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ABSTRACT

Atopic dermatitis (AD) is a chronic inflammatory skin disease whose prevalence is increasing
worldwide. Filaggrin (FLG) is essential for the development of the skin barrier, and its
genetic mutations are major predisposing factors for AD. In this study, we developed a
convenient and practical method to detect FLG mutations in AD patients using peptide
nucleic acid (PNA) probes labeled with fluorescent markers for rapid analysis. Fluorescence
melting curve analysis (FMCA) precisely identified FLG mutations based on the distinct
difference in the melting temperatures of the wild-type and mutant allele. Moreover, PNA
probe-based FMCA easily and accurately verified patient samples with both heterozygote and
homozygote FLG mutations, providing a high-throughput method to reliable screen AD
patients. Our method provides a convenient, rapid and accurate diagnostic tool to identify
potential AD patients allowing for early preventive treatment, leading to lower incidence

rates of AD, and reducing total healthcare expenses.

BACKGROUND

The skin plays a crucial primary defensive role in the body, functioning as a barrier to protect
the body from the external environment. The loss of barrier function leads to defective skin
homeostasis and finally inflammation. Filaggrin (FLG) is a major epidermal structural protein

expressed in the stratum corneum and is essential for the skin barrier function. Palmer et al.
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first demonstrated that FLG mutations are a predisposing factor for AD in the European
population (1). Subsequently, it has been reported that approximately 25% of AD patients in
Japan have FLG mutations (2, 3), and FLG mutations were also found in AD patients in
several other Asian countries including South Korea and China (4-6). Over 1000 studies on
FLG have been published so far, and the correlation between FLG mutations and
inflammatory diseases has been well documented in recent years, further emphasizing the
role of FLG in maintaining the skin barrier function (7-9). One of the most interesting
findings is that the FLG mutation sites vary considerably depending on race and geographic
region (4). Only the R501X and E2422X mutations were found in both Europeans and Asians.
In Asian countries including South Korea, Japan, China, Singapore and Taiwan, only the
3321delA mutation is commonly detected in AD patients. Other FLG mutations including
S$2554X, S2889X, S3296X, and K4022X mutations have been detected in a high proportion
of AD patients in Japan (2). In South Korea, all the mutations except for the S2554X have
been detected in AD patients with the 3321delA and K4022X mutations most frequently
detected according to recent reports (6).

Peptide nucleic acids (PNAs) are artificial DNA analogues can hybridize to their
complementary DNA targets (10). A PNA-DNA hybridization is more sensitive to base
mismatches than a typical DNA-DNA hybridization (11), and PNA oligomerization clearly
shows a distinct difference in the melting temperatures (Tm) between perfect and mismatch
DNA sequences (12). Accordingly, unlike the TagMan assay used in previous studies (13, 14),
only one PNA probe can be used to distinguish the wild-type (WT) allele from the mutant
allele based on differences in Tm. Therefore, PNA probes have been widely used in medical

diagnostic applications to detect point mutations or SNPs in DNA sequences (15-18).
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QUESTIONS ADDRESSED
Since the correlation between AD and FLG mutations has been clearly established, there is a
need to quickly and accurately identify FLG mutations in potential AD patients. The
conventional Sanger sequencing technique currently used to detect mutations is severely
limited in the number of samples that can be simultaneously and precisely processed. In
addition, heterozygote mutations analyzed using the Sanger method can yield differing results
depending on the peak size of the sequencing profile. Also, the enormous third FLG exon,
where mutations are dominantly detected, contains at least 10 repeated units with similar
sequences making it more difficult to detect mutations using the Sanger method.

In order to overcome these problems, we developed a rapid and accurate method to
detect FLG mutations using PNA probes and accessed its application in the medical diagnosis

of AD patients.

EXPERIMENTAL DESIGN

All clinical studies were approved by the Institutional Review Boards of Gangnam Severance
Hospital (IRB No. 3-2014-0027) and Yonsei University Wonju College of Medicine (IRB No.
2011-84). Genomic DNA was isolated from the peripheral blood of healthy individuals and
AD patients, and PCR reactions were performed as previously described (3, 19, 20) to obtain
DNA fragments corresponding to five FLG mutations, 3321delA, S2554X, S2889X, S3296X
or K4022X. Since patient samples with S2554X mutation were not available in this study, we
constructed artificial plasmids containing the S2554X mutation. Original PCR products were
obtained from the genomic DNA of normal individuals and were cloned into the TA cloning
vector (Promega). The S2554X mutation was then inserted into the TA plasmid constructs
using the QuikChange II XL site-directed mutagenesis kit (Agilent). The PCR fragments

were sequenced using the Sanger method to verify the five FLG mutations (Figure 1A).
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In this study, PNAs were synthesized as probes to detect five FLG mutations (Table S1).
In order to easily detect mutations, each probe was designed so that its sequence is a perfect
match to the WT allele with at least a 5°C difference in the Tm value between the WT and
mutant allele. In addition, the probes were labeled with fluorescent markers, and fluorescence
melting curve analysis (FMCA) based on the hybridization method was completed to
evaluate Tm values in real time by using the CFX96 ™ system (BIO-RAD) (Table 1). PCR
was performed by using 5 pM of each PNA probe in the reaction mixture, and then the
fluorescence intensity of the PNA probe was measured from 40°C to 80°C at intervals of

0.5°C to obtain Tm values.

RESULTS
Figure 1B shows the PNA probe-based fluorescence melting curve analysis (FMCA) for the
FLG mutations. Since the sequence of the WT allele is a perfect match with that of the probe,
the affinity of the WT allele to the PNA probe is stronger than that of the mutant allele,
corresponding to the right peak curve showing a high Tm value. In comparison, the mutant
allele has a weaker affinity for the probe showing a lower Tm value corresponding to the left
peak curve. Thus, the PNA probe-based FMCA precisely and easily detects FLG mutations
as illustrated by the clear difference in the Tm value between the WT and mutant allele
(Figure 1B and Table 1).

In case of normal healthy individuals with no FLG mutation, the PNA probe-based
FMCA displays the blue-colored melting curves corresponding to high Tm values of the WT
allele (Figure 1B). Among the AD patient samples, we detected 3321delA, S2889X, S3296X
and K4022X heterozygote mutations. Therefore, two peak curves were detected in the
melting curve analysis: the first represents the mutant allele, and the second indicates the WT

allele (Figure 1B, green curves). As described above, we also constructed the artificial
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plasmids containing S2554X mutation, and then verified whether our synthesized PNA probe
could detect the mutation sites in the artificial plasmids instead of patient samples. As shown
in the red-colored melting curves in Figure 1B, all curves displayed only low Tm values of
the mutant allele which did not overlap with the blue-colored WT curves. Therefore, these
results proved that our method can clearly distinguish between heterozygote and homozygote
FLG mutations without any additional equipment or computer program, making its
application in the medical diagnosis of AD patients easier and cost effective.

In order to verify the accuracy of our PNA method, we performed PNA probe-based
FMCA in a cohort of AD patients who were recruited for a previous study (6). Only the
genomic DNA and corresponding sample numbers were received, and analyses were
conducted without knowing which AD patient samples had FLG mutations. As a result, six
patients with a 3321delA mutation, one with S2889X, two with S3296X, and three with
K4022X were detected among seventy AD patients (Table S2 and Figure S1). These results

were consistent with the previous study (6).

CONCLUSIONS

Since the prevalence of AD is steadily increasing worldwide, the development an accurate
and specific diagnostic method is in high demand (21). A number of high-throughput methods
to detect FLG mutations such as the TagMan assay and mass spectrometry have been
suggested (13, 14, 22, 23). Mass spectrometry is an accuracy method that directly analyzes
the sample without the use of radioactive or fluorescent labels, but it is very cost prohibitive
(24). The validity and efficiency of the TagMan assay has been verified in the high-
throughput screening of FLG mutations (13, 25, 26). However, the TagMan assay needs a
different probe for each unique target sequence, one for the WT allele and another for the

mutant allele, in order to detect a heterozygote mutation.
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In this study, we applied PNA technology to develop a high-throughput screening of
FLG mutations in AD patients. Unlike the TagMan assay, our PNA method needs only one
probe to distinguish the mutant allele from the WT allele since the strength of a PNA-DNA
hybridization is stronger than that of a typical DNA-DNA hybridization. Our results verify
that PNA probe-based fluorescence melting curve analysis is a powerful tool to detect FLG
mutations and can precisely detect both heterozygote and homozygote FLG mutations.
Therefore, our method provides a convenient, rapid and accurate diagnosis for potential AD
patients allowing for early, personalized medical therapy, thus lowering the incidence rates of

AD and reducing total healthcare expenses.
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TABLE

Table 1. Difference in melting temperature (Tm) of PNA probe

3321delA  S2554X  S2889X  S3296X < K4022X

mismatch 0 0 0 0 0
WT (bp)
(normal)
Tm (°C) 71 62 66 69 54
mismatch
1del 1 2 1 1
Mutant (bp)
Tm (°C) 60 52.5 36 55 46.5

Table 1 shows the correlation between the number of mismatched base pairs and the Tm
value. Since the sequence of the probe is a perfect match for the wild-type (WT) allele, the
Tm value is higher than that of the mutant, indicating that the affinity of the PNA probe for

the WT allele is stronger than that of the mutant. Del: deletion.
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FIGURE LEGENDS

Figure 1. Results from Sanger sequencing method vs PNA probe-based fluorescence
melting curve analysis (FMCA)

A. The sequencing results, normal (top) and each FLG mutations 3321delA, S2554X,
S2889X, S3296X, and K4022X (bottom). The symbols used are as follows: R =A, G; S =C,
GM=ACW=AT.

B. The results of the PNA probe-based fluorescence melting curve analysis demonstrates a
clear difference between the Tm values of wild-type (WT) and mutant FLG alleles, showing
readily distinguishable peak curves; the left peak with a low Tm value represents a mutant
allele and the right peak with a high Tm value indicates a WT allele. The blue peak curve
represents the normal sample having only WT alleles, the two green peak curves indicate a
heterozygote mutation having both WT and mutant alleles, and the red peak curve shows the

homozygote mutation having only mutant alleles.
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Figure S1. PNA probe-based fluorescence melting curve analysis (FMCA) in a cohort of
AD patients who were recruited for a previous study (6)

Six patients with a 3321delA mutation, one with S2889X, two with S3296X and three with
K4022X were detected among seventy AD patients, and these results was consistent with the

previous study (6).
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SUPPORTING INFORMATION

Table S1. Synthesized PNA probefor each FLG mutation

FLG mutation Sequence (fluorescent)

3321delA Dabcyl-GACCTTCCCCCTGACC-0O-K (HEX)

S2554X Dabcyl-CCCCTCTGATTGTCC-0O-K (FAM)

S2889X Dabcyl-ACTGGATCCCTGG-0-K (HEX)

S3296X  Dabcyl-GCAAGATCAAGTCCA-O-K (Texas Red)

K 4022X Dabcyl-GATCTTTACCAAAC-O-K (FAM)

O indicates the linker, and K is the abbreviation for Lysine.

Table S2. PNA probe-based fluorescence melting curve analysis (FMCA) in a cohort of AD
patients

Genotype 3321delA S2554X S2889X S3296X K4022X

AA 64 70 69 68 67
Aa 6 0 1 2 3
aa 0 0 0 0 0

Total 70 70 70 70 70
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