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Table 6. Sex differences in skin diseases

Total; Male; Female

Total; Male; Female

Burn

Trauma

Skin ulcer (nondiabetic)

Pressure ulcer

Miscellaneous physico-chemical
skin damage

Diabetic dermatoses

Atopic dermatitis

Hand eczema

Contact dermatitis

Seborrheic dermatitis

Miscellaneous eczema

Urticaria/angioedema

Prurigo

Drug eruption/toxicoderma

Psoriasis

Palmoplantar pustulosis

Miscellaneous pustulosis

Lichen planus

Miscellaneous inflammatory
keratotic disorders

Tylosis/clavus

Ichthyosis

Miscellaneous keratinization
disorders

Ingrown nail

Miscellaneous nail disorder

Alopecia areata

Androgenic alopecia

Miscellaneous skin appendage
disorders

Scabies

Insect bite

Tinea pedis

Tinea unguium

Miscellaneous tinea

Candidiasis

Miscellaneous mycosis -

Acne

Impetigo contagiosum

Folliculitis

Erysipelas

Cellulitis

Miscellaneous bacterial infection

Molluscum contagiosum

Herpes simplex

Herpes zoster/zoster-associated
pain

Viral wart

892, 1.33%; 414, 1.34%; 478, 1.32%
406, 0.61%; 196, 0.63%; 210, 0.58%
1318, 1.97%; 605, 1.96%; 713; 1.97%
606, 0.9%; 313, 1.01%; 293, 0.81%
675, 1.01%; 303, 0.98%; 372, 1.03%

432, 0.64%; 300, 0.97%; 132, 0.37%
6707, 10.01%; 3486, 11.28%; 3221, 8.92%
2009, 3%; 532, 1.72%,; 1477, 4.09%

2629, 3.92%; 902, 2.92%; 1727, 4.78%
2201, 3.28%; 1295, 4.19%; 906, 2.51%
12523, 18.68%; 6289, 20.35%, 6234, 17.26%
3355, 5.01%; 1251, 4.05%; 2104, 5.82%
1216, 1.81%; 755, 2.44%; 461, 1.28%
1012, 1.51%; 436, 1.41%; 576, 1.59%
2967, 4.43%; 2138, 6.92%; 829, 2.29%
828, 1.24%; 284, 0.92%; 544, 1.51%

170, 0.255%; 67, 0.22%; 103, 0.29%

200, 0.3%; 80, 0.26%; 120, 0.33%

241, 0.36%; 95, 0.31%; 146, 0.4%

911, 1.36%; 292, 0.95%; 619, 1.71%
61, 0.09%, 31, 0.1%; 30, 0.08%
502, 0.75%; 192, 0.62%; 310, 0.86%

594, 0.89%; 197, 0.64%; 397, 1.1%
396, 0.59%; 123, 0.4%; 273, 0.76%
1644, 2.45%; 557, 1.8%, 1087, 3.01%
208, 0.31%; 198, 0.64%; 10, 0.03%
266, 0.4%, 77, 0.25%; 189, 0.52%

96, 0.14%; 50, 0.16%, 46, 0.13%

762, 1.14%; 285, 0.92%; 477, 1.32%
4363, 6.51%; 2225, 7.2%; 2138, 5.92%
3216, 4.8%; 1581, 5.12%, 1635, 4.53%
607, 0.91%; 404, 1.31%; 2083, 0.56%
406, 0.61%; 176, 0.57%; 230, 0.64%
209, 0.31%; 117, 0.38%; 92, 0.25%
2423, 3.62%; 757, 2.45%; 1666, 4.61%
505, 0.75%; 283, 0.92%; 222, 0.61%
749, 1.12%; 432, 1.4%; 317, 0.88%
81, 0.12%; 35, 0.11%; 46, 0.13%

589, 0.88%; 304, 0.98%; 285, 0.79%
909, 1.36%; 497, 1.61%; 412, 1.14%
602, 0.9%; 327, 1.06%; 275, 0.76%
688, 1.03%; 266, 0.86%; 422, 1.17%
1599, 2.39%; 694, 2.25%; 905, 2.51%

3016, 4.5%; 1388, 4.49%; 1628, 4.51%

Miscellaneous viral disorders

Syphilis

Miscellaneous sexually transmitted
diseases

Bullous pemphigid

Pemphigus

Miscellaneous bullous diseases

Systemic sclerosis

Systemic lupus erythematosus

Dermatomyositis

Miscellaneous collagen diseases

Anaphylactoid purpura

Reticular/racemous livedo

Miscellaneous vasculitis/purpura/
circulatory disturbance

Mycosis fungoides

Miscellaneous lymphomas

Pigmented nevus

Seborrheic keratosis

Soft fibroma/achrochordon

Epidermal cyst

Lipoma

Dermatofibroma

Miscellaneous benign skin tumors

Actinic keratosis

Basal cell carcinoma

Squamous cell carcinoma/Bowen’s
disease

Paget’s disease

Malignant melanoma

Miscellaneous malignant skin tumors

Vitiligo vulgaris

Chloasma/senile freckle

Miscellaneous pigmented disorders

Erythema multiforme

Erythema nodosum

Miscellaneous disorders with
erythematous plaques

Nevus/phacomatosis (other than
pigmented nevus)

Rosacea/rosacea-like dermatitis

Granulomatous diseases

Keloid/hypertrophic scar

Cheilitis/angular cheilitis/mucous
membrane diseases

Erythroderma

Other diseases

Total

349, 0.52%; 171, 0.55%; 178, 0.49%
24, 0.04%; 16, 0.05%; 8, 0.02%
40, 0.06%; 26, 0.08%, 14, 0.04%

509, 0.76%; 208, 0.67%; 301, 0.83%
416, 0.62%; 180, 0.58%; 236, 0.65%
139, 0.21%; 67, 0.22%; 72, 0.2%
609, 0.91%; 94, 0.3%; 515, 1.43%
520, 0.78%; 72, 0.23%; 448, 1.24%
300, 0.45%; 76, 0.25%; 224, 0.62%
911, 1.36%; 209, 0.68%; 702, 1.94%
169, 0.25%; 72, 0.23%; 97, 0.27%
80, 0.12%; 21, 0.07%; 59, 0.16%
625, 0.93%; 239, 0.77%; 386, 1.07%

418, 0.62%; 244, 0.79%; 174, 0.48%
283, 0.42%; 149, 0.48%; 134, 0.37%
703, 1.05%; 2086, 0.67%; 497, 1.38%
1090, 1.63%; 537, 1.74%; 553, 1.53%
228, 0.34%; 78, 0.25%; 150, 0.42%
1188, 1.77%; 713, 2.31%; 470, 1.3%
171, 0.26%; 92, 0.3%; 79, 0.22%
110, 0.16%; 44, 0.14%, 66, 0.18%
1651, 2.46%; 673, 2.18%; 978, 2.71%
256, 0.38%; 129, 0.42%; 127, 0.35%
324, 0.48%; 166, 0.54%; 158, 0.44%
447, 0.67%; 272, 0.88%; 175, 0.48%

221, 0.33%; 136, 0.44%; 85, 0.24%
802, 1.2%; 395, 1.28%, 407, 1.13%
531, 0.79%; 291, 0.94%; 240, 0.66%
1123, 1.68%; 473, 1.53%; 650, 1.8%
334, 0.5%; 18, 0.06%; 316, 0.87%
154, 0.23%; 30, 0.1%; 124, 0.34%
194, 0.29%; 89, 0.29%; 105, 0.29%
111, 0.17%; 12, 0.04%; 99, 0.27%
130, 0.19%; 40, 0.13%; 90, 0.25%

266, 0.4%; 89, 0.29%; 177, 0.49%

148, 0.22%; 36, 0.12%; 112, 0.31%
192, 0.29%; 65, 0.21%; 127, 0.35%
184, 0.27%; 73, 0.24%; 111, 0.31%
94, 0.14%; 38, 0.12%; 56, 0.16%

62, 0.09%; 44, 0.14%; 18, 0.05%
662, 0.99%; 315, 1.02%; 347, 0.96%
67 024, 100%; 30 899, 100%;

36 125, 100%
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Figure 5. Correlation between patient numbers and mean
low temperature in urticaria/angioedema and insect bite.

previous hospital-based study in Turkey® reported
that the five most common disorders were atopic
dermatitis, diaper dermatitis, impetigo, seborrheic
dermatitis and miliaria in children aged 0-2 years;
atopic dermatitis, impetigo, warts, contact dermati-
tis and insect bites in children aged 3-5 years;
contact dermatitis, warts, atopic dermatitis, pruritus
and impetigo in children aged 6-11 years; and
acne, contact dermatitis, warts, seborrheic derma-
titis and pruritus in children aged 12-16 years. For
Dutch children aged 0-17 years old in 2001, the
incidence rates per person-year of skin disorders
were, in descending order, warts 34.3, dermato-
phytosis 25.4, contact dermatitis/other eczema
229, impetigo 20.5, laceration/cuts 20.3, atopic
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Figure 6. Correlation between patient numbers and mean
low temperature in tinea pedis and impetigo contagiosum.
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Figure 7. Negative correlation between patient numbers
and mean humidity in seborrheic dermatitis.
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dermatitis 16.5, moniliasis/candidasis 9.8 and mol-
luscum contagiosum 9.5.2 Although the order of
each disease differed from country to country,
atopic dermatitis, miscellaneous eczematous dis-
eases, impetigo and warts appear to share their
top rankings in pediatric dermatology, and this
was also the case in Japan. Similar observations
were also made in 1105 pediatric outpatients aged
0-15 years who visited the hospital of Aarau in
Switzerland between 1998 and 2001.”

In Turkey, Yalcin et al.® examined records for 4099
geriatric patients over 65 years old who were admit-
ted to the Ankara Numune Educational and Research
Hospital from 1999 through 2003. The five most
frequently diagnosed diseases were as follows: in the
group aged 65-74 years, eczematous dermatitis,
fungal infections, pruritus and bacterial and viral
infections; in the group aged 75-84 years, eczema-
tous dermatitis, pruritus, and fungal, viral and bacte-
rial infections; and in the group aged over 85 years,
pruritus, eczematous dermatitis, precancerous lesions
and skin carcinomas, and viral and fungal infec-
tions.? In the present study, the Japanese geriatric
population was also found to suffer very frequently
from miscellaneous eczema and tinea pedis/ungui-
um. In addition, there was a high incidence of psori-
asis in elderly Japanese patients. As expected, we
found conspicuous differences in the incidence of
collagen diseases between the two sexes. A pre-
ponderance of collagen diseases in females was
also evident in Yalgin’s study.?

It should be emphasized again that this study
was simply a measure of skin disorders in patients
attending ordinary dermatology clinics in Japan.
The study holds various limitations and biases, but
it appears to highlight the current situation regard-

© 2011 Japanese Dermatological Association

Prevalence of dermatological disorders in Japan

ing patients presenting dermatological problems in
Japan.
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Letter to the Editor

Altered lipid profiles in the stratum corneum of Sjogren-
Larsson syndrome

Sjogren-Larsson syndrome (SLS) is a rare, autosomal recessive
neurocutaneous disorder characterized by clinical triads, congeni-
tal ichthyoids, spasticity and mental retardation [1]. SLS is caused
by mutations in fatty aldehyde dehydrogenase (FALDH) (or
ALDH3A2) gene [1]. FALDH is a microtonal NAD-dependent
enzyme, which oxidizes medium- to long-chain aliphatic alde-
hydes to fatty acids. Accumulation of fatty alcohol has been shown
in cultured fibroblasts and in plasma from SLS patients [1].
Numbers of mutations of FALDH gene have been shown, although
only three mutations have been identified in Japanese SLS patients
[2~4]. We here report a SLS patient who is a homozygote for one of
the known mutations. In addition to assessing skin phenotype,
permeability barrier function and cutaneous morphology, bio-
chemical analysis revealed novel alterations in lipid profiles in the
stratum corneum associated with barrier function.

A 57-year-old Japanese woman complaining of slightly pruritic
and dry skin with scaling visited our hospital. The patient has been
suffering from scaly skin lesions over the entire body since her
early childhood. She presented generalized dryness, widespread
itchy hyperkeratosis scaly lesions with brown scaling plaques, and
slight erythema on the trunk and extremities (Fig. 1a). The
neurologic examination revealed severe spastic paraplegia in the
lower limbs with an increased muscle tone, hyperreflexia in-all
limbs, and positive Babinski reflexes bilaterally. She also showed
mental retardation (IQ 39). A skin biopsy specimen from the right
arm revealed orthohyperkeratosis with thin granular layers and
mild acanthosis with papillomatosis (Fig. 1b). Electron microscopic
examination showed several lipid droplets without surrounding

membrane in the cornified cells (Fig. 1c). Moreover, abnormal
lamellar granules, which lacked lamellar contents, were present in
the granular cells (Fig. 1d). From these clinical features and
cutaneous morphology, this patient was diagnosed as SLS.
Mutation analysis using a c¢cDNA sample from the patient’s
peripheral white blood cells showed a homozygous point mutation
¢.1157A>G which results in alteration from asparagine to serine at
cordon 386 (p.Asn386Ser) in the B-9 chains containing active
domain of FALDH (Fig. 2a).

Transepidermal water loss (TEWL) of the ichthyosiform lesion
on the extensor and flexor sides of the forearm and back (6.3, 12.2,
10.2 g h~' m~2, respectively) was within the normal range (0-10,
very good; 10-15, good; 15-20, fair; 25-30, poor; more than 30,
very poor). On the other hand, water retention capability was
impaired in the lesion (25.5, normal > 60).

Major barrier lipid content of involved skin was assessed in
comparison to non-ichthyotic scaly lesions from sunburn dermatitis
as a control subject (note: we and others found that there is no
significant difference in lipid content of sunburn scale and of non-
sunburn scales from normal donors [5]). Although there was no
difference in the quantity of cholesterol between the patient and
control, free fatty acid (FFA) was increased by about two-fold over
control (Fig. 2b). In contrast, ceramide (Cer) 1, 6, 7 were decreased in
the patient’s scales compared with those in control samples, while
membrane-bound Cer species, Cer A, which are constituent of the
corneocyte lipid envelope (CLE), were increased. We recently
demonstrated that linoleate required for acylceramide synthesis is
primarily derived from triglyceride (TG) [6]. However, TG content
was not changed in SLS compared with that in control scales (Fig. 2b).

The identical mutation in our case was described in another
Japanese patient with SLS [2]. The other mutations reported in the
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Fig. 1. Clinical appearance. (a) Scaly ichthyosiform erythema was apparent over the trunk. Morphological features of the patient’s epidermis. (b) H&E staining of lesional skin
from the patient’s forearm. Orthohyperkeratosis, slightly thin granular layers and mild acanthosis with papillomatosis are noted, scale bar, 50 wm. (c) Ultrastructually,
electron-tucent vacuoles are present within corneocytes (arrows) scale bar, 2 pm. (d) The presence of abnormal lamellar bodies lacking lamellar contents are evident in the

cytoplasm of the granular cell (arrows) scale bar, 2 pm.
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Fig. 2. (a) Sequencing analysis of FALDH gene. A homozygous point mutation
(c.1157A>G) in the exon 8 that substitutes serine for asparagine at position 386
(p.Asn386Ser). (b) Lipid analysis of scales taken from sunburn lesions of a normal
control individual (white bar) and from the patient’s lesions (black bar) show
increased FFA and Cer A level and decreased ceramide 1, 6, 7 levels in the patient’s
scale compared with control samples. Scales were taken from the upper back skin of
the patient or control subjects. Gene and lipid analysis were performed as we
described previously [4,6].

Japanese cases were c.481delA, c.1087_1089delGTA, ¢.332G>A
(p.Trp111X) and c.636T>G (p.Ser212Arg) [3,4]. All the mutations
found in Japanese families were distinct from one another and no
founder effect was suggested in ALDH3A2 mutations underlying
Japanese SLS cases.

Recent studies by lanthanium perfusion assay, which is more
sensitive for assessing permeability barrier function in vitro using
skin sections than TEWL measurements employed in our study,
reveals abnormal permeability barrier formation, structures, and
function in SLS patients [ 7], while our present study is the first time
for assessing both TEWL and hydration of SLS patient in vivo.
Consistent with this prior study abnormal epidermal barrier
structures [7] are evident in our patient, but alterations of TEWL
were not observed. We assume that hyperkeratosis could attempt
to compensate barrier dysfunction as previously suggested {8] and
result in attempting to minimize barrier abnormality. Yet,
decreased SC hydration in a SLS patient could alter normal SC
environment, leading to abnormal epidermal homeostasis.

It remains to be resolved, however, why FFA level was high in
spite of the deficient activity of FALDH, which was the enzyme
catalyzing the sequential oxidation of fatty alcohol to fatty acid. It
is likely that increased levels of wax esters and alkyl-diacylglycerol
in scales and keratinocytes of SLS [9] derived from fatty alcohol
may contribute to FFA production via hydrolysis with lipase,
because the levels of these lipids were high.

Consistent with a prior study showing a deficiency of Cer 1, 6 in
SLS patients’ skin [10], Cer 1, 6, 7 were decreased in the epidermis
of our case. We further demonstrated that the levels of CLE-bound
ceramides, Cer A, which are produced from acylglucosylceramide,
elevated in the scale from the patient, although Cer 1 (EOS)
generated from the same precursors decreased. Therefore,
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acylgliucosylceramides appear to be preferentially utilized for CLE-
bound ceramide production rather than free (CLE-unbound) lipid
production in the SC. Exact mechanisms for CLE formation have riot
been elucidated yet and it remains to be resolved whether
preferential utilization of acylglucosylceramide for CLE formation
occurs only in the present case or also in other SLS patients.
Moreover, it is unknown how decrease in Cer 1, 6, 7 occur and
whether barrier lipid abnormality in the patient was a primary
event or a secondary phenomenon in the pathogenesis of SLS skin
lesions. Cer 1 is essential lipid species to form epidermal
permeability barrier formation. Thus, not only accumulation of
free fatty acids, but also deficiency of specific ceramide species
might contribute to formation of ichthyotic phenotype in SLS.
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Letter to the Editor

BMP-4 down-regulates the expression of Ret in murine
melanocyte precursors

Bone morphogenetic proteins (BMPs) have been implicated in a
diverse array of biological processes including development and
apoptosis [1]. Ret is involved in the physiological mechanisms of
melanocyte activation and melanin production [2]. Ret expression
in enteric neural precursors is initiated shortly after they emigrate
from the neural plate.

We established three distinct cell populations of mouse
neural crest (NC) cells, NCCmelb4, NCCmelb4M5 and NCCme-
lan5. NCCmelb4 cells have the potential to differentiate into
mature melanocytes, but since they express melanocyte markers
such as tyrosinase-related protein 1, DOPAchrome tautomerase
and Kit, we consider them to be immature melanocytes, not
multipotent precursors that can differentiate into neurons, as
well as glia [3]. NCCmelb4M5 cells belong to the melanocyte
lineage, but are less differentiated than NCCmelb4 cells [4].
NCCmelb4M5 cells do not express Kit and grow independently
of the Kit ligand; these cells have the potential to differentiate
into NCCmelb4 cells, which are Kit-positive melanocyte

precursors. NCCmelan5 cells demonstrate the characteristics
of differentiated melanocytes. We have also established an
oncogene Ret-transgenic mouse line, line 304/B6, in which skin
melanosis, benign melanocytic tumors and malignant melano-
mas develop in a stepwise fashion [2]. A malignant
melanoma cell line, Mel-Ret, was established from the Ret-
transgenic mouse. We found that all four cell lines express
BMP receptors using Western blotting analysis (data not
shown).

Western blotting revealed expression of the Ret protein in
NCCmelb4M5 and in Mel-Ret cells, but in contrast, there was no
expression of the Ret protein in NCCmelb4 or NCCmelan5 cells
(Fig. 1A). Immunostaining also revealed that NCCmelb4M5
(Fig. 1B) and Mel-Ret cells are positive for Ret, but NCCmelb4
and NCCmelan5 cells are negative for Ret. Thus, Ret protein is
expressed in most immature melanoblasts, while melanocytes are
negative for Ret. We then analyzed Ret protein expression in BMP-
4-treated NCCmelb4M5 cells by Western blotting (Fig. 1C-F). BMP-
4 was added to the medium and incubated for 3 days at varying
concentrations. After incubation with 10 ng/ml BMP-4 for 3 days,
Ret protein expression was decreased, and disappeared completely
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Consequences of Two Different Amino-Acid
Substitutions at the Same Codon in KRT14
Indicate Definitive Roles of Structural Distortion
in Epidermolysis Bullosa Simplex Pathogenesis

Ken Natsuga', Wataru Nishie', Brian J. Smith?*?, Satoru Shinkuma', Thomasin A. Smith?, David A.D. Parry*”,
Naoki Oiso®, Akira Kawada®, Kozo Yoneda’, Masashi Akiyama”8 and Hiroshi Shimizu’

Numerous inherited diseases develop due to missense mutations, leading to an amino-acid substitution.
Whether an amino-acid change is pathogenic depends on the level of deleterious effects caused by the amino-
acid alteration. We show an example of different structural and phenotypic consequences caused by two
individual amino-acid changes at the same position. Epidermolysis bullosa simplex (EBS) is a genodermatosis
resulting from KRT5 or KRT74 mutations. Mutation analysis of an EBS family revealed that affected individuals
were heterozygous for a, to our knowledge, previously unreported mutation of c.1237G>C (p.Ala413Pro) in
KRT14. Interestingly, 2 of 100 unrelated normal controls were heterozygous, and 1 of the 100 was homozygous
for a different mutation in this position, ¢.1237G > A (p.Ala413Thr). In silico modeling of the protein demonstrated
deleterious structural effects from proline substitution but not from threonine substitution. In vitro transfection
studies revealed a significantly larger number of keratin-clumped cells in HaCaT cells transfected with mutant
KRT14 complementary DNA (cDNA) harboring p.Ala413Pro than those transfected with wild-type KRT74 cDNA
or mutant KRT74 cDNA harboring p.Ala413Thr. These results show that changes in two distinct amino acids at a

locus are destined to elicit different phenotypes due to the degree of structural distortion resulting from the

amino-acid alterations.

Journal of Investigative Dermatology (2011) 131, 1869-1876; doi:10.1038/jid.2011.143; published online 19 May 2011

INTRODUCTION

Keratins are the largest group of intermediate filament
proteins, which are expressed in epithelial cells (Schweizer
et al., 2006). The prominent intermediate filaments consist
of keratins K1-K20, which are further classified into types |
(K9-K20) and I (K1-K8). Type | and W keratins form non-
covalent type I/ll keratin heteropolymers (Moll et al., 1982).
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Unique keratin expression serves as specific markers that
characterize different epithelial cell types. Of the many kinds
of epithelial cells that exist, basal epidermal keratinocytes
preferentially express K5/K14 heteropolymers (Moll et al.,
1982; Nelson and Sun, 1983). These, in turn, form predomi-
nantly heterodimers in vivo (Coulombe and Fuchs, 1990;
Hatzfeld and Weber, 1990; Steinert, 1990), with chains parallel
to one another and in axial register (Conway and Parry, 1990;
Steinert et al., 1993).

Epidermolysis bullosa (EB) comprises a group of hetero-
geneous disorders in which congenital skin fragility leads to
dermal-epidermal junction separation. EB has been subdi-
vided into three major groups (EB simplex, junctional EB, and
dystrophic EB) and one minor subtype (Kindler syndrome)
based on the level of blister formation (Fine et al., 2008). So
far, mutations in 14 different genes have been identified as
underlying EB subtypes (Fine et al., 2008; Groves et al.,
2010). Among them, mutations in either the KRT5 or KRT14
gene, which encodes K5 and K14, respectively, lead to EB
simplex (EBS) (Coulombe et al., 1991; Lane et al., 1992;
Yasukawa et al., 2006). According to the clinical severity of
blister formation, EBS can be further subdivided into three
major subtypes (Fine et al., 2008). The mildest variant is
"““EBS, localized” (EBS-loc), with blistering confined to the
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hands and feet; the more moderate variant is “EBS, other
generalized”” (EBS-gen-non-DM), with generalized blister
formation; and the most severe variant is Dowling-Meara
type (EBS-DM), which is characterized by severe herpetiform
blistering (Fine et al., 2008; Coulombe et al., 2009).

In this study, we identified a, to our knowledge, previously
unreported missense mutation in KRT14 from a family with
EBS-loc. We also detected a different nucleotide substitution
at the same position in KRT74 in normal control individuals.
To clarify whether each nucleotide substitution is pathogenic,
we used molecular modeling to predict the effect on the
structure that results from a single amino-acid change, and
we examined cultured cells transfected either with wild-type
or with mutated KR774 complementary DNA (cDNA). Here,
we show that two kinds of amino-acid changes at the same
position of KRT714 lead to totally different cell function
in vitro and phenotypes in vivo.

RESULTS

Case description

The proband was a 10-year-old male with blistering on his
soles (Figure 1a). Blisters on his hands and feet were observed
during infancy. New blisters tended to emerge more in the
summer. Nail deformity was also noted (Figure 1b). Ultra-
structural features of skin specimens from the proband
revealed many vacuoles scattered between the nucleus and
basal lamina in the basal keratinocytes (Figure 1c). His family
had several affected members (Figure 1d).

Detection of a novel KRT74 mutation in a family with EBS and
another nucleotide substitution at the same position of KRT74
in normal controls

Direct sequencing of the KRT5/KRT14 gene revealed that the
proband (1l1-2, Figure 1d) was heterozygous for the, to our

Figure 1. Clinical and ultrastructural features of a family with epidermolysis
bullosa simplex. (a) Blisters and erosions are seen in the proband’s right sole
(arrows). (b) Toenail deformities are observed in the proband. (c) Ultrastructural
features of the proband’s lesional skin sample show basal cell cytolysis
(bar=5pm). No apparent keratin clumps are seen. (d) Pedigree of the
proband’s family. Affected individuals are indicated by black fill. The proband
is indicated by an arrow.
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knowledge, previously unreported mutation of ¢.1237G>C
transversion (p.Ala413Pro) in the helix termination motif of
KRT14 (Figure 2a). No other mutations were detected in any
of the exons or exon-intron boundaries of KRT5 and KRT14.

a CCC (proline)
GCC (alanine)
5-GAGATCCCCACCTACC-8
Proband (1-2)
¢.[1237G)Cl+[=]

b #CC (threonine)
GCC (alanine)
5~-GAGATCNCCACCTACC-¥

Normal control
c.[1237G)Al+[=]

c ACC (threonine)
£CC (threonine)
5~GAGATCACCACCTAGC-3
Normal control
c.[1237G)AJ+[1237G)A]

d CCC (proline)
ACC (threonine)
§-GAGATCMCCACCTACC-%

F -3

{1 EMW W c.[1237G)C1+[1237G)A]

e GCC (alanine)
GCC (alanine)
5-GAGATCGCCACCTACC-3

Wild type

Noa o A
YERVANIVAARNANRNAGRVEIN N

Figure 2. KRT14 mutation analysis. (@) The proband (11-2) is heterozygous
for ¢.1237G>C (p.Ala413Pro) in KRT14 (an arrow). (b) in all, 2 out of 100
normal controls are heterozygous for c.1237G>A (p.Ala413Thr; an arrow).
() Similarly, 1 out of 100 normal controls is homozygous for c.1237G > A
(p-Ala413Thr; an arrow). (d) The proband’s uncle (11-3) is compound
heterozygous for ¢.1237G > C (p.Ala413Pro) and ¢.1237G > A (p.Ala413Thr;
an arrow). (e) The wild-type sequence. (f) Mutant allele-specific amplification
shows that affected family members (Figure 1d) harbor ¢.1237G>C
(p-Ala413Pro).
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Affected family members were also heterozygous for the
same mutation in KRT74 (i-1, II-1, 11-3, 11-1, and l1I-5; Figure
1d), and unaffected family members did not have that
mutation (1-2, -2, and 11I-3; Figure 1d). Mutant allele-specific
amplification analysis demonstrated that a 300-bp fragment
derived from the mutant allele was amplified from the
genomic DNA of affected family members (Figures 1d and
2f). This mutation was not found in 200 normal unrelated
alleles (100 Japanese individuals) by direct sequencing.
Unexpectedly, 2 of the 100 normal Japanese controls were
heterozygous for ¢.1237G>A transition (p.Ala413Thr) in
KRT14 (Figure 2b), and 1 of the 100 normal controls was
homozygous for the same nucleotide transition (Figure 2c).
These three individuals with the c¢.1237G>A transition
(p-Ala413Thr) in KRT14 had no history of skin fragility or
nail dystrophy. Interestingly, the proband’s unaffected grand-
mother (I-2) and affected uncle (1I-3) were also heterozygous
for the ¢.1237G> A transition (p.Ala413Thr) in KRT74. The
proband’s affected uncle (lI-3) was compound heterozygous
for p.Ala413Thr and p.Ala413Pro (Figure 2d). However, his
clinical manifestations were similar to those of the other
affected family members. The proband’s unaffected cousin
(-4) is expected to be heterozygous for p.Ala413Thr—
mutation analysis could not be performed without her consent.

Molecular dynamics predicts the deleterious structural change
resulting from p.Ala413Pro substitution in keratin 14 but not
from p.Ala413Thr

An initial structure of the native K5/K14 heterodimer and
the p.Ala413Thr and p.Ala413Pro mutants, representing the
C-terminal 35 residues of each chain, was generated by
comparative modeling. The first 29 residues of each chain
form a classical coiled coil in which generally hydrophobic
residues occupy the heptad-repeat positions ““a” and “‘d”
(Figure 3a), a lysine at position 405 in K14 and 460 in K5,

K Natsuga et al.
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conserved among human intermediate filament proteins
(Strelkov et al., 2002), interact with each other through the
hydrophobic portion of their side chains.

The structure of the native K5/K14 and the two mutants
were subjected to molecular dynamics (MD) simulations to
explore the structural stability. The secondary structure
content in each of the chains throughout the MD simulations
is presented in Figure 3b-d—in this figure, o-helix conforma-
tion is represented in blue. In this native heterodimer (Figure
3b), the o-helix content remains essentially unchanged
throughout the simulation—both peptides maintain helical
geometry across the coiled-coil domains (residues 449-474 in
K5 and 394-419 in K14). At the C termini of K5 and K14, a
stable bend (green), flanked on the N-terminal side by a
stable short turn (yellow), is observed. In K5, a short 3¢ helix
(gray) forms after ~16nanoseconds and is stable for the
remainder of the simulation. Thus, the structure, and
particularly the secondary structure conformation, remains
constant throughout the simulation in the native complex.

The p.Ala413Thr mutation introduces a slight instability
in the helix at the site of the mutation (black triangle),
represented by an infrequent change in conformation to
“turn”” during the simulation (shown in yellow; Figure 3c).
However, the overall a-helix content in this mutant is very
similar to that observed for the native (Figure 3b). In contrast,
in the p.Ala413Pro, peptide predominantly adopts a non-
helical conformation at the position of the mutation through-
out the simulation (Figure 3d). This change in conformation is
also associated with additional instability (turn and coil
conformation) in the helical conformation of residues
C-terminal of the mutation site in both the K5 and K14 peptides
(Figure 3d). Thus, the p.Ala413Thr mutation introduces a
slight instability into the structure of the complex, whereas
the p.Ala413Pro mutation causes significant disruption to the
secondary structure in the C-terminal region of both peptides.

a Ki4 392 EQONQEYKILLDVKTRLEQETATYRRLLEGEDARL 426 . At
K5 447 ARLLREYQELMNTKLALDVEIATYRKLLEGEECRL 481 Head L1 L1212 & Tail
bedetgabodaefgabodefgabodefgad
b
c 3
k!
0
Q
s
0 10 20 30 40 50
Time (ns) Homo sapiens DVKTRLEQEIATYRRLLEGED
. ) : Mus musculus DVKTRLEQEIATYRRLLEGED
[ICoil E@Bend E1Tumn Elo-Helix [ 3q0°Helix Rattus norvegicus  DVKTRLEQEIATYRRLLEGED
Gallus gallus DVKCRLEQEIATYRRLLEGED

Figure 3. Molecular dynamics (MD) of the keratin heterodimer. (a) Sequences of the keratin helix motif and the heptad-repeat positions in K5 and K14.
(b-d) MD simulations. The changes in secondary structure due to an amino-acid substitution were visualized through the MD. These simulations were each run
for 50.0 nanoseconds. Blue indicates the a-helix. The native (b) and p.Ala413Thr (c) peptides retain a-helix geometry (blue colored) throughout the simulation.
In contrast, increased instability in the a-helix was observed in the p.Ala413Pro-mutant peptide (d) bound with K5, which is indicated by the appearance of
yellow-colored turn motif (arrowheads). In the p.Ala413Pro peptide (d), the helical geometry at the C terminus of both K14 and K5 is substantially compromised
throughout the simulation—KS5 is unstructured (coil geometry), and K14 alternates between coil, bends, and turns geometries. (e) A schematic diagram

of K14 structure. Note that Ala*"? is located at the helix termination motif (HTM) of the keratin molecule. Ala*'® corresponds to position ““b” of the heptad
repeat (abcdefg) and is conserved among keratin polypeptides. (f) K14 amino-acid sequence alignment shows the level of conservation in diverse species

of the amino acid Ala*"? (red characters).
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An alanine to proline substitution at the 413 locus of KRT14
protein disrupts the KIF network in HaCaT cells, whereas
alanine to threonine does not

We examined whether the clinical heterogeneity between
individuals with wild-type, p.Ala413Thr, and p.Ala413Pro
mutations in KRT74 could be demonstrated in a cell culture
system. Three mammalian expression vectors containing the

wild-type KRT14 cDNA (K14WT), the mutated KRT74
¢DNA correspondent with the p.Ala413Thr substitution
(K14A413T), and the p.Ala413Pro substitution (K14A413P)
were transiently transfected into HaCaT cells. Detection of
K14 was performed by probing the V5 epitope tag.
Immunoblot analysis confirmed that each construct was
successfully transferred into the HaCaT cells (Figure 4a).

(1}

Keratin clumped cells (%)

Transfected vectors

Figure 4. In vitro assay using HaCaT cells transfected with mutated KRT14 complementary DNA (cDNA). (a) Immunoblot analysis reveals that HaCaT cells
transfected with either wild-type (KT4WT) or mutated KRT74 cDNA (K14A413T and K14A413P) express V5-tagged K14 molecules. Equal protein loading was
confirmed by reprobing with AC15 (anti-B-actin antibody). HaCaT cells transfected with K14WT (b), K14A413T (c), or K14A413P (d; bar =5 pm). To visualize
the transfected gene product, cells were stained with FITC-conjugated anti-V5 antibody. Cells transfected with K14WT and K14A413T have a normal
keratin filament network (b, ¢), whereas significantly more cells transfected with K14A413P exhibit small ball-like clump formation (d). (e) The percentage
of cells showing keratin aggregate formation among transfected cells is compared. There are significantly more clumps observed in the K14A413P-transfected
cells (49 +8%) than in those transfected with either K14WT (17 + 3%) or K14A413T (6 + 4%). Each value shown represents the mean = SEM of 10 individual
samples. The statistical significance of the differences between groups is assessed by one-way analysis of variance, followed by Tukey’s test (*P<0.05).
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Transfection efficiency was up to 50% as judged from the
immunofluorescence of the V5 epitope tag in transfected
cells. The cells transfected with either K14WT or K14A413T
showed fine bundles of keratin filaments extending through-
out the cytoplasm without disturbing the cells’” morphology
(Figure 4b and c¢), whereas cells transfected with K14A413P
exhibited small ball-like filament aggregates, indicating a
disruption in the keratin network (Figure 4d). The percentage
of the transfected cells harboring keratin clumping in each
transfection assay was as follows: K14WT (mean, 17%),
K14A413T (6%), and K14A413P (49%; Figure 4e). Statistical
analysis showed that significantly more clumped cells were
observed in HaCaT cells transfected with K14A413P than
in those transfected with K14WT or K14A413T (P<0.05;
Figure 4e).

Although not statistically significant (P>0.05), fewer
keratin-clumped cells were observed in HaCaT cells trans-
fected with K14A413T than those transfected with K14WT
(Figure 4e). To clarify whether p.Ala413Thr mutation has a
protective effect on keratin aggregation, three different
transfections using HaCaT cells were performed, including
K14A413P alone, a combination of equal amounts of
K14A413P and K14A413T (K14A413P/K14A413T), and a
combination of equal amounts of K14A413P and K14WT
(K14A413P/K14WT). The percentage of the transfected
cells harboring keratin clumping in each transfection
assay was as follows: K14A413P (mean, 42%), K14A413P/
K14A413T (32%), and K14A413P/K14WT (30%; Supplemen-
tary Figure S1 online). The differences in the percentage
of keratin-clumped cells between K14A413P/K14A413T
and K14A413P/K14WT were not statistically significant
(P>0.05), indicating that the p.Ala413Thr mutation is
unlikely to have a protective effect on keratin aggregation
compared with the wild-type sequence.

We further performed three different transfections
(K14WT, K14A413T, and K14A413P) into Hela cells, in
which endogenous K5 and K14 were not expressed but K8
was present as a potential partner of recombinant K14
(Hatzfeld and Franke, 1985; Albers and Fuchs, 1987).
The percentage of the transfected cells harboring keratin
aggregation in each transfection assay was as follows:
K14WT (mean, 14%), K14A413T (10%), and K14A413P
(77%; Supplementary Figure S2 online). Statistical analysis
showed that significantly more clumped cells were observed
in Hela cells transfected with K14A413P than in those
transfected with K14WT or K14A413T (P<0.05; Supplemen-
tary Figure S2 online), confirming the deleterious effect of
p-Ala413Pro mutation in K14 on keratin filament network.
In contrast, no keratin clumping was observed in normal
human epidermal keratinocytes (NHEKs) transfected with any
of the three plasmids (K14WT, K14A413T, and K14A413P;
Supplementary Figure S3 online).

DISCUSSION

A single-nucleotide change in the protein-coding region that
leads to an amino-acid substitution can be assigned either as
a non-synonymous-coding single-nucleotide polymorphism
or as a missense mutation. Numerous single-gene diseases
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have been attributed to missense mutations. However, it is
sometimes difficult to demonstrate the effects of an amino-
acid substitution on protein function and disease phenotype
(Thusberg and Vihinen, 2009); it has been recently shown
that the p.Met119Thr and p.Met119Val mutations in K14
result in EBS-DM and EBS-gen-non-DM, respectively (Cum-
mins et al., 2001). Our study provides a good model to study
the pathogenicity of a single amino-acid substitution, as
replacement of Ala*'? in K14 with proline results in an
EBS family, whereas replacement with threonine results in
normal controls.

Ala*"? is located in the helix termination motif of K14 and
corresponds to position “b" of the heptad repeat (abcdefg)
that is conserved among keratin polypeptides (Figure 3e),
where “a”’ and “’d"’ are usually non-polar amino acids and
the others are polar or charged. Ala*'? is highly conserved
among species (Figure 3f).

Proline lacks an amide hydrogen atom and is unable to
form a hydrogen bond with the carbonyl oxygen atom of the
four amide residues N-terminal of it in an o-helix; thus,
proline residues act as o-helix disruptors (although the
stability of a-helices harboring a proline may be environment
specific (Li et al., 1996)). Previous reports using crystal X-ray
analysis showed marked structural perturbations by proline
residues in polypeptides (MacArthur and Thornton, 1991).
Keratin has a conserved structure with helix motifs, and
proline substitutions in these motifs have been reported to
cause marked structural perturbations (Letai et al, 1992).
As for EBS, proline substitutions in K5/K14 have been
described in 34 cases in the Human Intermediate Filament
Database (http://www.interfil.org/; Szeverenyi et al., 2008),
although no non-synonymous-coding single-nucleotide poly-
morphisms have been detected in the database that cause
proline substitutions. Clinical manifestations in EBS with
proline substitutions vary between the localized and
Dowling-Meara types, although proline substitutions in
helix motifs tend to lead to EBS-DM, and those substit-
utions in domains outside helix motifs are more often
observed in EBS-gen-non-DM.

A Taiwanese patient with EBS-loc has been described as
heterozygous for p.Ala413Thr in K14 (Chao et al., 2002).
However, p.Ala413Thr was recently found in 6 of 112 alleles
in normal Japanese individuals (Hattori et al., 2006). Our
study confirmed the presence of normal control indivi-
duals who are heterozygous for p.Ala413Thr (Figure 2b).
Furthermore, a single normal control was homozygous for
p.Ala413Thr (Figure 2c), which lowers the possibility of
pathogenic effects from threonine substitution at this amino
acid. Threonine and alanine substitute for one another on a
frequency commensurate with their occurrence in structured
proteins (Henikoff and Henikoff, 1992). Thus, structurally
they can be considered interchangeable. Proline, on the
other hand, is seldom observed to substitute for any residue,
including alanine, highlighting its unique structural charac-
teristics. Our in vitro study using HaCaT cells confirmed
that it is not threonine substitution but proline substitu-
tion that causes keratin aggregation. Nevertheless, it is
possible that p.Ala413Thr is a phenotypical mutation in
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certain environmental conditions, as many contributing
factors including temperature, trauma, and location of blister
formation can affect the development of blistering pheno-
types (Coulombe et al., 2009).

Modeling of K5/K14 mutations in coiled-coil structures
provides evidence that a correlation exists between the
clinical severity of EBS and the degree of structural distortion
caused by the underlying amino-acid change (Smith et al.,
2004). Our study has also demonstrated that MD simulations
of keratin mutations accurately correlate with the pathogeni-
city of an amino-acid substitution.

As HaCaT cells are not normal keratinocytes, their
keratin expression level is different from that of NHEK
(Boukamp et al., 1988). No keratin clumping was seen in
NHEK transfected with any of K14WT, K14A413T, or
K14A413P (Supplementary Figure S3 online). This result
indicates that either overexpressed recombinant K14 is
not enough to disrupt keratin network in NHEK due to a
much higher expression of endogenous K14 in NHEK
than in HaCaT cells (Sorensen et al, 2003). On the other
hand, the balance of keratin network may be substantially
altered when recombinant K14 is overexpressed in HaCaT
cells, in which endogenous K14 is reduced compared with
NHEK (Sorensen et al., 2003). The absence of keratin
aggregation in the proband’s skin keratinocytes (Figure 1c),
compared with what was observed in HaCaT cells
transfected with K14A413P, may reflect the greater effect
of K14 mutant introduction in HaCaT cells compared
with NHEK.

In summary, this study gives insight into consequences
of two different amino-acid substitutions at the same
codon. The biological effects of one amino-acid substitution
are hard to predict. In silico and in vitro analyses are
useful for confirming the pathogenicity of missense
mutations.

MATERIALS AND METHODS

Mutation analysis

Genomic DNA extracted from peripheral blood was used as a
template for PCR amplification. The KRT5 and KRT14 genes were
amplified by methods previously described (Stephens et al., 1997;
Hut et al., 2000). DNA sequencing of the PCR products was carried
out with an ABI 3100 sequencer (PerkinElmer Life Sciences-ABI,
Foster City, CA). The mutation nomenclature follows published
mutation nomenclature guidelines (http:/www.hgvs.org/mutnomen)
according to the reference sequence NM_000424.3 for KRT5 and
NM_000526.3 for KRT14, with +1 as the A of the ATG initiation
codon.

Mutant allele-specific amplification analysis

To verify the mutation, mutant allele-specific amplification
analysis was performed with mutant allele-specific primers carrying
the substitution of two bases at the 3’-end mutant allele-specific
primers (Linard et al., 2002; Sapio et al., 2006): forward, 5'-ACGCG
GCTGGAGCAGGAGATTC-3 and reverse, 5'-GACAGCACTAGAGC
TCAGCC-3’. PCR conditions were as follows: 94°C for 5 minutes,
followed by 30 cycles of 94°C for 30seconds, 65°C for 30 seconds,
72°C for 30 seconds, and extension at 72°C for 7 minutes.
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Plasmid construction

cDNA containing the entire coding region of KRT14 (K14WT)
subcloned into the pcDNA 3.1/V5-His vector (Invitrogen, Carlsbad,
CA) was employed (Yoneda et al., 2004). The point-mutated KRT74
cDNAs corresponding to the p.Ala413Pro (K14A413P) and
p-Ala1237Thr (K14A413T) mutations were generated with the use
of the GeneTailor Site-Directed Mutagenesis System (Invitrogen).
Sense primers used for the PCR reactions to generate the K14A413P
and the K14A413T fragments were 5'-CGCGGCTGGAGCAGGAGA
TCcCCACCTACCGC-3' and 5'-CGCGGCTGGAGCAGGAGATCaCCA
CCTACCGC-3', respectively (lower-case letters in bold denote muta-
tions introduced). The anti-sense primer 5'-GATCTCCTGCTCCA
GCCGCGTCTTCACGTC-3' was used to generate both of the mutant
KRT14 cDNAs.

Molecular modeling

The structure of segment 2B in human vimentin (PDB 1GK6)
(Herrmann et al., 2000; Strelkov et al., 2002, 2004) was used as a
template in comparative modeling of the K5/K14 hetero-
dimer and the two mutations (K14-A413P and K14-A413T: 2B-
108,b) using the Modeller (9v7) program (Fiser and Sali, 2003). The
nomenclature K14-A413P: 2B-108,b specifies residue 413 in chain
K14, its position 108 within segment 2B, and its position b within the
heptad repeat. From 25 models of each heterodimer, the structure
with the lowest Modeller Objective function was subjected to MD
simulation.

MD simulations using the GROMACS (v4.0) package of programs
(Hess et al., 2008) were performed using the OPLS-aa force field
(Jorgensen and Tirado-Rives, 1988). lonizable residues were
assumed to be in their charged state, whereas the amine and
carboxyl termini were assumed to be in their neutral form. Each
molecule was solvated in a 75 x 75 x 75 A> water box; sodium and
chloride ions were added to neutralize the system and provide a final
ionic strength of 0.154 m. Protein and water (with ions) were coupled
separately to a thermal bath at 300K using velocity rescaling
(Bussi et al., 2007) applied with a coupling time of 0.1 ps, whereas
the pressure was coupled to an isotropic barostat using a time
constant of 1ps and compressibility of 4.5x 10 bar™'. All
simulations were performed with a single non-bonded cutoff of
10A and applying a neighbour-list update frequency of 10 steps
(20fs). The particle-mesh Ewald method was used to account for
long-range electrostatics (Essman et al., 1995), applying a grid width
of 1.2 A, and a fourth-order spline interpolation. Bond lengths were
constrained using the LINCS algorithm (Hess, 2008; Hess et al.,
2008). All simulations consisted of an initial minimization of water
molecules, followed by 100ps of MD with the protein restrained.
Following positional restraints of MD, all restraints on the protein
were removed and MD continued for a further 50 ns. Coordinates
were archived throughout the simulation at 100-ps intervals.

Cell culture and plasmid transfection

HaCaT-immortalized keratinocytes and Hela cells were maintained
in DMEM (GIBCO, Grand Island, NY) supplemented with 10% (v/v)
fetal bovine serum. NHEKs from neonatal foreskin (Lonza, Allendale,
NJ) were cultured in keratinocyte growth medium (Lonza). Three
different transfections (K14WT, K14A413P, and K14A413T) into
HaCaT cells or Hela cells (2 pg of plasmid in six-well dishes) were
performed using Lipofectamine LTX (Invitrogen) according

- 187 -



to the manufacturer’s instructions. Three different plasmids (K14WT,
K14A413P, and K14A413T) were transfected, respectively, into
NHEK (5pg of plasmid in six-well dishes) with electroporation
using Amaxa Nucleofector apparatus (Amaxa, Cologne, Germany).
Also, three different transfections into HaCaT cells, including
K14A413P alone (2 pg of plasmid in six-well dishes), a combination
of equal amounts of K14A413P (1 pg) and KT4WT (1 ug; K14A413P/
K14WT), and a combination of equal amounts of K14A413P (1 ug)
and K14A413T (1 pg; K14A413P/K14A413T) were performed using
Lipofectamine LTX (Invitrogen).

Immunoblot analysis

At 24 hours after transfection, HaCaT cells were lysed in Laemmli
buffer (consisting of 62.5mm Tris-HCl (pH 6.8), 3% SDS, and 5%
mercaptoethanol) on ice for 10 minutes, cell debris was removed by
centrifugation at 14,000 rpm for 5 minutes, and supernatant was
collected. Supernatants were electrophoresed on a NuPAGE 4-12%
bis-Tris gel (Invitrogen) and transferred to a polyvinylidene difluoride
membrane. The membrane was incubated with horseradish perox-
idase-conjugated anti-V5 antibody (Invitrogen) for 1hour at room
temperature, and the blots were detected using the ECL Plus
Detection Kit (GE Healthcare, Waukesha, WI1).

Confocal laser analysis

At 24 hours after transfection, the cells were washed with phosphate-
buffered saline and fixed with methanol. A FITC-conjugated anti-V5
antibody (Invitrogen) was used to detect transfected cells. All cells
were observed using a confocal laser-scanning microscope (Olym-
pus Fluoview FV300, Tokyo, Japan). The cells with keratin
aggregates were counted in five different areas, two from each
experimental replicate (a mean of 42 cells from each replicate), as
described previously (Yasukawa et al., 2002), and the results
obtained from the 10 counts were expressed as the mean + SEM.
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AKT Has an Anti-Apoptotic Role in ABCA12-Deficient

Keratinocytes

Journal of Investigative Dermatology (2011) 131, 1942-1945; doi:10.1038/jid.2011.132; published online 2 June 2011

TO THE EDITOR

Harlequin ichthyosis (H1) is a hereditary
skin disorder characterized by severe
hyperkeratosis and impaired skin barrier
function (Moskowitz et al., 2004; Akiya-
ma et al., 2005). We have identified the
ATP-binding cassette transporter A12
(ABCA12) as the causative gene of HI
and, furthermore, demonstrated that
ABCA12 is essential for keratinocyte lipid
transport (Akiyama et al., 2005; Yanagi
et al., 2008). Loss of ABCA12 function
causes lipid transport to be defective in
keratinocytes of the upper spinous and
granular layers, resulting in the deposi-
tion of numerous intracellular lipid dro-
plets and malformation of intercellular
lipid layers (Akiyama et al., 2005; Yanagi
et al., 2010). Recently, we have shown
that gangliosides accumulate in the differ-
entiated keratinocytes of HI patients
(Mitsutake et al., 2010). On the basis of
the evidence that lipid accumulation is
involved in keratinocyte apoptosis (Wang
et al, 2001; Uchida et al, 2010), we
investigated apoptotic and anti-apoptotic
parameters in skin samples from Hi
patients and Abcal2™~ HI model mice.

We studied the skin of two HI
patients and that of Abcal2™~ mice.
The ABCA12 mutations of the two HI
patients have been previously reported:
one patient has the homozygous splice
acceptor site mutation ¢.3295-2A>G
and the other has the homozygous
nonsense mutation p.Arg434X (Akiya-
ma et al., 2005). The procedure for
generating Abcal2™~ mice, the estab-
lishment of primary-cultured keratino-
cytes, immunofluorescence staining,
immunoblotting, and real-time reverse
transcriptase PCR analysis has been
previously described (Yanagi et al,
2008, 2010). First, we investigated the
apoptosis of HI patient epidermis by
hematoxylin-eosin stain and TUNEL
assay (In situ Apoptosis Detection Kit,
Takara Bio, Otsu, Japan). In the HI
patients, the nuclei of the granular-layer
keratinocytes were condensed (Figure
1b) and they show positive for TUNEL
labeling (Figure 1d), although apoptotic
nuclei are rare in the normal human
epidermis (Figure 1a, c). The histo-
pathological findings and results of
TUNEL staining of the Abca12™~ mice

Abbreviations: ABCA12, ATP-binding cassette transporter A12; HI, harlequin ichthyosis; PPAR,
peroxisome proliferator-activated receptor; RXR, retinoid X receptor
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were similar to those in the skin of the
HI patients (Figure 1f and h). TUNEL
staining in the epidermis of 18.5-day
embryos indicated that the apoptosis of
keratinocytes started during fetal skin
development (Figure 1j).

We assessed the degree of AKT
activation of Abcal2™~ skin and kera-
tinocytes using anti-AKT  antibody
#4691 and anti-phosphorylated AKT
(Ser473) #4060 antibody (Cell Signal-
ing, Danvers, MA). By immunoblot
analysis, differentiated  primary-cul-
tured keratinocytes and the epidermis
of Abcal2™~ mice showed higher
expression levels of Ser-473 phosphory-
lated AKT than those of the control
wild-type mice (Figure 1o). Immuno-
fluorescence staining detected phos-
phorylated AKT in the upper granular-
layer keratinocytes of the Abcal2™~
mouse skin (Figure 11), but not in the
skin of control wild-type mouse (Figure
1k). Cell proliferation was assessed by
Ki-67 immunofluorescence (Figure 1).
Ki-67 stain was similar in the wild-type
and the Abca12™"~ samples, indicating
that the granular-layer keratinocytes
of the Abcal2™ neonatal mice
showed no excessive cell proliferation.
To clarify whether AKT activation has



anti-apoptotic effects on Abcal2™~ ker-
atinocytes, we performed TUNEL stain-
ing of keratinocytes treated with AKT
inhibitor, which blocks AKT phosphor-
ylation (#124017; InSolution Akt Inhibi-
tor VHI, Calbiochem, San Diego, CA).
Abcal2™"~ keratinocytes incubated with
10pum #124017 AKT inhibitor showed a
notably greater number of TUNEL-posi-

Normal human skin

tive cells than both wild-type keratino-
cytes with AKT inhibitor and Abca12™"~
keratinocytes without AKT inhibitor (Fig-
ure 2). These results suggest that AKT
activation helps Abcal2™ keratino-
cytes to avoid apoptosis. Furthermore,
mRNA and protein levels of peroxisome
proliferator-activated receptor (PPAR)-8
from Abca12™~ epidermis were shown

Harlequin ichthyosis
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to be significantly higher than those
from wild-type epidermis (Tagman
Gene Expression Assay, probe ID,
Mm00803184_m1, Mm99999915_g1,
Applied Biosystems, Carlsbad, CA;
anti-PPAR-8 antibody H-74, Santa
Cruz, Santa Cruz, CA; Supplementary
Figure S1 online), which suggests upre-
gulation of PPAR-8 as a candidate
pathway for AKT activation.

Herein, we have suggested that
apoptosis is involved in the pathome-
chanism of HI. Defective lipid transport
due to loss of ABCA12 function leads to
the accumulation of intracellular lipids,
including glucosylceramides and gang-
liosides (Akiyama et al., 2005; Mitsu-
take et al, 2010). Studies by Wang
et al. (2001) and Sun et al. (2002)
showed that the elevation of ganglio-
side levels leads to keratinocyte apop-
tosis. Thus, we are able to speculate
that the accumulation of gangliosides
leads to the apoptosis of Abcal2™~
keratinocytes, although the exact me-
chanism of apoptosis in Abcal2™"~
keratinocytes remains unclear.

<

Figure 1. ATP-binding cassette transporter A12-
deficient keratinocytes show TUNEL-positive
nuclei and AKT activation. (a-d) In the harlequin
ichthyosis patients, the nuclei of the granular-layer
keratinocytes are condensed (b, white arrows) and
they show positive TUNEL labeling (d, white
arrows), although apoptotic nuclei are rare in the
normal human epidermis (a, ¢). Data shown are
representative of those from the two harlequin
ichthyosis patients. (e, f) Granular-layer keratino-
cytes of Abcal2™/~ mice show more condensed
nuclei (f, white arrows) than those of wild-type
mice (e). (g-) Granular-layer keratinocytes of
Abcal2™" mice, a neonate (h) and an 18.5-day
embryo (j), show TUNEL-positive nuclei. No
TUNEL-positive cells are seen in the epidermis of
the control wild-type mice (g, i). Dotted lines
indicate the basement membrane. Nonspecific
staining is seen on the skin surface (white arrow-
heads). (k, I) By immunofluorescence staining,
AKT activation (Ser-473 phosphorylated AKT;
green) is observed in granular-layer keratinocytes
of Abcal2™~ mice. (m, n) Immunoftuorescence
staining for the Ki-67-proliferation marker shows
similar staining patterns of basal keratinocytes in
wild-type (m) and Abcal2™" (n) samples. (a, b, e,
f; hematoxylin-eosin (H-E) stain. Barsof ¢, d, g, h,
i,j, kI, m n=20pum. Barsofa, b, e f=5um.) (o)
Immunoblot analysis shows that levels of serine-
473-phosphorylated AKT (pAKT) in neonatal
epidermis and differentiated keratinocytes of
Abca12™’~ mice are higher than those of
wild-type mice.
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Wild-type mice Abcaiz—" mice Although Abcal2™"~ granular-layer

i i keratinocytes show characteristics of

{ High Ga* High Ca2* apoptosx's.,. including condfansed nuclei
AKT inhibitor AKT inhibitor and positive TUNEL labeling, they are

able to form epidermal stratification.
In several disorders involving keratino-
cyte apoptosis, e.g., toxic epidermal
necrolysis, the apoptotic epidermal
keratinocytes show not only TUNEL-
positive nuclei but also defective epi-
dermal stratification (Abe et al., 2003).
Thrash et al. (2006) reported that AKT1
Wild-type mice Abca12-"- mice activation is an essential signal for
‘ keratinocyte cell survival and stratifica-

tion, by experiments with gene silencing
and three-dimensional cell cultures.
Thus, we hypothesized that the AKT
pathway might work as a compensatory
mechanism  against  apoptosis  in
Abcal2™~ keratinocytes. We have
clearly shown that AKT activation occurs
in Abcal2™"~ granular-layer keratino-
cytes, which suggests that AKT activation
serves to prevent the cell death of
Abca12™"~ keratinocytes. By immuno-
blot analysis using anti-AKT1/2/3
antibodies  (#2938/3063/3788, Cell
Signaling), Abca12™"~ epidermis showed
f * expression of AKTT and AKT2, but not

Low ca®* (-) (+) Lowca® (-) (+)

Total AKT

PAKT

Western blotting

B-Actin

High
Ca?* condition

TUNEL staining of keratinocytes
AKT
inhibitor (+)

—_'_'l ’ AKT3 (Supplementary Figure S2 online).

100 e ' | Compared with wild-type epidermis,

Abcal2™~ epidermis seemed to have

90 more AKTT than AKT2. From our data

80 and the literature (Thrash et al., 2006),

9 we are able to speculate that AKT1 is the

g 70 major isoform of phosphorylated AKT in
2 60 Abcal2™"~ epidermis.

g We have shown that PPAR-§ is a

g S0 candidate molecule in the upstream

- 40 of the AKT activation pathway in

3 Abca12™"~ keratinocytes. Di-Poi et al.

§ 30 (2002) reported that PPAR-8 has an

< 50i anti-apoptotic role in keratinocytes

via transcriptional control of the

10 AKT1 signaling pathway. PPAR-3 also

0 e X regulates the expression of ABCA12

Wild type Abca12-~  Wild type Abca12™- (Jiang et al., 2008). From these studies,

h Y s A Y d we can speculate that upregulation

AKT inhibitor (-) AKT inhibitor (+) of PPAR-3 is in response to apoptosis

Figure 2. Inhibition of AKT activation leads to apoptosis of Abca72™’~ keratinocytes. (a) Immunoblot or deCYeased ABC/“? expression. To
analysis indicates that the AKT inhibitor can inhibit AKT activation (phosphorylated AKT (pAKT) ascertain the function of PPAR-3,
synthesis) in differentiated keratinocytes. (b-e) TUNEL staining of keratinocytes cultured under high Ca®>*  we performed the experiments using a
condition treated with/without the AKT inhibitor. Neither wild-type cells (b) nor Abca?2™"~ cells (c) are PPAR-S_specific antagonist (GSK0660,
TUNEL positive. Abcal2™"~ keratinocytes with the AKT inhibitor (#124017; 10 pum) show many TUNEL- Santa Cruz). Differentiated Abca 12~
pos!tfve nuclei (e), although only a small number of WI!Q—pre cell.s with the AKT m_h/l_bltor are TUNEL keratinocytes treated with 1 pm GSK0660
positive (d). (Bars=20pum.) (f) Percentage of TUNEL-positive keratinocytes. Abcal2™"~ keratinocytes for 48hours showed TUNEL-positive
with AKT inhibitor shows a significantly greater number of TUNEL-positive nuclei than wild-type R . P

keratinocytes with/without the AKT inhibitor and Abcai2™~ keratinocytes without the AKT inhibitor. nuclei, from which we are able to
(n=3, mean £ 5D, *P<0.05). speculate an anti-apoptotic role for
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PPAR-3 in Abcal2™~ keratinocytes
(Supplementary Figure ST online). From
our studies and the literature (Di-Poi
et al., 2002), PPAR-3 has been shown to
have at least an anti-apoptotic role in
Abcal2™~ keratinocytes; however, it
remains unclear whether the upregula-
tion of PPAR-8 is in response to apoptosis
or decreased ABCA12 expression.

Furthermore, we have measured the
mRNA expression levels of other nucle-
ar hormone receptors, including PPAR-
o, PPAR-y, retinoic acid receptor-o,
liver X receptor-a, liver X receptor-B,
RXR-0, and RXR-y (Applied Biosys-
tems). The mRNA level of RXR-a from
Abca12~~ epidermis was shown to be
significantly higher than that from wild-
type epidermis (Supplementary Figure
S1 online). The interaction between the
upregulation of RXR-oe and AKT activa-
tion in keratinocytes has not been
reported. However, Wang et al. (2011)
reported that RXR-a ablation in the
epidermis enhances UV-induced apop-
tosis, which suggests that RXR-a has an
anti-apoptotic function in keratino-
cytes. Thus, upregulation of RXR-o
may also have an anti-apoptotic func-
tion in Abcal2™ keratinocytes.

In conclusion, the present data
suggest that keratinocyte apoptosis is
involved in the pathomechanisms of Hi
and that the AKT signaling pathway
helps Abca12™~ keratinocytes to sur-
vive during the keratinization process.
In light of this, activation of the AKT
signal pathway may be to our knowl-
edge, previously unreported strategy
for treating keratinization disorders,
including ichthyosis.

See related commentary on pg 1790
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TO THE EDITOR
Health-related quality of life (HRQL) is
commonly assessed by means of standar-

dized questionnaires and expressed in
domain and overall HRQL scores. An
important challenge is to interpret these

scores correctly. What does a given score
really mean? Although there is no standard
approach, several methods exist to facil-
itate the interpretation of HRQL scores.

In a recently published study

Abbreviation: HRQL, health-related quality of life (Prinsen et al., 2010), we identified
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Hydroxyurea (HU) is a hydroxylated derivative of urea
that has been recognized since 1960 as effective against
cancer (1). It is an inhibitor of cellular DNA synthesis,
and it promotes cell death in the S phase of the cell cycle
through inhibition of the enzyme ribonucleotide reductase
(2). The most common indications for HU therapy are
chronic myeloid leukaemia and other myeloproliferative
disorders (3, 4) such as essential thrombocythemia (5)
and polycythemia vera (PV) (6). Cutaneous side-effects,
such as alopecia, diffuse hyperpigmentation, scaling,
lichen planus-like lesions, poikiloderma, atrophy of the
skin and subcutaneous tissues, and nail changes, can
occur during the treatment with HU (7-9). The occur-
rence of painful leg ulcers represents another rare and
incompletely characterized complication that has been
described in patients with myeloproliferative diseases
receiving high-dose long-term HU treatment (10). While
the mode of action of HU on bone marrow elements is
well established, its effects on actively proliferating epit-
helial cells remain less described (11). Poor response to
traditional local and systemic therapy is a typical feature
of HU-induced leg ulcers, and discontinuation of the drug
is often required to achieve complete wound healing (6,
8). Cessation of the drug usually improves the skin ulcer;
although, in some cases, the ulcer remains and additional
therapies, such as skin grafting, are needed (12). We
report here the first case of a leg ulcer that recurred even
after discontinuation of HU treatment.

CASE REPORT

The patient was an 82-year-old Japanese male who had
been diagnosed with PV 9 years before and had been
treated only with phlebotomy and an anti-platelet agent
for several years. Due to splenomegaly and elevated
blood cell counts, HU therapy was started 3 years ago
at a dosage of 1 g daily for a month, followed by 1.0
or 1.5 g daily for 28 months. A good clinical response
was achieved. However, the patient developed painful
ulcers on the left second toe after two years of HU
treatment.

He visited our outpatient clinic and was diagnosed
with an HU-induced skin ulcer. HU was discontinued,
topical application of sulfadiazine silver was performed,
an oral antibiotic (cefdinir) was administered, and the
ulcer epithelialized. However, a new ulcer appeared on
the left lateral malleolar area 46 days after cessation
of HU and gradually enlarged in size. The patient was
admitted to our hospital for treatment of the ulcer.

© 2011 The Authors. doi: 10.2340/00015555-1048
Journal Compilation © 2011 Acta Dermato-Venereologica. ISSN 0001-5555

Examination revealed a 48 x 56 mm ulcer with yellow
necrotic tissue and marginal erythematous oedema
(Fig. 1). Laboratory examination revealed a white
blood cell count of 11.6 x10%/ul, a platelet count of
64.2 x10%1, and a red blood cell count of 5.07 x10%pl.
Anti-nuclear antibody, anti-neutrophilic cytoplasmic
antibodies, anti-cardiolipin antibody, and cryoglobulin
were negative. A skin biopsy taken from the margin of
the ulcer demonstrated leukocytoclastic vasculitis in
the upper dermis (Fig. 2). A wound-healing strategy
of surgical debridement, intravenous prostaglandin E1
administration, and topical application of beta-fibroblast
growth factor, sulfadiazine silver and alprostadil alfadex
was started, and the ulcer began to epithelialize. After
4 months, re-epithelialization was complete. The PV
was treated with busulfan, achieving a good clinical
response.

DISCUSSION

HU is usually well tolerated and has low toxicity (1).
However, cutaneous adverse effects such as diffuse
hyperpigmentation, brown discoloration of the nails,
acral erythema, photosensitization, fixed drug erup-
tion, alopecia, and oral ulceration have been reported
(7-9). Stahl & Silber (10) first reported HU-induced
skin ulcers in 1985. Montefusco et al. (11) reported

Fig. 1. Left foot with an ulcer on the lateral malleolar area after two months
free of hydroxyurea administration. The ulcer was covered with yellow
necrotic tissue and surrounded by oedematous erythema.
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Fig. 2. Histology of erythema on the margin of the ulcer (haematoxylin-eosin
staining). Fibrin deposition on the vascular wall and nucleic debris were
evident around small vessels (x100). (E: epidermis; V: blood vessels; N:
neutrophilic nuclear debris)

that, among 200 chronic myeloid leukaemia patients
treated with HU, 17 (8.5%) developed leg ulcers. Ho-
wever, they achieved complete resolution or significant
improvement after discontinuation of HU therapy (11).
HU-induced leg ulcer and complete resolution within
several months after drug discontinuation has also been
reported in other myeloproliferative disorder, such as
PV (6) and essential thrombocythemia (5). In those
cases, as in ours, most of the patients had been treated
with >1 g of HU per day for at least one year (8). In
the present case, the patient was treated with >1 g of
HU per day for 28 months. The ulcer occurred on his
lateral malleolus, which histologically showed leuko-
cytoclastic vasculitis. These features are consistent with
previous reports of HU-induced leg ulcer.

From previous reports, the pathogenesis of HU-
induced ulceration remains unclear and it may be
multifactorial. It has been postulated that ulcers may
be the result of: (i) interruption of microcirculation due
to leukocytoclastic vasculitis or arterial microthrombi
related to platelet dysregulation (13, 14); (if) cumulative
toxicity in the basal layer of the epidermis through inhi-
bition of DNA synthesis (8); and (iii) repeated mecha-
nical injury in areas subject to trauma: a perimalleolar
area for instance (15).

In the case described here, a new ulcer developed
even after cessation of HU administration. As for the
pathogenic mechanism of recurrence, (i) interruption
of microcirculation could result from hyperviscosity
due to the elevated platelet count (as high as 100 x10%/1
in one measurement) (13, 14), although no thrombi
were observed histologically in the capillaries or small
vessels. (if) The direct cytotoxic effect of HU (8) may

Acta Derm Venereol 91

continue even after the withdrawal of the drug, and
it may inhibit the repair of (iii) small injuries in the
perimalleolar area: the one of the area susceptible to
physical trauma (15). These assumptions can be made
from the pathogenesis of HU-induced ulcer reported
previously (8, 13-15).

To our knowledge, this is the first report of recurrence
of HU-related leg ulcer after the discontinuation of
medication. The case suggests that it is important to pay
careful attention to recurrence even after cessation of
HU therapy. Precise, early treatment for microtraumas
and small ulcers should be administered to patients with
a long history of HU medication.
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