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Functionally, failure of EGFR to correctly localize to cell
membrane is expected to reduce ligand binding. In healthy
people, several ligands require proteolytic cleavage to become
capable of binding to EGFR—this ectodomain shedding is
induced by at least five different metalloprotease enzymes,
including ADAM17 (Blobel, 2005)—mutations in which may
underlie an inflammatory skin and bowel disease that has
overlap with the clinical features present in our patient
(Blaydon et al, 2011). We hypothesize that the lack of
EGFR localization at the cell membrane in our patient has
some similarity at a signaling level to that which occurs in the
ADAM17-deficient patients, i.e., a common failure of EGFR-
ligand interaction and altered downstream signal transduction.

Clinicopathologic similarities with mouse models of EGFR
impairment

The clinical manifestations of the mutation p.Gly428Asp in
terms of loss of EGFR function show some similarities with the
phenotype of Egfr-knockout or transgenic mice (Miettinen
et al, 1995; Sibilia and Wagner, 1995; Threadgill et al,
1995; Schneider et al., 2008). Although the phenotype of Egfr-
deficient mice depends on the strain of the mice (several are
embryonic lethal), the abnormalities in the skin, lung, and
bowel in surviving mice are similar to many of the clinical
manifestations in our patient. In the epidermis, some knockout
mice show an initially thin skin that then becomes thicker but
with defective barrier function (Miettinen et al., 1995). Lack
of Egfr in mice also affects hair growth, with wavy or reduced
hair growth; EGFR is essential for normal hair follicle
progression through the anagen, catagen, and telogen phases
of the hair growth cycle (Hansen et al., 1997; Schneider et al.,
2008). EGFR initiates hair growth and hair follicle
organization, and EGFR inhibition leads to inflammation,
follicular necrosis, and alopecia, as well as slow hair growth
with brittle hairs, as observed in our patient (Hansen et al.,
1997; Schneider et al., 2008). Egfr-deficient mouse lungs show
condensed collapsed alveoli with a lack of surfactant leading
to respiratory difficulty that has been likened to human
neonatal respiratory distress syndrome (Miettinen et al,
1995). In murine bowel lacking Egfr, there are fewer, shorter
intestinal villi, and a reduced proliferation of jejunal
enterocytes leading to fluid loss (Miettinen et al, 1995).
Other abnormalities noted in the mice that show phenotypic
similarities to our patient have included cystic dilatation of the
collecting ducts in the kidneys (indicating that EGFR is vital for
the differentiation of structures derived from the ureteric bud),
aortic narrowing, and a thrombotic tendency (Miettinen et al.,
1995). In addition, there are similarities in the phenotype of
transgenic Egfr and Adam17 mice, thus supporting the clinical
overlap in humans with germline autosomal recessive
mutations in EGFR or ADAM17 (Peschon et al., 1998).

Clinical resemblance to the side effects of EGFR inhibitor
medications

The clinical manifestations in the child homozygous for
p-Gly428Asp in EGFR also show some resemblance to the
side effect profile in individuals taking EGFR inhibitors. The
side effects of these drugs include a distinctive acne-like rash

2576 Journal of Investigative Dermatology (2014), Volume 134

with pustules, dry skin, alopecia, trichomegaly, as well as
mucositis, diarrhea, and, in rare instances, interstitial lung
disease (Inoue et al., 2003; Lacouture, 2006). All these clinical
features were evident to some degree in our patient.
Nevertheless, although skin papules and pustules developed
during disease progression in our case, the early skin changes
mostly consisted of erosions (which led to the erroneous initial
clinical diagnosis of epidermolysis bullosa). EGFR signaling is
known to be involved in the re-epithelialization phase of
wound healing (Repertinger et al., 2004; Pastore et al., 2008),
as well as the proliferation of keratinocyte stem cells (Jensen
et al., 2009), and we hypothesize that the missense mutation
in our patient impeded these processes and was the primary
cause of the erosive skin changes, with bacterial superinfec-
tion being a secondary contributing factor. The transcriptomic
data from our patient illustrate the consequences of impaired
EGFR signaling. The results (albeit based on RNA extracted
from noninflamed skin) reveal enhanced proinflammatory
activation and disturbed differentiation/premature terminal
differentiation of keratinocytes as key pathogenic mechanisms,
thereby demonstrating a similar profile to that associated with
the papulo-pustular rash associated with EGFR inhibitory
drugs (Lacouture, 2006; Lichtenberger et al.,, 2013; Mascia
et al., 2013). Notably, several inflammatory/innate response
networks were significantly upregulated, including NF-xB.

In conclusion, the EGFR network is one of the most
influential and intricate signaling systems in biology. We
believe the protean features in our patient offer clinical
insights into the critical and diverse roles of EGFR, supporting
many of the putative functions that have been ascribed to the
receptor via murine models and in vitro studies. This case
highlights the major mechanism of epithelial dysfunction
following EGFR signaling ablation and illustrates the broader
impact of EGFR inhibition on other tissues that might be
underappreciated in the context of concurrent malignancy in
patients receiving EGFR inhibitor medications.

MATERIALS AND METHODS

Transmission electron microscopy

Small pieces of skin (<2mm?) were prepared for transmission
electron microscopy, as described in the Supplementary Material
online.

Immunofluorescence microscopy

A skin biopsy from the affected infant and control skin were collected
in Michel’'s medium. The methods for immunofluorescence micro-
scopy and primary antibodies used are listed in the Supplementary
Material online.

Whole-exome sequencing

Initially, 3 pg of genomic DNA was sheared with focused acoustic
technology (Covaris, Woburn, MA) to yield a mean fragment size of
150bp. Fragment ends were repaired and sequencing adaptors
ligated. Biotinylated 120bp RNA probes (Agilent, Santa Clara, CA),
designed against the coding regions of the genome were hybridized
with the sequence library for 24 hours. DNA bound to RNA probes
was retained using streptavidin-coated magnetic beads; unbound
DNA was washed off. The exome-enriched pool of DNA was eluted
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and amplified with a low-cycle PCR. The DNA fragments were then
sequenced with 100bp paired-end reads. Novoalign (Novocraft
Technologies, Selangor, Malaysia) was used to align reads to the
reference genome (hg19, National Center for Biotechnology Informa-
tion build 37). With over 7.0 Gb of sequence generated, more than
90% of coding bases of the GENCODE-defined exome were
represented by at least 20 reads (see Supplementary Material online).

Sanger sequencing

We sequenced the exon and intron/exon boundaries of all 28 exons
of EGFR, including the mutation present in exon 11, in the infant,
mother, unaffected older brother, and three controls. Each exon was
amplified by PCR using AmpliTaq Gold 360 Master Mix (Applied
Biosystems, Foster City, CA) and the primers listed in the
Supplementary Material online.

Whole-genome expression microarray analysis

Whole-genome expression microarray analysis was performed using
RNA extracted from skin biopsies sampled from the affected child as
well as four pooled, healthy controls. RNA extraction from cutaneous
biopsies was performed using the Ambion mirVana miRNA lIsolation
kit (Invitrogen, Paisley, UK) according to the manufacturer’s instruc-
tions. RNA was amplified using the lllumina TotalPrep RNA
Amplification Kit (Illumina) and subsequent gene expression profiling
was performed using the [llumina array HumanHT-12 v4.0 Expression
BeadChip kit according to the manufacturer’s instructions (lllumina).
Gene expression data were then analyzed using GenomeStudio
software (lllumina). Control samples were pooled and compared with
the affected individual.

Mutant construct transfection

Mutant complementary DNA mimicking the mutation of the infant
(c.1283G>A) was generated with GFP tagged to the C terminus of
EGFR. Wild-type EGFR1-GFP was a gift from Dr Andrew Reynolds
(Institute for Cancer Research, London, UK). The mutant construct
p.Gly428Asp EGFR-GFP was generated using a site-directed muta-
genesis kit (Stratagene, La jolla, CA) as per the manufacturer’s
instructions using the following mutagenesis primer: 5'-GAGAACCT
AGAAATCATACGCGACAGGACCAAGCAACATGGT-3'. The muta-
tion in the plasmid was verified by sequencing. Transfection was
carried out using Fugene (Roche Applied Science, Penzberg, Germany)
or Lipofectamine (Invitrogen) reagents according to the manufac-
turers’ instructions.

Confocal microscopy

For confocal microscopy, cultured MCF-7 human breast adenocarci-
noma cells were transfected with wild-type EGFR-GFP or
p.Gly428Asp EGFR-GFP washed with phosphate-buffered saline,
fixed with 4% paraformaldehyde in phosphate-buffered saline for
10minutes, and then permeabilized with 0.2% TritonX-100 for
10minutes. For EGF stimulation experiments, cells were incubated
in serum-free medium (Opti-MEM; Gibco Life Technologies, Carls-
bad, CA) for 16 hours before stimulation with 100ngml~" EGF for
the indicated times. For endocytosis inhibition experiments, cells
were treated for 1hour with 10um Dynasore (Millipore, Billerica,
MA) or equivalent volume of DMSO as a control before fixation.
Where appropriate, cells were incubated with a primary antibody
directed against the extracellular domain of EGFR for 2hours
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followed by the relevant secondary antibodies conjugated to Alexa-
fluor-568 (Life Technologies, Paisley, UK) and phalloidin conjugated
to Alexafluor-568 or 633 for 1 hour at room temperature.

Western blotting

Thirty thousand MCF-7 or CHO cells per condition were cultured in
either DMEM alone or DMEM containing 10% fetal calf serum (10%
FCS) and transfected with wild-type EGFR-GFP or p.Gly428Asp
EGFR-GFP; 36 hours later, the cells were starved for 16 hours with
Opti-MEM  (Gibco Life Technologies) before treatment with
100ngml~" EGF for the appropriate times. Cells were then lysed
in sample buffer containing 2-mercaptoethanol at room temperature.
Lysates were immediately subjected to SDS-PAGE and blotted using
nitrocellulose membrane. Blots were blocked and probed using
p-ERK, ERK, p-Akt, Akt, p-EGFR, and EGFR antibodies (Cell Signaling
Technology, Beverly, MA), as well as HSC-70 antibodies (Santa Cruz
Biotechnology, Dallas, Texas), using 3% milk/phosphate-buffered
saline-0.2% Tween or 5% BSA/TBS-0.1% Tween.

Growth assessment rates

Ten thousand CHO cells per condition were cultured in DMEM
containing 10% FCS for 24 hours before transfection with GFP alone,
wild-type EGFR-GFP, or p.Gly428Asp EGFR-GFP. Twenty-four hours
later, the medium was replaced with normal growth medium (10%
FCS), growth medium minus FCS, or growth medium minus FCS
supplemented with 100ngml~" EGF. Cells were then either Hoechst
treated and fixed immediately with 4% paraformaldehyde or were
fixed 24 hours later. Phase and Hoechst images of five fields of view
per condition were taken using an Olympus 1X71 wide-field micro-
scope with a 4 x 0.13 numerical aperture air objective (Olympus,
Tokyo, Japan). Images were then analyzed for total number of cells as
well as GFP-expressing cells. The number of GFP-expressing cells
was then normalized using the total number of cells per field of view
and presented either as the average number of GFP-expressing cells
per condition or the growth rate per condition.
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IL36RN Mutations Underlie Impetigo Herpetiformis
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TO THE EDITOR

Impetigo herpetiformis (IH) is a rare
pustular dermatosis that typically occurs
in pregnant women sporadically with
unknown etiology (Sauer and Geha,
1961). Early diagnosis is essential, as
IH is life-threatening and is associated
with  placental insufficiency  and
electrolyte abnormalities. IH appears to
have the same clinical and histologic
appearance as generalized pustular
psoriasis (GPP), which is also a rare
severe episodic pustular dermatosis
that occurs repeatedly in both sexes at
any age. However, some researchers
have regarded IH as an entity distinct
from GPP, because some patients are
affected by IH only in the gestational
period (Lotem et al, 1989). Recently,
we reported that the majority of GPP
that is not accompanied by psoriasis
vulgaris (PV; GPP alone) is caused by
homozygous or compound hetero-
zygous mutations of [L36RN, which
encodes 1L-36 receptor antagonist (IL-
36RN), although only a small number of
cases with GPP preceding or accomp-
anied by PV (GPP with PV) were found
to have /L36RN mutations (Sugiura
et al, 2013). Very recently, we
reported that CARD14 c.526G>C is a
significant risk factor for GPP with PV,
but not for GPP alone in the Japanese
cohort, which further supports the idea
that GPP with PV differs genetically
from GPP alone (Sugiura et al., 2014a).
However, to our knowledge, there have
been no reports of IH with IL36RN
mutations. Here we report two cases of
IH with homozygous and heterozygous
IL36RN mutations.

Cases 1 and 2 were a 23-year-old
woman and a 28-year-old Japanese
woman who were admitted to our
hospitals for pustular lesions in the
29" week and the 20™ week of their

first pregnancies, respectively (Figure 1a
and b). There was no family history of
GPP, no IH, and no consanguinity in
their families. Case 1 had no previous
history of GPP. Her pustular lesions had
begun to develop at the 21 week of
pregnancy, and she had been hospita-
lized in a maternity hospital. Oral pre-
dnisolone at a dose of 15mg per day
had been administered, but the erup-
tions had persisted. A skin biopsy from a
pustular eruption on the trunk revealed
a spongiform pustule of Kogoj in the
epidermis consistent with IH (Figure 1c).
Case 2 had suffered from GPP from the
age of 8 to 18 years. Skin biopsies from
pustular eruptions on the trunk revealed
spongiform pustules of Kogoj in the
epidermis at the age of 8 and 28 years
(Figure 1d). She had been admitted to
hospitals four times for GPP flare-ups.
She had been treated with cyclosporine
or etretinate. In the ten years leading up
to her pregnancy, her GPP had been in
remission without any treatment. Both
cases had erythema with pustules over
the whole body and fever of over 38 °C.
Blood examinations from Cases 1
and 2, respectively, revealed white
blood cell counts of 12,000pul~" and
21,170ul~7, and C-reactive protein
concentrations of 6.5 and 14.9mgdl ™"
(normal range: <0.3 mgdl~"). Bacterial
cultures of the pustules were negative.
Thus, Cases 1 and 2 were, respectively,
diagnosed as having IH and [H with a
previous history of GPP.

Following ethical approval, written
informed consent was obtained in com-
pliance with the Declaration of Helsinki
Principles. The entire coding regions of
IL36RN including the exon/intron
boundaries were sequenced using geno-
mic DNA samples from the patients.
Case 1 had the homozygous mutation
c.1154+6T>C, which was proven to

Abbreviations: GPP, generalized pustular psoriasis; IH, impetigo herpetiformis; IL-36RN, IL-36 receptor

antagonist; PV, psoriasis vulgaris
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result in p.Argl10ArgfsX1 in IL36RN
by us previously, and Case 2 had
the heterozygous mutation c.28C>T
(p.-Arg10X) in IL36RN. Both of these
are GPP-causing founder mutations in
the Japanese cohort (Sugiura et al,
2013, 2014b; Figure Te and f,
and Figure 2). A search for a second
IL36RN mutation in all intron and
putative promoter regions in Case 2
revealed no other IL36RN mutations
(Supplementary Figure S1 online and
Supplementary Table ST online). How-
ever, there is still the possibility of a
second unidentified IL36RN mutation in
Case 2.

More than 10 cases of GPP with
heterozygous IL36RN mutations have
been reported (Capon, 2013; Korber
et al, 2013; Li et al, 2013; Setta-
Kaffetzi et al, 2013; Sugiura et al,
2013). Moreover, in some patients,
heterozygous /L36RN mutations are
associated with palmoplantar pustu-
losis, a type of pustular psoriasis, and
acute  generalized  exanthematous
pustulosis, a severe cutaneous drug
reaction (Navarini et al, 2013; Setta-
Kaffetzi et al.,, 2013). 1L-36 is absent in
normal skin but is induced by inflamma-
tory cytokines such as tumor necrosis
factor-a, IL-17A, and 1L-22 (Carrier
et al., 2011). When functional IL-36RN
is absent or underproduced, over-
expressed IL-36 can induce neutrophil-
rich infiltration. Tumor necrosis factor-o
is often elevated in the blood of
pregnant women, whereby it induces

various serious diseases (Mallmann
et al, 1991). As for skin diseases,
tumor necrosis factor-o.  sometimes

causes exacerbation of PV lesions in
pregnant women (Puig et al, 2010).
Hence, it is very likely that a pregnant
woman who has the /L36RN mutation
occasionally cannot produce enough
IL-36RN to adequately antagonize 1L-36
excessively induced by inflammatory
cytokines, and this imbalance results
in IH.

After longstanding controversy over
whether IH is an independent disease
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Figure 1. Clinical features, pathological findings of pustules, and mutation analysis of IL36RN in the
patients. The clinical features of Cases 1 and 2 (a, b) are shown. Pustules on background erythema are seen
on the trunk and arms. The pathology of the pustules is indicated for Cases 1 and 2 (c, d). Spongiosis
of Kogoj and acanthosis are observed in the epidermis of the pustular erythematous lesions on the trunks.
Scale bar=50pum for ¢ and 100 um for d. Direct sequencing reveals the homozygous mutation
c.1154+6T>C in Case 1 (e) and the heterozygous mutation ¢.28C>T in Case 2 (f).

GPP
p.Arg10X
p.Arg10ArgfsX1 p.Ser113Leu
p.Leu27Pro p.Thr123Arg
p.Lys35Arg p.Thr123Met
p.Arg48Trp
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Figure 2. The second structure of IL-36RN and location of all IL36RN mutations ever reported in
generalized pustular psoriasis (GPP) and impetigo herpetiformis (IH). All /L36RN mutations ever reported
in GPP and IH (including in the present report) are shown (Kanazawa et al., 2013). The blue characters
indicate truncating mutations, and the black characters indicate missense mutations. Red lines show
critical residues that mediate receptor interaction, such as Tyr89, Glu94, and Lys96 of 1L36-RN (Sugiura

et al., 2013).

entity from GPP, today there is the
consensus that {H is not a distinct entity
but is identical to GPP, i.e., IH is GPP
occurring during pregnancy (Lotem
et al., 1989; Robinson et al., 2012).
However, there have been no reports
with experimental or genetic evidence
to bolster the assertion that IH and GPP

are identical diseases. This report clearly
shows IH patients with homozygous or
heterozygous IL36RN mutations. Case 1
was affected with IH only once in the
gestational period. In this context, the
present case suggests that IH and GPP,
especially GPP alone, are identical
diseases caused by IL36RN mutations.
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Future study should elucidate the
proportion of IH cases that are IL36RN
negative; however, given that the
majority of GPP alone is associated
with [L36RN mutations, we consider
that mutation analysis of IL36RN is a
very promising method for the
prediction of IH risk to prevent
subsequent serious complications in
the patient and the fetus.
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Introduction

A nonsense mutation may, in theory, disrupt and thus “confine”
the effects of another dominant pathogenic mutation when the two
mutations coexist in the same allele of a single gene. Furthermore,
in such cases, reversion of the confining nonsense mutation may
paradoxically elicit a congenital disease, although proven cases of
this hypothetical pathogenesis have not been reported.

Keratitis-ichthyosis-deafness (KID) syndrome (OMIM 148210)
is a rare congenital ectodermal disorder characterized by
vascularizing keratitis, ichthyosiform erythroderma and sensori-
neural hearing loss [1]. KID syndrome is mainly caused by a
heterozygous germ line missense mutation in GJB2 (Entrez Gene
ID: 2706) encoding connexin 26 (Cx26) (RefSeq: NM_004004.5)
[2-4].

Here we report a case of KID syndrome where the reversion of
a missense mutation induced a lethal disease. We encountered a
girl with KID syndrome from obviously healthy parents, and
sequence analysis of GJB2 revealed a heterozygous missense
mutation, p.Gly45Glu, in the patient. Unexpectedly, her healthy
mother also had the heterozygous missense mutation p.Gly45Glu,
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as well as another heterozygous nonsense mutation: p.Tyr136X.
From these findings, we hypothesized that the p.Tyrl36X
mutation confines the pathogenic effect of p.Gly45Glu in the
mother and that the reversion of p.Tyr136X triggered the onset of
KID syndrome in the patient. In the present study, TA cloning
and haplotype analysis of the family confirmed that an allelic
recombination event involving the maternal allele carrying the two
mutations generated the pathogenic allele unique to the patient.
Furthermore, cotransfection experiments and a neurobiotin
uptake assay clearly demonstrated that the p.Tyr136X mutation
confines the pathogenic effects of the p.Gly45Glu mutation. Thus,
to our knowledge, the present findings provide the first evidence of
reversion-triggered onset of a congenital disease.

Results

The Patient’s Mother Had Both GJB2 Lethal Missense
Mutation and Confining Nonsense Mutation, Although

the Patient Had Only the Lethal One
The KID syndrome patient is a girl born from apparently
healthy Japanese parents. She showed ichthyosiform erythroderma
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at birth, and later she developed typical manifestations that lead to
the diagnosis of KID syndrome (Figure 1A). Despite intensive care,
she died of the disease.

Sequence analysis of GFB2 was performed to confirm the
diagnosis. Direct sequencing of PCR fragments spanning all the
exons of GjB2 revealed a heterozygous missense mutation,
c.134G>A (p.Gly45Glu), in exon 2 of G7BZ in the patient and
her mother, but not in her father (Figure 1B). Her mother had an
additional  heterozygous nonsense mutation, c.408C>A
(p-Tyr136X), in the same exon (Figure 1B). TA cloning analysis
showed that the ¢.408C>A and c.134G>A mutations were in cis
configuration. All family members uniformly harbored the two
known non-pathological SNPs [5] ¢.79G>A (p.Val27lle)
(rs2274084) and c¢.341A>G (p.Glull4Gly) (rs2274083) hetero-
zygously and in trans configuration with the c.134G>A or
¢.408C>A mutation (Figure 1C and 2A). The existence of the
G7B2 mRNA harboring the ¢.134G>A missense mutation in the
patient’s skin was verified by a RT-PCR assay (Figure S1). To
confirm the biological relationship between the patient and her
parents, we genotyped for 15 short tandem repeat (STR) loci with
tetranucleotide repeat units using a multiplex kit. Since all of the
genotypes for 15 STR loci were consistent with the relationship
between the parents and child and each combined probability of
exclusion and paternity was calculated as 0.999999997 and
0.9999999986, respectively, the authenticity of biological relation-
ship between the parents and the child was confirmed accurately
(Tables S1 and S2).

Revertant Mutation of Confining Nonsense Mutation
Occurred in the Patient’s Pathogenic Allele of GJB2

To elucidate the origin of the c.134G>A mutation in the
patient, haplotype analysis was performed. Forty SNPs annotated
by the International HapMap Project [6] spanning the >39 kbp
region surrounding the G7B2 gene were sequenced. Fourteen
SNPs were found to be heterozygous in one or more of the family
members (Figure 1C and S2). TA cloning analysis mapped the
heterozygous SNPs into three separate genetic regions (Figure 1C).
All family members had at least one common haplotype in each
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genetic region, suggesting that they share a haplotype in the >
39 kb genetic region we studied. Unexpectedly, the patient
harbored a unique haplotype that was not seen in either of her
parents (Figure 1C). No evidence of spontaneous mutations was
found besides these SNP sites through the direct sequencing of the
entire coding region of G7B2.

We performed an extended SNP microarray analysis spanning
83,483 SNPs throughout chromosome 13. No apparent chromo-
somal aberration was detected besides a 1,430 kbp copy-number
neutral Joss-of-heterozygosity region on 13q31.1 which was unique
to the patient’s genome.

From these findings, we reasoned that an allelic recombination
event involving the shared allele (Figure 1C, shown in blue) and
the maternally unique allele (Figure 1C, shown in orange)
generated the haplotype unique to the patient (see also the
Discussion section below), since it differs by three or more base
pairs from the counterparts carried by either parent, giving only a
remote possibility of coincidental accumulation of spontaneous
point mutations at these specific SNP sites. The latter possibility,
however, cannot be completely excluded.

The blood cells of the patient did not show mosaicism, and the
patient’s skin symptoms were fairly evenly distributed over the
entire body surface. These findings suggest that the patient was not
mosaic for the G7B2 mutation. Thus, we consider the reversion
leading to the pathogenic allele in the patient to be a pre-zygotic
event.

Gap Junctions Containing p.Gly45Glu-Mutant Connexin
26 (CX26) Showed Aberrant Gating Activity, Whereas
p.Gly45Glu/p.Tyr136X-Mutant CX26 Were Excluded from
Functional Gap Junction Formation

As described above, the patient who harbored the p.Gly45-
Glu mutation manifested the disease, while the mother who
harbored the mutations p.Gly45Glu and p.Tyr136X was
apparently unaffected (Figure 2A). A heterozygous de novo
p-Gly45Glu mutation is known to cause the lethal form of KID
syndrome [3], and its molecular pathogenic mechanism has
been well described [7-9]. Cx26, the product of GFB2, is a gap
junction protein with four transmembrane domains and two
extracellular domains (Figure 2B). The Cx26 molecule is a
protomer of a hexameric connexon, and two connexons
expressed on the membranes of neighboring cells connect to
form a gap junction channel [10]. Gly45 locates at a domain
that lines the channel pore and probably mediates voltage
sensing [10]. Connexons containing p.Gly45Glu mutants
function as hemichannels with aberrantly increased activity
[7,8] that leads to the disease manifestations [3,9]. It is also
known that, besides KID syndrome, biallelic loss of function of
GJB2 causes autosomal recessive non-syndromic hearing loss
(NSHL) [11]. The fact that the p.Gly45Glu/p.Tyr136X
mutation homozygously or compound heterozygously causes
NSHL suggests that this mutation leads to total loss of function
for the G7B2 product [5].

These considerations lead us to hypothesize that the p.Tyr136X
mutation confines and rescues the dominant pathogenic effect of
the p.Gly45Glu mutation. Since inter-protomer interactions of
Cx26 require the fourth transmembrane domain [10] that is
terminated by the p.Tyr136X mutation (Figure 2 A and B), a
Cx26 carrying p.Gly45Glu/p. Tyr136X alteration would be
excluded from the hexameric connexons.

This phenomenon, in which a second-site mutation cancels an
exsisting pathogenic mutation, was previously reported; it is called
“partial reversion”, because the wild-type allele itself is not

May 2014 | Volume 10 | Issue 5 | 1004276

—223~—



Reversion-Triggered Pathogenesis of Lethal Disease

GJB2 mutations
c.134G>A c.408C>A
NM_004004.5 6 G.A 6 T &afclac
G666 AG TACSAC
N N
\ \
e AN AV
G GG/AA G T ACIAA C
/ \ [\
o AN/ V)
G GG/AAG T AC AC

Patient /\/\f\/\/\ /\/\\/\{\/\

KID
c syndrome c.134G>A ¢.408C>A
- G A T C
Father (A G ¢ G)
G A T C
Mother - (A s ¢ G)
. G A T C
Patient + ( A G C G)
SNPs / \.
Chr.13 19,680K 19,670K 19,660K 19,650K
Gene GIB2 F—E)

Figure 1. Sequence and haplotype analysis of the present case of KID syndrome. (A) Clinical manifestations of the patient are shown.
Marked hyperkeratosis of the palms and soles is seen. (B) Identification of ¢.134G>A and ¢.408C>A mutations in the patient and her parents. The
patient is compound heterozygous for the two mutations. (C) Haplotype analysis of the family members. Fourteen heterozygous SNPs spanning >
39 kbp surrounding the GJB2 gene are identified and assembled into three contigs (shown in parenthesis). The nucleotides altered by the ¢.134G>A
and ¢.408C>A mutations are boxed. The altered nucleotides are in red. The patient and her parents share a single haplotype (top; blue background).
The patient has a unique haplotype {bottom; yellow background) that is not harbored by either parent. The maternally unique haplotype is shown in

orange.
doi:10.1371/journal.pgen.1004276.g001

attained, although the seoncd-site mutation rescues the disease
[12].

To test this hypothesis, we observed the colocalization of
fluorescent-tagged Cx26 variants in HeLa cells. The father had
wild-type and p.Val271le/p.Glul 14Gly variant alleles (Figure 2A).
When these Cx26s were cotransfected, they together formed gap
junctions, suggesting that both proteins retain their native
functions (Figure 3A). The Cx26 p.Gly45Glu/p.Tyr136X mutant
failed to enter the gap junction generated by Cx26 p.Val27lle/
p-Glul14Gly, demonstrating that only the latter form comprises
the functional gap junctions in the mother (Figure 3A). Cx26
p.Gly45Glu colocalized with the p.Val27Ile/p.Glul 14Gly variant
but failed to form gap junctions (Figure 3A). In a neurobiotin
uptake assay, which monitors channel activity as cellular uptake of
a neurobiotin tracer [9], only the p.Gly45Glu mutant and not the
p.Gly45Glu/p. Tyr136X mutant induced the aberrant uptake
(Figure 3B).

Discussion

Many cases of revertant mosaicism have been reported as
“natural gene therapy” where the mitotic recombination results in
revertant mutations that mitigate the disease symptoms [13-16].
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However, the present study is the first report to demonstrate a
mutant reversion triggering a genetic disease.

The present data of genomic DNA sequencing and haplotype
analysis demonstrate that the patient and her father share an
identical haplotype (Figure 1C, shown in blue). We hypothe-
sized that the entire blue allele in the patient’s genome was
derived from the father, while the other allele (Figure 1C, shown
m yellow) was basically derived from the mother. It seemed,
however, that this allele underwent pre-zygotic reversion during
meiosis of the maternal gamete. The fact that the patient’s
unique allele (Figure 1C, shown in yellow) differs by three non-
continuous SNPs from the unique maternal allele (Figure 1C,
shown in orange) while the neighboring SNPs are conserved
might be explained by multiple events of gene conversion
involving both of the maternal alleles (Figure 1C, shown in
blue and orange) that may have occurred in this genetic
region.

Double cross-over also might account for the recombination,
but it is less likely, considering that the non-conserved and
conserved SNPs in the patient’s allele reside within close
proximity (Figure 1C); the average length of the gene
conversion tract is estimated to be in the range of 55—
290 bp, whereas the cross-over tracts are typically longer [17].
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Figure 2. Configurations and topological mapping of the GJ/B2 mutations in the family. (A) Structures of Cx26 mutants. The mutations/
variants found in each allele of the family members are shown. p.Val27lle and p.Glu114Gly are non-pathological variants. (B) Topological mapping of
the Cx26 mutations. p.Gly45Glu (red) is located in the first extracellular loop domain and is thought to affect the channel activity of gap junctions.
TM1-4: transmembrane domain 1-4; E1-2: extracellular domain 1-2; NT: N terminus; CT: C terminus.

doi:10.1371/journal.pgen.1004276.g002

Mitotic gene conversion has been found in some cases of
revertant mosaicism in cutaneous disease, including general-
ized atrophic benign epidermolysis bullosa [12,13]. We are
unaware of any previous report of multiple gene conversions
within a relatively short genetic segment as in the present case.
However, the present data compel us to consider that it
occurred. Since the patient’s unique allele differs by three or
more base pairs from the counterparts carried by either parent,
we judge the possibility of coincidental accumulation of
spontaneous point mutations at these specific SNP sites to be
highly unlikely. This possibility, however, cannot be complete-
ly excluded.

As evidence supporting our hypothesis, consistent with a
previous report [9], we clearly demonstrated that Cx26
p-Gly45Glu colocalized with the p.Val27lle/p.Glul 14Gly variant
but failed to form gap junctions (Figure 3A). Previous studies have
shown that Cx26 p.Gly45Glu forms hemichannels that are
aberrantly activated at low extracellular Ca2+ levels [9]. The
present study used a neurobiotin uptake assay [9] to show that
only the p.Gly45Glu mutant and not the p.Gly45Glu/p.Tyr136X
mutant induces the aberrant uptake (Figure 3B). These results
taken together support the model in which the p.Tyr136X
mutation confines the dominant gain-of-function effect of the
p-Gly45Glu mutation to prevent the onset of the disease
(Figure 4). Such secondary effects of revertants may pose a
challenge in genetic analyses of extended genes or more than one
gene with functional interactions.

Interestingly, in the group of Japanese patients with bilateral
sensorineural hearing loss, it is not uncommon to find GjB2
p-Gly45Glu carriers, but none of them are affected by KID
syndrome [5]. They uniformly have a tandem p.Tyr136X
mutation, as in the mother of the present case [5]. Thus, we
hypothesized that, in the Japanese population, carriers of
p-Gly45Glu are protected from the lethal form of KID syndrome
by the tandem, confining mutation p.Tyr136X.

To clarify the frequency of the p.Gly45Glu mutation in the
entire Japanese population, we performed screening analysis for
the two mutations p.Gly45Glu and p.Tyrl36X in a normal
control group consisting of 920 overall healthy Japanese individ-
uals (1,840 alleles). Neither p.Gly45Glu nor p.Tyr136X was found
in any of the 1,840 alleles (data not shown). Tsukada et al. [5] also
reported that neither p.Gly45Glu nor p.Tyr136X was found in
252 Japanese healthy control individuals (504 control Japanese
alleles). These results indicate that the alleles with tandem
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p-Gly45Glu and p.Tyr136X mutations are infrequent in the
general Japanese population. However, in the epidemiological
statistics of Tsukada et al. [5], we found screening data for G7B2
mutations in Japanese patients with sensorineural hearing loss.
The report revealed that, among 1,343 Japanese patients with
hearing loss, 33 patients had one or two p.Gly45Glu alleles (34
p-Gly45Glu alleles in 2686 alleles for an allele frequency of 1.27%;
33 carriers in 1,343 patients for a carrier rate of 2.46%). This
means 2.46% of Japanese patients with bilateral sensorineural
hearing loss have one or two p.Gly45Glu alleles. As for the
prevalence of sensorineural hearing loss, it was reported that 3.5
per 1,000 individuals in the entire population have bilateral
sensorineural hearing loss [18]. Thus, calculating from these
epidemiological statistics, we estimate that 8.6 per 100,000
individuals, or approximately 11,000 individuals in the entire
Japanese population, have one or two p.Gly45Glu alleles.
However, no patient with the lethal form of KID syndrome due
to p.Gly45Glu has been reported in the Japanese population as far
as we know, although the mutation p.Gly45Glu has been reported
as a cause of the lethal form of KID syndrome in several European
patients [3,19-22].

Tsukada et al. [5] reported that all 34 alleles with p.Gly45Glu
found in the Japanese patients with sensorineural hearing loss also
had p.Tyr136X, suggesting that p.Gly45Glu is in complete linkage
disequillibrium with p.Tyr136X in the Japanese population. In our
mutation screening, no allele carrying either or both mutations,
p.Gly45Glu and p.Tyr136X, was found in 920 Japanese
individuals (1,840 alleles) and these results support the idea that
p.Gly45Glu is in complete LD with p.Tyr136X in the Japanese
population.

In light of this, we conclude that, even though individuals may
have the dominant lethal mutation p.Gly45Glu, the confining
mutation p.Tyr136X in ¢is configuration protects against the
disease, KID syndrome, in the approximately 11,000 Japanese
individuals in the entire Japanese population who harbor
p.Gly45Glu. The allele with the tandem mutations p.Gly45Glu
and p.Tyr136X causes hearing loss in an autosomal recessive
manner. Most carriers of the tandem mutations in the Japanese
population are heterozygous for the allele, such as the patient’s
mother in the present study, and are not affected with hearling loss.

In summary, our findings demonstrate that the second-site
confining mutation is an imporatant genetic protection mecha-
nism, and its loss, like the opening of Pandora’s box, is a novel
genetic pathogenesis that releases the hidden genetic disease.
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Figure 3. The p.Tyr136X mutation confines the effect of the pGly45Glu mutation. (A) Gap junction formation by the transfected Cx26
variants. Each panel contains two co-transfected cells connected to each other. Wild-type, p.Gly45Glu/p.Tyr136X and p.Gly45Glu mutants of Cx26
were tagged with monomeric Red Fluorescent Protein (mRFP) and co-transfected with Green Fluorescent Protein (EGFP)-tagged Cx26 p.Val27ile/
p.Glu114Gly into Hela cells as indicated. Gap junction formation sites are indicated by arrowheads. The combination of WT Cx26 and Cx26 p.Val27lle/
p.Glu114Gly (top row) results in gap junctions that consist of both Cx26 proteins (yellow signal). The combination of Cx26 p.Gly45Glu/p.Tyr136X and
Cx26 p.Val27lie/p.Glu114Gly (middle row) results in gap junctions with only Cx26 p.Val27lle/p.Glu114Gly (green signal). No apparent gap junction
formation is seen when Cx26 p.Gly45Glu and Cx26 p.Val27lle/p.Glu114Gly are cotransfected (bottom row). (B) Aberrant gate opening detected with
neurobiotin uptake assay. Fluorescent-tagged Cx26s were cotransfected into Hela cells as indicated, and treated with neurobiotin in a calcium-free
condition. Uptake was detected with AlexaFluor350 streptoavidin dye (blue). Aberrant uptake of neurobiotin is observed only in cells cotransfected
with Cx26 p.Gly45Glu and Cx26 p.Val27lle/p.Glu114Gly (bottom row).

doi:10.1371/journal.pgen.1004276.g003
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Figure 4. Schematic of the mechanism whereby the p.Tyr136X
mutation confines the effect of the p.Gly45Glu mutation. The
truncated Cx26 peptides produced from the mutant p.Gly45Glu/
p.Tyr136X are not incorporated into connexons or gap junctions
(middle row), although Cx26 peptides derived from the mutant
p.Gly45Glu are incorporated into connexons, resulting in aberrant gate
opening and malformation of gap junctions (bottom row).
doi:10.1371/journal.pgen.1004276.g004

Materials and Methods

Ethics Statement

This study was approved by the Bioethics Committee of the
Nagoya University Graduate School of Medicine and was
conducted according to The Declaration of Helsinki Principles.
Wiritten informed consent was obtained from the parents.

The Patient and Her Parents
The patient was referred and seen at the Outpatient Clinic of
Dermatology, Nagoya University Hospital.

Sequence Analysis and TA Cloning

Genomic DNA extracted from peripheral blood was used as a
template for PCR amplification, followed by direct automated
sequencing. The entire coding regions of G7BZ including the
exon/intron boundaries were sequenced as reported elsewhere
[4]. TOPO-TA cloning kit (Life Technologies) was used for TA
cloning analyses. PCR primers were designed to amplify the
genetic regions containing the selected SNPs, and the acquired
PCR products were analyzed by direct sequencing. For amplifi-
cation of PCR fragments longer than 1,000 base pairs, KOD-Plus-
Neo polymerase (Toyobo) or PrimeScript GXL polymerase
(Takara Bio) was used and the PCR products were cloned with
the TOPO XI-TA Cloning Kit (Life Technologies) after the
addition of a 3'-adenine overhang.

Verification of the Parent-Child Relationship

The parent-child relationship was validated using AmpFISTR
Identifier plus PCR amplification kit (Applied Biosystems)
according to the manufacturer’s instructions. The combined
probability of exclusion and the combined probability of paternity
(in the case of the odds ratio for prior probability = 1) for 15 STR
loci were calculated to confirm the authenticity of the biological
relationship between the parents and the child.
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Genotyping of GJB2 Mutations in 920 Japanese Control
Individuals

Genomic DNA was extracted from whole blood using the
QIAamp DNA Blood Maxi Kit (Qiagen). Real-time PCR-based
genotyping of the G7B2 mutations was performed with TagMan
MGB probe genotyping assay according to the manufacturer’s
instructions provided by Roche Diagnostics. To detect an allele
of each mutation, a set of two TagMan MGB probes labeled
with a fluorescent dye (FAM or VIC) and a quencher dye (non-
fluorescent dye; NFD) followed by minor groove binder (MGB),
and sequence-specific forward and reverse primers were
synthesized by Life Technologies Corporation. The sequences
of assay probes/primers are shown in Table S3 in this article’s
supplementary material. Real-time PCR was performed with
LightCycler 480 system II 384 plate (Roche Diagnostics) in a
final volume of 5 pl containing 2x LightCycler 480 Probes
Master (Roche Diagnostics), 200 nM probes for wild type and
mutant each and 900 nM forward and reverse primers each,
with 5 ng genomic DNA as the template. The thermal
conditions were the following: 95°C for 10 min, followed by
45 cycles of 95°C for 10 s, 60°C for 60 s and 72°C for 1 s, with
a final cooling at 40°C for 30 s. Endpoint fluorescence was
measured for each sample well. Afterward, genotyping was
performed using endpoint genotyping analysis in LightCycler
480 software.

Eight hundred and twenty controls were analyzed with the real-
time PCR-based genotyping of G7B2 mutations, and another 100
controls were analyzed with the direct automated sequencing for
the entire coding region of G7BZ.

GJB2 Expression Study

Total RNA from the formaldehyde-fixed paraffin-embedded skin
sample of the patient was extracted using the RNeasy FFPE kit
(Qiagen) and Deparaflinization Solution (Qiagen) according to the
manufacturer’s instructions. The total RNA was reverse-transcribed
with a GjB2 specific primer, 5-GGATGTGGGAGATGGG-
GAAGTAGTG-3', using PrimeScriptII 1st strand cDNA synthesis
kit (Takara, Japan). The PCR fragment harboring ¢.134G>A
mutation was amplified with primer sets, 5-GGAAAGAT-
CTGGCTCACCGTCCTC-3" and 5'-CGTAGCACACGTTCT-
TGCAGCCTG-3', and directly sequenced with the same primers.

SNP Array

Chromosome-wide genotyping was performed using Huma-
nOmni2.5-8 BeadChip (Ilumina), which covers a total of
2,379,855 SNPs throughout the genome, including 83,482 SNPs
on chromosome 13. Genomic DNA was hybridized according to
the manufacturer’s instructions and data analysis was carried out
using GenomeStudio software (Illumina).

Cell Culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum. For transfec-
tion of plasmids, cells were seeded onto 8-well LabTek chamber
slides (Thermo Scientific) and transfected with FuGene HD
Transfection Reagent (Roche Applied Science) according to the
manufacturer’s instructions.

Plasmid Construction

The coding sequences of Cx26 variants were amplified from the
genome of the patient or the parents, fused to ¢cDNAs coding
enhanced green fluorescent protein (EGFP) (Clontech) or mono-
meric red fluorescent protein (Clontech), and subcloned into
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pcDNAS.1(-) plasmid using the InFusion HD Cloning Kit (T'akara
Bio). The coding sequences of the generated vectors were checked
for PCR errors by direct sequencing.

Colocalization Assay

HeLa cells were cotransfected with the EGFP-tagged and
mRFP-tagged vectors. Forty-eight hours after transfection, the
cells were fixed with 4% formaldehyde. Fluorescent images were
obtained using FSX-100 microscope system (Olympus).

Neurobiotin Uptake Assay

HeLa cells were cotransfected with EGFP-tagged and mRFP-
tagged Cx26 variant expressing vectors, and neurobiotin uptake
assay was performed as described elsewhere [9]. Briefly, cells
were washed with calcium free Hank’s buffered salt solution for
20 minutes and incubated with phosphate-buffered saline (PBS)
containing 0.1 mg/ml neurobiotin (Vector Laboratories) for
another 20 minutes. Cells were washed three times with PBS
supplemented with 2 mM CaCl, for 10 minutes at 37°C. The
cells were fixed with 4% formaldehyde and permeabilized and
blocked with 3% BSA/0.1% Triton X-100/PBS for 1 hour.
Then the cells are stained with 3% BSA/0.1% Triton X-100/
PBS containing 10 pg/ml Alexa Fluor 350-streptoavidin (Life
Technologies) for 1 hour, followed by three washes with 0.1%
Triton X-100/PBS. Stained cells were fixed with ProLong Gold
antifade reagent (Life Technologies) and fluorescent images were
obtained.

Supporting Information

Figure 81 The G752 mRNA harboring the missense mutation is
expressed in the patient’s skin. (A) RT-PCR from the total RNA
extracted from a formaldehyde-fixed paraffin-embedded skin
sample of the patient. A 136-bp PCR fragment was amplified
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Abstract

Mutations in FLG coding profilaggrin cause ichthyosis vulgaris and are an impor-
tant predisposing factor for atopic dermatitis. Until now, most case-control
studies and population-based screenings have been performed only for prevalent
mutations. In this study, we established a high-throughput FLG mutation detec-
tion system by real-time PCR with a set of two double-dye probes and conducted
comprehensive screening for almost all of the Japanese-population-specific FLG
mutations (ten FLG mutations). The present comprehensive screening for all ten
FLG mutations provided a more precise prevalence rate for FLG mutations
(11.1%, n = 820), which seemed high compared with data of previous reports
based on screening for limited numbers of FLG mutations. Our comprehensive
screening suggested that population-specific FLG mutations may be a significant
predisposing factor for hay fever (odds ratio = 2.01 [95% CIL 1.027-3.936,
P < 0.05]), although the sample sizes of this study were too small for reliable sub-
phenotype analysis on the association between FLG mutations and hay fever in
the eczema patients and the noneczema individuals, and it is not clear whether
the association between FLG mutations and hay fever is due to the close associa-
tion between FLG mutations and hay fever patients with eczema.

Mutations in FLG, the gene-coding profilaggrin/filaggrin, are
an important predisposing factor for atopic dermatitis (AD)
(1) and are significantly associated with asthma with AD,
mainly in the European population (2-4). The prevalence of
FLG mutations in AD patients seems to be increasing (5).

The presence of population-specific FLG mutations has
been reported in both Europeans and Asians (1, 6, 7) and
is a serious obstacle to FLG mutation screening in each
population. We established a real-time polymerase chain
reaction (PCR)-based rapid detection system for Japanese-
population-specific FLG mutations and performed high-
throughput FLG screening on 820 residents in a rural area
of Japan.

Subjects and methods

The subjects were 820 residents (284 males and 536 females)
aged 39-90 years in Yakumo, a rural town in Hokkaido,

Japan (8) (Data S1 and Table S1). The participants were
requested to answer a questionnaire on health and daily life-
style at the occasion of the health checkup. Patients with hay
fever were defined as individuals reported to have had frequent
episodes of all three symptoms of watery eyes, running nose,
and sneezing. Patients with asthma were defined as individuals
reported to have had a history of asthma, which was diag-
nosed by physicians. This study was approved by the Ethics
Review Committee of Nagoya University Graduate School of
Medicine. Ten FLG mutations have been identified in the Jap-
anese population, nine of them found by our group (7). We
have already performed the sequencing of all the coding
regions of FLG for more than 30 Japanese families with ich-
thyosis vulgaris, to identify Japanese-specific FLG mutations
comprehensively. We expect that screening for these ten muta-
tions can detect almost all Japanese FLG mutation carriers.
Thus, the present FLG mutation screening addressed those ten
FLG mutations (Table 1). Real-time PCR-based genotyping
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of the FLG mutations was performed with TagMan probe
genotyping assay (Data S1 and Table S1).

Results and discussion

Of the 820 participants, 89 individuals were heterozygous for
one of the ten FLG mutations, and two individuals were
compound heterozygous for two of the ten mutations. The
distribution of genotypes is shown in Table 1. A total of 91
individuals were carriers of one or two of the ten FLG muta-
tions. Thus, the mutant allele frequency was 0.057, and the
carrier rate was 0.111 in the present study. To confirm the
reliability of the present real-time PCR-based rapid detection
system of FLG mutations, the accuracy of genotyping was
confirmed by direct sequencing or PCR-restriction fragment
length polymorphism (RFLP) of samples obtained from all
carriers and selected noncarriers of the null mutations. As a
result, the presence of FLG mutations was confirmed by
direct sequencing or PCR-RFLP in all 93 alleles in which the
mutations were detected by the real-time PCR-based system.
We performed direct sequencing or PCR-RFLP on 220
alleles (11 individuals, ten mutations) in which no mutation
was detected by the real-time PCR-based system, and we
confirmed that no mutation was found in any of the studied
alleles. These results clearly indicate that the present real-time
PCR-based rapid detection system for the Japanese-popula-
tion-specific FLG mutations is a highly reliable screening
method for population-specific FLG mutations.

In Yakumo town, the prevalence rate of FLG mutations
was found to be relatively high (11.1%) compared with the
data of previous reports (2, 3). We do not know the exact rea-
son, but one possibility is that we studied all the Japanese-
population-specific FLG mutations that we have detected for
the last 8 years in the Japanese population, whereas the preva-
lence rates of FLG mutations in European studies were mostly
evaluated from the data of studies on only a few prevalent
mutations, for example, screening only for R501X and
2282del4, or for the five prevalent mutations in the European
population. If only the seven mutations reported in the previ-
ous study in 2009 (9) had been used in the present study, the
prevalence rate of FLG mutations in Yakumo town would
have been only 7.7%. In light of this, the higher prevalence
rate of 11.1% in the present study might be a reasonable
value. On the other hand, we cannot exclude the possibility
that the present subjects have skewed genetic backgrounds
regarding FLG mutations, because many Yakumo residents
are descendants of immigrants who moved to Yakumo from a
limited area of Nagoya city in central Japan.

According to the present data from a clinical questionnaire
given to 816 Yakumo residents, 63 individuals reported hav-
ing had frequent episodes of watery eyes, runny nose, and
sneezing, and they were considered to be putative hay fever
patients. Of the 91 individuals with FLG mutations, 12 indi-
viduals were putative hay fever patients (13.2%), and of the
725 individuals without FLG mutations, 51 were putative hay
fever patients (7.0%). Thus, FLG mutations were significantly
associated with putative hay fever (odds ratio = 2.01 [95%
CI: 1.027-3.936, P < 0.05]; Table 2).

537-540 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 2 Prevalence of history of asthma, watery eyes, and runny nose (n = 820) for the total group and the subgroups of individuals with
the combined genotype (n = 91) and without the combined genotype (n = 729)

individuals with

Individuals without

History All individuals% (n) FLG mutations% (n) FLG mutations% (n) OR 95% ClI P-value
Asthma 6.6 (54/815) 10 (9/90) 6.2 (45/725) 1.68 0.792-3.561 0.129
Watery eyes 20.8 (170/817) 22 (20/91) 20.7 {150/726) 1.08 0.638-1.833 0.431
Runny nose 25.9 (211/816) 24.2 (22/91) 26.1 (189/725) 0.90 0.544-1.502 0.403
Watery eyes and runny nose 9.1 (74/816) 14.3 (13/91) 8.4 (61/725) 1.81 0.954-3.451 0.056
Putative hay fever {watery eyes, 7.7 (63/816) 13.2 (12/91) 7 (51/725) 2.01 1.027-3.926 0.038

runny nose, sneezing)

Concerning asthma, of the 90 individuals with FLG muta-
tions, nine individuals had asthma history (10.0%), and of
the 725 individuals without FLG mutations, 45 had asthma
history (6.2%). Thus, asthma history was not significantly
associated with FLG mutations (odds ratio = 1.68 [95% CI:
0.792-3.561, P = 0.129]; Table 2). This result, that is, nonsig-
nificant association of general asthma with FLG mutations, is
consistent with previous data by case—control study (4, 10).
However, in the present study, we think that the association
between the FLG mutations and asthma was maybe not sig-
nificant, due to the reduced sample size and power.

Weidinger et al. (11) reported that, independent of eczema,
FLG mutations confer a substantial risk for allergic rhinitis.
Contrasting reports suggest that the significant association
observed between FLG mutations and hay fever may be due
to the close association between FLG mutations and patients
with both hay fever and eczema (10, 12). As for asthma, the
significant association between the FLG mutations and
asthma was thought to be due to the close association
between FLG mutations and asthma patients with eczema
(10-12), although there is a report that suggests a significant
association between FLG mutations and eczema-free asthma
patients (13). In light of this, we tried to perform subpheno-
type analysis to clarify the connection between FLG muta-
tions and hay fever/asthma in the eczema patients and the
noneczema individuals. However, in these subphenotype
analyses, the sample sizes were too small, and we were
unable to obtain reliable data (Data S2). Thus, it is not clear
whether the association between FLG mutations and hay
fever in the present study is due to the close association
between FLG mutations and hay fever patients with eczema.

A number of case~control studies have addressed the asso-
ciation of FLG mutations with asthma and hay fever (2-4,
10, 11). However, the number of studies among the general
population is limited, and previous studies were performed
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Objective. Myositis-specific autoantibodies
(MSAs) are useful tools for identifying clinical subsets
of patients with idiopathic inflammatory myopathies
(IIMs). There have been few reports on antibodies to
some DNA mismatch repair enzymes (MMRESs) in
patients with IIMs. This study was undertaken to deter-
mine the frequencies and clinical associations of anti-
bodies to 7 types of MMREs (MLH1, MLH3, MSH2,
MSH3, MSH6, PMS1, and PMS2) in patients with IIMs
and other systemic autoimmune diseases.

Methods. Clinical data and serum samples were
collected from 239 Japanese patients with IIMs (147
with adult dermatomyositis, 13 with juvenile dermato-
myositis, 57 with polymyositis, and 22 with myositis
overlap syndrome). One hundred patients with other
diseases, including 40 with systemic lupus erythemato-
sus (SLE), were assessed as disease controls. The
presence of anti-MMRE antibodies in serum was exam-
ined by immunoprecipitation, enzyme-linked immu-
nosorbent assay, and immunoprecipitation/Western
blotting.

Results. Anti-MMRE antibodies were found in 15
patients with IIMs and 3 patients with SLE. They were
restricted to MLH1, PMS1, MSH2, and PMS2, with
simultaneous positivity for more than one of these
antibodies occurring in some patients. Nine IIM pa-
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tients with anti-MMREs also had other MSAs and their
associated clinical features. All patients with anti-
MMREs were still living at the time of the present
analysis.

Conclusion. Anti-MMRE antibodies, which often
coexist with other MSAs, may be serologic markers for
good prognosis in IIMs.

Idiopathic inflammatory myopathies (IIMs) are
systemic autoimmune diseases that mainly affect muscle
and/or skin. Various myositis-specific autoantibodies
(MSAs) and myositis-associated autoantibodies (MAAs)
have been described (1). MAAs have been reported in
relation to myositis in overlap syndromes with other
autoimmune diseases. In contrast, MSAs are exclusive to
myositis, and =2 MSAs rarely coexist in a single patient.

DNA mismatch repair is one of several DNA
repair pathways conserved from bacteria to humans. The
primary function of mismatch repair is to eliminate the
mismatch of base-base insertions and deletions that
appear as a consequence of DNA polymerase errors
during DNA synthesis. In humans, there are 2 sets of
mismatch repair enzymes (MMRE:s), corresponding to
homologs of the bacterial MutS and MutL systems (2).
The human MutS homologs are MSH2, MSH3, and
MSH6, and human Mutl homologs include MLHI,
MLH3, PMSI1, and PMS2.

A 2001 report described the presence of autoan-
tibodies to PMS1 in patients with IIM (3). Autoantibod-
ies to PMS2 and MLH1 were also present in some
patients. In 2005, anti-PMS1 and anti-MSH2 antibodies
were found in Japanese patients with IIMs (4). In the
present study, we evaluated the frequencies and clinical
implications of autoantibodies to the 7 types of MMREs
in patients with IIM and other autoimmune diseases.

PATIENTS AND METHODS

Patients. Serum samples from 239 Japanese patients
(56 male, 183 female) with IIM (147 with adult dermatomyo-
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sitis [DM], 13 with juvenile DM, 57 with polymyositis [PM],
and 22 with myositis overlap syndrome) were analyzed for this
study. The sera were from 144 patients seen at Nagoya
University Hospital between 1994 and 2013 and 95 patients
seen at Kyoto University Hospital between 2004 and 2013.
They were obtained at the time of diagnosis (except for 2
samples obtained at a later time point from patients with
juvenile DM) and were from consecutive patients in most cases
(samples from some consecutively diagnosed patients were not
available for study). One hundred patients with other auto-
immune diseases (40 with systemic lupus erythematosus [SLE],
20 with systemic sclerosis [SSc], 20 with rheumatoid arthritis
[RA], and 20 with Sjogren’s syndrome [SS]) were assessed as
disease controls. All 57 patients with PM and 95 of the patients
with adult DM fulfilled the Bohan and Peter criteria (5); 52
patients fulfilled the Sontheimer criteria for clinically amyo-
pathic DM (CADM) (6). The patients with SLE, RA, and SSc
met the respective American College of Rheumatology classi-
fication criteria for these diseases (7-9). SSc was classified as
diffuse cutaneous or limited cutaneous according to the crite-
ria of LeRoy et al (10). SS was diagnosed based on Japanese
diagnostic criteria (11). Clinical information was collected
retrospectively by medical chart review. The study was con-
ducted with the approval of the ethics committees of the
Nagoya University Graduate School of Medical Science and
the Kyoto University Graduate School of Medical Science.

Laboratory tests and serologic assays. Serum samples
were screened for antibodies against SSA, SSB, U1 RNP, Sm,
CENP-B, and double-stranded DNA (dsDNA) using commer-
cial enzyme-linked immunosorbent assay (ELISA) kits (MBL).
In addition, anti~Mi-2, anti-transcription intermediary factor
1y (anti-TIF-1v), anti-melanoma differentiation-associated
protein 5 (anti-MDA-5), anti-nuclear matrix protein 2 (anti-
NXP-2), and anti-aminoacyl-transfer RNA synthetase (anti-
aaRS) antibodies were investigated by protein and RNA
immunoprecipitation (12) and/or immunoprecipitation with
recombinant protein (13).

Immunoprecipitation and ELISA using recombinant
protein. The full-length complementary DNA (cDNA) clones
of 7 human MMRE:s (Flexi ORF Clone) were purchased from
Promega. Biotinylated recombinant protein was produced
from the ¢cDNA, using a T7 Quick Coupled Transcription/
Translation System (Promega) according to our previously
described protocol (13). Briefly, 800 ul TnT Quick Master Mix,
20 pl 1 mM methionine, 30 wl biotin-lysyl-transfer RNA, 120
wl water, and 30 ul DNA (1 pg/pl) were mixed and then
incubated for 60 minutes at 30°C. Immunoprecipitation was
performed using in vitro translation and transcription (TnT)
products as previously described (13).

Anti-MMRE antibodies were also tested by antigen-
capture ELISA according to our previously described methods
(14). Briefly, a 96-well Immobilizer Streptavidin Plate
(Thermo Scientific Nunc) was incubated with 1 ul/well of TnT
reaction mixture including biotinylated recombinant protein.
Wells were then incubated with sera (1:1,000 dilution) and
probed with horseradish peroxidase—conjugated anti-human
IgG antibody (1:30,000 dilution; Dako). After incubation with
SuperSignal ELISA Femto Maximum Sensitivity Substrate
(Thermo Scientific Pierce), relative luminescence units (RLU)
were determined using a GloMax-Multi Detection System
(Promega). Each serum sample was tested in duplicate, and
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the mean RLU minus background was used for data analysis.
The RLU of the samples was converted into units using a
standard curve created with a prototype positive serum.

Immunoprecipitation/Western blotting. Immunopre-
cipitation assays were performed using extracts of the leukemia
cell line K562 as previously described (12), with minor modi-
fications. Patient serum (10 pl) was bound to 10 ul of protein
G-Sepharose Fast Flow (GE Healthcare Japan) in 500 ul of
immunoprecipitation buffer (10 mM Tris HCl [pH 8.0], 500
mM NaCl, 0.1% Nonidet P40) and incubated for 2 hours at
4°C, followed by washing 5 times with immunoprecipitation
buffer. Antibody-coated Sepharose beads were mixed with 100
wl K562 cell extracts derived from 10° cells and rotated at 4°C
for 2 hours. After 5 washes, the beads were resuspended in
sodium dodecyl sulfate (SDS) sample buffer, and samples were
fractionated by SDS-polyacrylamide gel electrophoresis fol-
lowed by Western blotting. Polyclonal antibodies to MLH],
MSH2, PMS1, and PMS2 were purchased from Santa Cruz
Biotechnology.

Statistical analysis. Statistical significance was as-
sessed by Fisher’s exact test, Mann-Whitney U test, or log rank
test, as appropriate. Data were evaluated using SPSS Statistics
(IBM). P values less than 0.05 were considered significant.

RESULTS

Detection of anti-MMRE antibodies in patients
with IIM and other autoimmune diseases. Serum sam-
ples from 239 patients with IIM were screened for
anti-MMRESs using immunoprecipitation with recombi-
nant proteins. PMS1, MLH1, MSH2, and PMS2 recom-
binants were immunoprecipitated by 10, 9, 3, and 2 sera,
respectively, as determined by TnT immunoprecipita-
tion (Figure 1). They were confirmed to react with the
corresponding proteins, since the precipitates were rec-
ognized by polyclonal antibodies to these proteins in
Western blotting (Figure 1). MLH3, MSH3, and MSH6
were not reactive with any sera from the IIM patients,
although their recombinants were produced (Figure 1).

In all of the IIM sera, the presence of each of the
7 anti-MMRE antibodies was also examined by ELISA.
With positivity defined as an RLU value more than 5 SD
above the mean in 20 healthy controls, these analyses
demonstrated that all of the sera that were positive for
antibodies to PMS1, MLH1, MSH2, and PMS2 by
immunoprecipitation were positive by ELISA as well
(data available from the corresponding author upon
request). As in the immunoprecipitation analyses, no
sera were found by ELISA to be positive for anti-MLH3,
anti-MSH3, or anti-MSHG6 antibodies. ‘

Positivity for antibodies to PMS1, MLH1, MSH2,
and PMS2 was also assessed by ELISA in the sera of
disease controls and healthy controls (data available
from the corresponding author upon request). The only
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Figure 1. Detection of antibodies to DNA mismatch repair enzyme (anti-MMRE). In translation and transcription immunoprecipitation (TnT-IPP)
experiments, biotinylated recombinant MLH1, PMS1, MSH2, and PMS2 were assessed by immunoprecipitation. Recombinant proteins were
subjected to 4-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by immunoblotting with streptavidin—
alkaline phosphatase and substrate. In immunoprecipitation/Western blotting (WB) experiments, immunoprecipitates from K562 cell extracts with
human sera were probed with polyclonal antibodies to MLH1, PMS1, MSH2, and PMS2. The input (In.) was half the dose (or a full dose for
immunoprecipitation/Western blotting of MLH1), of the biotinylated proteins or cell extract used for the immunoprecipitation assay. Biotinylated
recombinant MSH3, MSH6, and MLH3 were also subjected to 4-20% SDS-PAGE and analyzed by immunoblotting with streptavidin-alkaline
phosphatase and substrate; no serum samples immunoprecipitated these recombinants. Lanes A-R correspond to anti-MMRE-positive patients

shown in Table 1. nc = normal control serum.

positive results in these assays were found in 3 sera from
patients with SLE. All 3 SLE sera were reactive with
MLHI1; 1 was additionally reactive with PMS1, and an-
other was additionally reactive with MSH2. The
presence of antibodies to MLHI1, PMS1, and MSH2
in these 3 patients with SLE was confirmed by
immunoprecipitation/Western blotting (Figure 1).

Longitudinal study of anti-MMRE antibodies
coexisting in individual patients. Among a total of 18
ITM or SLE patients with anti-MMRE, 8 were positive
for at least 2 types of anti-MMRE antibodies (Table 1).
Patterns of reactivity with 4 MMREs (MLH1, PMSI,
MSH?2, and PMS2) and their combinations were hetero-
geneous among patients and were not associated with
the specific disease or disease subset (data available
from the corresponding author upon request). The
coexistence of anti-MLH1 and anti-PMS1 antibodies
was found most frequently (5 patients). All patients who
were positive for anti-MSH2 and/or anti-PMS2 were
also positive for anti-MLH1 and/or anti-PMS1.

To further investigate the associations of anti-
bodies to different MMRES, we obtained longitudinal

serum samples from 7 patients who were positive for >1
type of anti-MMRE and examined antibody titers by
ELISA (data available from the corresponding author
upon request). In patient D, who was positive for 4
different anti-MMRES, titers of all 4 decreased similarly
over time. Titers of anti-MILHI1 changed in parallel to
those of anti-PMS1 in patients J, K, M, and P and in
parallel to those of anti-MSH?2 in patient Q. In patient B,
titers of anti-PMS1 changed similarly to titers of anti-
MSH2.

Clinical and laboratory profiles of patients with
anti-MMRE antibodies. Of the 239 patients with IIM, 15
were positive for at least 1 anti-MMRE antibody: 5
(5.3%) of 95 adults with DM, 3 (5.3%) of 57 adults with
PM, 2 (3.8%) of 52 adults with CADM, 2 (15.4%) of 13
juvenile patients with DM, and 3 (13.6%) of 22 adults
with myositis overlap (Table 1). The antibody frequency
was higher among female IIM patients (15 of 183) than
among male patients (0 of 56) (P < 0.026). Muscle
symptoms and arthralgia were seen in 12 and 10 patients,
respectively, while internal malignancy was not found.
Among adult patients with DM including CADM, anti-
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