mutations
were identified and selected. In several (17/892) of the screened patients, additional
novel truncating mutations were identified (figdrand 2). These mutations were either new
findings elucidating their previously unexplaindtepotype, or a second previously
unidentified mutation, confirming the clinical makichthyosis. Establishing a confirmed
molecular diagnosis will exclude the often clinlgathallenging to distinguish X-linked or

autosomal recessive congenital ichthyosis (seeeptages in figure 1) as well as confirm
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FLG deficiency as a potential disease modifiersirerity in the other types of ichthyosis.
Therefore, both patients and clinicians would bieriefm a confirmed diagnosis. To date,
approximately 113 unique mutations have been regowithin this cohort and aside from
10 previously reported mutations, 17 additional memtations have been identified. All were
confirmed with Sanger sequencing consequently\asifying which of the duplicated repeat
units 8 and 10 were involved. Mutations such aS@LC>T (p.Arg501*) and
€.2282_2285del comprise about 80% of the mutafiomsd in the European population (7).
Although this percentage is comparable to the Datttort (69%), the distribution is
significantly skewed towards the ¢.2282_2285delatiom (45%, figure 1B). Hence, one
should consider mutation distribution variatiorewery European country. Currently, the
most frequent four to five Western European mutatiare tested with conventional Sanger
sequencing or TagMan PCR assays. However, a ditaration can be made between
population-specific (Asian and European variantg) mily-specific variants (8). In order
to detect all relevant variants, the focus of dedecshould be diverted from known
population specific mutations to the entire codiegion of the gene. By sequencing the
entireFLG gene we were able to identify 23% additional motaialthough this was only
4% in the Irish (figure 1B) population (8). Beyomuitations found in the large exon 3,
mutations in exon 2, ¢.63dup and ¢.94G>T (p.(GlyB2dding for the S100 calcium binding
domain, were for the first time identified (figu2® These results emphasize that truncating
mutations may be detected anywhere in the genaibg the smMIP-NGS strategy. In
addition, more than two mutations could be presettie gene (figure 2B) thus underscoring
that variants may be present on the same allel@g)n Therefore, one should consider
different familial inheritance patterns for counsgl

In conclusion, this and other studies (4, 5) empzieathe need to screen the enkies gene

for mutations. We show a novel utility for smMIRséstablish this. Being able to screen the
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entire gene improves the diagnostic yield in at@@aomatitis and ichthyosis vulgaris (in this
study 8%) and makes it possible to identify novedlihgs or hidden variants in the
homologous repeated units of the gene. HereirsiiMdIP-NGS method has proven to be
cost-effective and reliable. Besides its valueiagdostics, this strategy can also be applied

as a tool to facilitate patient stratification arde cohort studies.
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L egends

Figure 1: Overview of the FLG mutation resultsfrom the Dutch patient cohort. A;
Proportion of the cohort carryirfg.G-mutations. No mutation was detected in 57% of
patients whereas the remaining 43% carried oneooe mutations if-LG or had a
coexistingSTS mutation.STS mutations represent X-linked ichthyosis and AR@osomal
recessive congenital ichthyosis patieBtsSpectrum of mutations in the Dutch population
(N=143). The ¢.2282_2285del mutation is the masjdent followed by p.R501*
representing 45% and 24 % of all mutations, respalgt 23 % of the mutations are different

from the frequent West-European variants. Figueptatl from (8).

Figure 2: Overview of the mutationsfound, located outside the population specific FLG
sites. A; Schematic protein illustration of profilaggrin withe location of the mutations in
each specific filaggrin repeat unit. Above, the @strfrequent Western European mutations
tested with conventional Sanger sequencing. Balogvadditional mutations found with the
smMIP-NGS strategy. The mutations in red are n@wel7) and not described in literature
before.Figure adapted from (4B; Display of additional findings with the smMIP-NGS
strategy inFLG mutation analysis. Mutations are shown accordinipéir accompanied
allele and colour coded for new (red, 17x), knobiué, 10x) and frequent West European
(black) mutation. Of note, in patient 66 and 97 entbran twd=LG mutations were identified
on the different alleles (3 and 4, resp:)Unknown if mutations are present on the différen
alleles (compound heterozygous), although the pitielinical features do indeed suggest

this.
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A 5100 calcium binding domain
[ ] B-domain
p.R601* c.3702del p.R2447* p.S3247* . Imperfect FLG repeat
¢.2282_2285del @) Fi6repeats
* - C-terminal domain
00 12,3, 4,5,6,7 8 18T 9 40
+pAG1 707
c.63dup c¢.527dup p.R643* p.Q977* c.4720_4721del c.7487del p.Q3029* p.R3419*
p.E32* p.Q355* ¢.2976_2977del TT p.R1474* ¢.7467del ¢.9195_9196del p.R3409* p.R3743*
p.W1064* p.Q1348* c.6950_6957del p.Q3199* | c.10051_10054del
c.3321del 1] p.G1253" p.Q3322*
p.R1140*
p.51184*

B

patient ID FLGallele 1 protein change repeat FLGallele 2 protein change repeat
7 c.1063C>T p.(GIn355%) 0
16 .9595C>T p.(GIn3199%) 9
17 c.2282_2285del p.Ser761Cysfs*36 1 c.4420C>T p.(Arg1474%) 4
18 c.7487del p.(Thr2496Asnfs*104) T
37 €.2282_2285del p.Ser761Cysfs*36 1 c.4042C>T p.(GIn1348%) 3
43 ¢.6950_6957del p.(Ser2317%) 6 c.7487del p.(Thr2496Asnfs*104) 7
54 ¢.63dup p.(Asp22Argfs*2) 5-100 ¢€.3551C>A p.(Ser1184*) 3
66 c.[1501C>T;4720_4721del] p.[(R501%);(Ser1574Thrfs*21)] 14 c.1501C>T p.(R501%) 1
68 c.94GT p.(Glu32*) $-100 c.9740C>A p.(Ser3247%) 9
75 €.2282_2285del p.Ser761Cysfs*36 1 €.9964C>T p.(GIn3322%) 9
78 €.2976_2977del p.(Arg9925erfs*31) 2 c.3191G>A p.(Trp1064*%) 2
81 c.2282_2285del p.Ser761Cysfs*36 1 €.10255C>T p.(Arg3419%) 10°
86 €1501C>T p.{Arg501*) 1 c.10225C>T p.(Arg3409*) 10°
93 c.11227C>T p.(Arg3743*) 11
97 .[2976_2977del:9195_9196del] | p.[(Arg992Serfs*31);(GIn3065Hisfs*5)] 29 c.[9195_9196del;10225C>T] | p.[(GIn3065Hisfs*5);(Arg3409*)] | 9,10
99 c.3757GT p.(Gly1253%) 3
108 c.3321del p.(Gly1109Glufs*13) 2
113 €1501C>T p.{Arg501*) 1 c.3757G>T p.(Gly1253%) 3
117 ¢.527dup p.(Asn176Lysfs*4) 0 c.2282_2285del p.Ser761Cysfs*36 1
121 c.1927A>T p.(Arg643*) 1
126 c.2282_2285del p.Ser761Cysfs*36 1 c.7467del p.(Ser2490Leufs*110) 7
150 €.2282_2285del p.Ser761Cysfs*36 1 €.9085C>T p.(GIn3029%) 8'
158 €1501C>T p.(Arg501*) 1 €.2929C>T p.(GIN977*) 2
162 c.1501C>T p.(Arg501*) 1 ¢.10051_10054del p.(Asp3351Hisfs*39) 9
167 c.3418C>T p.(Arg1140%) 3
190 c.4420C>T p.(Arg1474%) 4
195 c.51196T p.(Gly1707%) 4




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

Method specificity sensitivity Labour intensity cost
Sanger® ++ ++ e+ .
TagMan PCR® +++ . +H+ +
WES* ++ ++ + +++
Array-based NGS* +++ +++ ++ ++
Capture-based NGS® ++ ++ . —
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: TagMan 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 TagMan analyses, respectively.
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