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Lamellar ichthyosis (LI) is a genetically heteroge-
neous, severe genodermatosis showing widespread
hyperkeratosis of the skin. Transglutaminase 1
(TGase1) deficiency by TGase1 gene (TGM1) muta-
tions is the most prevalent cause of LI. Screening of
TGase1 deficiency in skin is essential to facilitate the
molecular diagnosis of LI. However, cadaverine, the
most widely used substrate for TGase activity assay, is
not isozyme specific. Recently, a human TGase1–spe-
cific highly preferred substrate peptide K5 (pepK5)
was generated. To evaluate its potential as a diagnostic
tool for LI, we performed pepK5 labeling of TGase1
activity in normal human and LI skin. Ca2�-depen-
dent labeling of FITC-pepK5 was clearly seen in the
upper spinous and granular layers of normal human
skin where it precisely overlapped with TGase1 im-
munostaining. Both specificity and sensitivity of
FITC-pepK5 labeling for TGase1 activity were higher
than those of FITC-cadaverine labeling. FITC-pepK5
labeling colocalized with involucrin and loricrin
immunostaining at cornified cell envelope forming
sites. FITC-pepK5 labeling was negative in LI patients
carrying TGM1 truncation mutations and partially
abolished in the other LI patients harboring mis-
sense mutations. The present results clearly indi-
cate that pepK5 is a powerful tool for screening LI
patient TGase1 deficiency when we make molecular
diagnosis of LI. (Am J Pathol 2010, 176:1592–1599; DOI:

10.2353/ajpath.2010.090597)

One of the essential events during terminal differentiation
of epidermal keratinocytes and skin barrier formation is
the production of a 15-nm-thick layer of protein on the
inner surface of the keratinocyte cell membrane, termed
the cornified cell envelope (CCE). The CCE is assembled
by the accumulation of several precursor proteins includ-
ing involucrin and loricrin.1 It is known that the precursor
proteins are cross-linked together by the formation of
N�-(�-glutamyl) lysine isodipeptide bonds catalyzed by
the action of transglutaminase isoforms. Transglutami-
nase 1 (TGase1) is a key enzyme in CCE formation in the
epidermis.

Lamellar ichthyosis (LI) is a major subtype of autoso-
mal recessive congenital ichthyosis and clinically char-
acterized by large, thick, dark scales over the entire body
without serious background erythroderma.2 Since the
identification of TGase1 gene (TGM1) mutations in a
number of families with LI in 1995,3,4 more than one
hundred TGM1 mutations have been reported in LI fam-
ilies. TGase1 deficiency attributable to TGM1 mutations is
a major underlying causative factor in LI patients,5,6

although LI is thought to be a genetically heteroge-
neous disorder and several causative molecules includ-
ing TGase1 have been identified.3,4,7,8–11 Although ge-
notype/phenotype correlations in autosomal recessive
congenital ichthyosis including LI with TGM1 mutations
have been studied for years, the exact nature of the
relationship has yet to be fully elucidated.5,6,12–15 Thus, it
is difficult to know whether a causative gene is TGM1 or
not in each LI patient from each patient’s clinical features
alone.
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To date, to facilitate molecular diagnosis in LI patients
with TGM1 mutations, in situ transglutaminase (TGase)
activity assays have been performed using cadaverine
as a substrate to detect TGase1 activity in the patients’
skin,16–20 despite the fact that cadaverine is not an
isozyme-specific probe, and detects total TGase activity
in the epidermis. Recently, a human TGase1 specific,
highly preferred substrate peptide K5 (pepK5) was gen-
erated.21 We hypothesized that, as previously shown in
mouse skin, pepK5 would detect in situ TGase1 activity
with high specificity and sensitivity in the human epider-
mis. If it is the case, pepK5 can be a useful tool to detect
TGase1 deficiency in LI patients with TGM1 mutations.

In the present study, we demonstrated that pepK5 can
be used as an efficient probe to detect TGase1 activity in
the human epidermis. In addition, we performed in situ
TGase1 activity assay using pepK5 in skin specimens
from LI patients with TGM1 mutations and clearly re-
vealed that this preferred substrate for TGase1, pepK5 is
a powerful tool for evaluation of TGase1 activity in LI
patients and for molecular diagnosis of LI.

Materials and Methods

Synthesis of Transglutaminase Substrate
Peptides

PepK5, peptide K5QN (pepK5QN), and peptide form T26
(pepT26) were synthesized as previously described.21,22

Briefly, a phage-displayed random peptide library was
used to screen primary amino acid sequences that are
preferentially selected by human TGase1. The pep-
tides selected as glutamine donor substrate exhibited a
marked tendency in primary structure, conforming to the
sequence: QxK/R�xxxWP (where x and � represent non-
conserved and hydrophobic amino acids, respectively).
Using glutathione S-transferase (GST) fusion proteins
of the selected peptides, several sequences were
identified as preferred substrates and confirmed that
they were isozyme-specific. The 12-aa peptide pepK5
(YEQHKLPSSWPF) was synthesized. Even in peptide
form, K5 appeared to have high and specific reactivity
as substrate. In addition, a mutant peptide in which
glutamine was substituted by asparagine was also
synthesized as pepK5QN (YENHKLPSSWPF). pepT26
(HQSYVDPWMLDH) was synthesized as the transglu-
taminase 2 (TGase2) preferred substrate peptide for
comparison.22 Finally, these synthesized peptides
were conjugated with FITC.21

In Situ TGase1 Activity Assay

Skin sections were prepared from skin biopsy patient
specimens and normal control specimens using stan-
dard methods.21,23 The frozen sections were dissected
into 6-�m slices and stored frozen at �80°C until use.

Sections were dried and then blocked with 1% BSA in
NaCl/Pi at room temperature. The sections were incu-
bated for 90 minutes with a solution containing 100
mmol/L Tris/HCl pH 8.0, 5 mmol/L CaCl2 or 1 mmol/L

EDTA, and 1 mmol/L dithiothreitol, in the presence of 5
�mol/L (or other concentrations) of FITC-labeled sub-
strate peptide or FITC-cadaverine (Sigma-Aldrich, St.
Louis, MO). This in situ TGase1 activity assay works by
measuring the fluorescence of fluorescein isothiocyanate
(FITC)-labeled substrate peptide incorporated into cellu-
lar proteins by cross-linking catalyzed by TGase1. After
washing with NaCl/Pi three times for 5 minutes, antifading
solution was added to the sections, which were then
sealed with a cover glass and mountant. In addition, we
performed the above-mentioned pepK5 labeling using
normal human skin specimens and LI patients’ skin sam-
ples under various incubation conditions (pH 7.4, 8.0 and
8.4; temperature 25°C, 33°C and 37°C).

Double Labeling for in Situ TGase1 Assay and
Immunofluorescence Staining

For double labeling (in situ TGase1 activity assay and im-
munofluorescence), at first, we performed in situ TGase1
activity assay as described above, then the sections were
labeled with immunofluorescence methods below. Immuno-
fluorescence labeling was performed as described previ-
ously.23 Primary antibodies used in this study were as
follows: mouse monoclonal anti-TGase 1 antibody (B.C1;
Biomedical Technologies, Inc., Stoughton, MA), rabbit poly-
clonal anti-TGase1 antibody (Novus Biologicals, LLC, Little-
ton, CO), anti-loricrin antibody (Covance Lab., Richmond,
CA), and anti-involucrin antibody (Biomedical Technolo-
gies, Inc., Stoughton, MA). We used FITC-conjugated or
tetramethylrhodamine-isothiocyanate (TRITC)-conjugated
rabbit anti-mouse immunoglobulin (Jackson ImmunoRe-
search Laboratories, Inc. West Grove, PA) or donkey anti-
rabbit immunoglobulins (DAKO, Glostrup, Denmark), as
secondary antibodies.

Ichthyosis Patients Involved in the Present Study

In total, four unrelated LI patients with TGM1 mutations
were included in this study. Patient 1 was a recently
examined LI case and the other three patients were re-
ported previously.6,20,24 As controls, two TGM1-unrelated
autosomal recessive congenital ichthyosis patients har-
boring ABCA12 mutations25 were also included in the
present study.

Fully informed consent was obtained from the partici-
pants or their legal guardians for this study. This study
had been previously evaluated and approved by the
ethics committee at Hokkaido University Graduate School
of Medicine and was conducted according to the Declara-
tion of Helsinki Principles.

Mutation Search

TGM1 mutation search was performed as previously re-
ported.19 Briefly, genomic DNA isolated from peripheral
blood was subjected to polymerase chain reaction am-
plification, followed by direct automated sequencing and
verification of the mutation by restriction enzyme diges-
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tions. Most oligonucleotide primers used for amplification
of all 15 exons of TGM1 have been reported elsewhere12

and partially modified for the present study.19 The entire
coding regions of TGM1 including the exon/intron bound-
aries were sequenced using genomic DNA samples from
patients and their family members. One hundred normal
alleles (50 unrelated, healthy Japanese individuals) were
sequenced as normal controls.

Results

In Situ Assay Using pepK5 Detected TGase1
Activity with High Specificity and Sensitivity in
the Upper Epidermis of Normal Human Skin

With the presence of CaCl2 in the reaction mixture, we
detected specific incorporation of FITC-labeled pepK5
(FITC-pepK5; 5 �mol/L) into substrate proteins in the
epidermis, mainly at the cell periphery of the upper spi-
nous and granular layers of normal human skin (Figure
1A). No signal was detected in the presence of EDTA
(Figure 1B), or when we used FITC-conjugated pepK5QN
mutant peptide (FITC-pepK5QN; Figure 1C), which indi-
cated that the cross-linking reaction was catalyzed
specifically by TGase1. Using FITC-conjugated pepT26
(FITC-pepT26), a preferable substrate for TGase2, only
faint labeling was obtained around the granular layer
cells and this labeling was abolished in the presence of
EDTA (data not shown). Under various incubation condi-
tions, pH 7.4, 8.0, and 8.4, temperature 25°C, 33°C, and
37°C, no significant difference in the pepK5 labeling
intensity was observed in normal human epidermis (data
not shown).

The FITC-pepK5 labeling pattern corresponded well
with the localization of TGase1 by immunostaining with
anti-TGase1 antibody. Double labeling for in situ TGase1
activity assay using FITC-pepK5 and immunostaining
for TGase1 molecule showed completely overlapping
colocalization of these moieties at the cell periphery
of both the upper spinous and granular layer cells
(Figure 1, D–F).

Double Labeling for TGase1 Activity with pepK5
and CCE Precursor Proteins Demonstrated that
pepK5 Labeling Precisely Localized to Sites of
CCE Formation

Immunofluorescence labeling for involucrin, a major CCE
precursor protein, was seen in the upper half of the
epidermis (Figure 1H). Double labeling for in situ TGase1
activity assay using pepK5, and involucrin immunolabel-
ing showed that, in the upper spinous and granular cell
layers, pepK5 labeling and involucrin co-localized at the
cell periphery (Figure 1, G–I). In addition, double labeling
for the in situ TGase1 activity assay using pepK5, and
immunolabeling for loricrin, another major CCE precursor
protein, revealed almost complete colocalization of

Figure 1. PepK5 labeling detected in situ TGase1 activity with high speci-
ficity and sensitivity at CCE forming sites in normal human skin. A–C: In situ
TGase1 activity detected by pepK5 in normal skin. Detection of in situ TGase
1 activity using FITC-labeled pepK5 (5 �mol/L) showed intense membrane-
restricted staining within the upper spinous and granular layer keratinocytes
of a normal human skin (A). In the presence of EDTA, the pepK5 labeling
was completely abolished (B). No labeling was observed with FITC-labeled
mutant K5 peptide (pepK5QN; C). Specific labeling, green (FITC); nuclear
stain, red (propidium iodide). White dots, basement membrane zone. D–F:
Double labeling with pepK5 and anti-TGase1 antibody in normal human
skin. Both pepK5 labeling (D, green, FITC) and anti-TGase1 antibody (B.C1)
labeling (E, red, TRITC) are seen in the upper epidermis, mainly in the
granular layers. The merged image clearly demonstrates that both labeling
patterns almost completely overlap (yellow) each other on the cell mem-
brane of the upper epidermal keratinocytes (F). pepK5 labeling, green
(FITC), anti-TGase1 antibody labeling, red (TRITC); nuclear stain, blue
(TOPRO). White dots, basement membrane zone. G–L: Double labeling with
anti-CCE precursor protein antibodies and pepK5 in normal human skin.
Anti-involucrin antibody labeling (H, red, TRITC) is seen in the upper half of
the epidermis, although pepK5 labeling (G, green, FITC) is observed mainly
in the uppermost spinous and granular cell layers. Involucrin and pepK5
labeling overlap each other (yellow) on the cell membrane of the uppermost
spinous and granular cell layer keratinocytes in the merged image (I). Both
pepK5 labeling (J, green, FITC) and anti-loricrin antibody labeling (K, red,
TRITC) are seen mostly within the uppermost spinous and granular layers.
The merged image shows that loricrin and pepK5 labeling clearly overlap
(yellow) each other on the cell membrane of the granular layer keratinocytes
(L). FITC-pepK5 labeling, green; anti-involucrin and anti-loricirn antibodies,
red (TRITC); nuclear stain, blue (TOPRO). White dots, basement membrane
zone. M–R: Detection of TGase1 activity in normal human skin sections using
graded concentrations of pepK5 or cadaverine. Intense labeling is seen in the
upper epidermis with 10 �mol/L (M) and 5 �mol/L (N) of FITC-pepK5. Only
the granular layer keratinocytes are labeled with 1 �mol/L (O) of FITC-
pepK5. Using 10 �mol/L (P) of FITC-cadaverine, all epidermal keratinocytes
are labeled. With 5 �mol/L (Q) of FITC-cadaverine, entire epidermis is faintly
labeled. No labeling is observed with 1 �mol/L (R) of FITC-cadaverine. M–O:
FITC-pepK5 labeling, green; P–R: FITC-cadaverine labeling, green; nuclear
stain, red (propidium iodide). Substrate concentrations, 10 �mol/L (M, P), 5
�mol/L (N, Q), 1 �mol/L (O, R). Scale bars � 50 �m.
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TGase1 activity and loricrin in the cell periphery of the
upper spinous and granular layer cells (Figure 1, J–L).

PepK5 Detected in Situ TGase1 Activity
Efficiently Compared with Cadaverine

We also compared the reactivity of FITC-pepK5 and
FITC-cadaverine, which has been previously used for
detection of in situ TGase activity in normal human skin at
various concentrations, 10, 5, 1, and 0.1 �mol/L (Figure
1, M–R). At 10 �mol/L and 5 �mol/L concentrations,
intense FITC-pepK5 labeling was observed mainly in the
cell periphery of the upper spinous and granular layer
keratinocytes in the normal human epidermis. At 1 �mol/L
concentration, FITC-pepK5 labeled only the granular
layer keratinocytes, and at 0.1 �mol/L concentration (data
not shown) no FITC-pepK5 labeling was seen in the
normal human epidermis. In contrast, using FITC-cadav-
erine at 10 �mol/L concentration, the entire epidermis
was labeled, and at 5 �mol/L concentration only faint
FITC-cadaverine labeling was seen in all of the layers of
normal human epidermis. At 1 �mol/L or 0.1 �mol/L (data
not shown) concentration, no FITC-cadaverine labeling
was obtained in the epidermis. These results suggest that
FITC-pepK5 detects endogenous TGase1 activity with
greater sensitivity, at least more than ten times higher
than FITC-cadaverine in human epidermis. In addition,
considering the labeling patterns in the epidermis by the
two substrates, specificity of pepK5 to TGase1 seemed
to be much higher than that of cadaverine.

TGM1 Mutations and Clinical Features of LI
Patients Involved in the Present Study

TGM1 mutations and clinical features of the patients in-
cluded in the present study are summarized in Figure 2,

A–C. Patients 1 and 2 showed a typical, classic LI phe-
notype. Patients 3 and 4 had a mild LI phenotype with
mild hyperkeratosis mainly on the trunk. Patient 4 had a LI
phenotype termed as “bathing suit ichthyosis”26 with re-
stricted affected regions on the trunk.

Patient 1 was a newly examined LI case. Patient 1 was
compound heterozygous for the two TGM1 nonsense
mutations, p.Arg106X and p.Gln234X (c.[316C�T]�
[700C�T]; p.[Arg106X]�[Gln234X]; Figure 2B) and
showed a typical classic form of LI. One mutation
p.Gln234X was a novel mutation and the other mutation
p.Arg106X was previously reported.27 These mutations
were not found in 100 normal control alleles (50 unrelated,
healthy Japanese individuals) and were not thought to be
polymorphisms. The three other patients included in the
present study had been reported previously to have a total
of three TGM1 mutations including p.Arg307Trp, a preva-
lent TGM1 mutation in the Japanese population.6,20,24

PepK5 Labeling Clearly Detected Defective
TGase1 Activity in the Skin of LI Patients

In Patients 1 and 2, membranous TGase 1 activity de-
tected by FITC-pepK5 in the upper spinous and granular
layers of the patients’ epidermis was completely lost (Fig-
ure 3, A and B). In Patient 3, membranous TGase 1
activity detected by FITC-pepK5 in the upper spinous
and granular layers of the patient’s epidermis was ob-
served, but remarkably weaker (Figure 3C) than that of
normal control human epidermis (Figure 3E). In Patient 4,
membranous TGase1 activity demonstrated by FITC-
pepK5 in the upper spinous and granular layers of the
patient’s epidermis was present, but restricted solely to
the granular layer cells and cells just below the granular
layer and was significantly weaker (Figure 3D) than that
of normal control human epidermis (Figure 3E). In the

Figure 2. TGM1 mutations and clinical features
of LI patients in the present study. A: Summary
of the TGM1 mutations and phenotypes of the LI
patients included in the present study. Note Pa-
tients 1 and 2 harbored truncation mutations in
both alleles and exhibited a severe phenotype,
and Patients 3 and 4 carried missense mutations
in both alleles exhibiting a milder phenotype. An
underlined mutation was a novel mutation. B:
Direct sequence analysis of exons 2 and 4 of
Patient 1 revealed heterozygous nonsense mu-
tations, c.316C�T (p.Arg106X) and c.700C�T
(p.Gln234X). C: Schematic sequential arrange-
ment of the domain structure of the TGase1
polypeptide. Mutations in the present LI patients
are marked by arrows. Red characters and
arrows indicate novel mutations and black ones
are previously reported mutations. Note that
three truncation mutations are located upstream
to the catalytic core domain. Two missense mu-
tations are in the �-sandwich domain and the
catalytic core domain, which are important for
enzyme activity.
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epidermis of the two patients with ichthyosis caused by
ABCA12 mutations, other than TGM1 mutations, intense
membrane TGase1 activity was normally observed in the
upper spinous and the granular layers by pepK5 labeling
(data not shown).

Immunofluorescent labeling using rabbit polyclonal
anti-TGase1 antibody revealed that TGase1 immuno-
staining was not seen in the epidermis of Patients 1 and
2 (Figure 3, F and G). In the epidermis of Patients 3 and
4, positive immunostaining for TGase1 molecule was ob-
served mainly in the granular layer (Figure 3, H, I, and J).
From the results of pepK5 labeling and immunostaining
for the TGase1 molecule, in Patients 1 and 2, it was
thought that immunoreactive, intact TGase1 molecule
was absent from the epidermis, resulting in the absence
of FITC-pepK5 labeling. In Patients 3 and 4, although
immunoreactivity for TGase1 was detected in the epider-
mis, FITC-pepK5 labeling was remarkably weak, sug-
gesting reduced enzyme activity of TGase1 molecules
expressed in the epidermis of these patients.

In the epidermis of any LI patient, no significant differ-
ence in pepK5 labeling pattern and intensity was seen
under various experimental conditions, pH 7.4, 8.0, and
8.4, temperature 25°C, 33°C, and 37°C (data not shown).

Using FITC-conjugated pepT26 (FITC-pepT26), a pref-
erable substrate for TGase2, only faint labeling was ob-
tained around the granular layer cells in all of the skin
samples from the patients (data not shown).

Discussion

In the first half of the present study, we examined the
ability of pepK5 to detect endogenous TGase1 activity in
normal human skin sections. Ca2�-dependent incorpora-
tion of FITC-pepK5 into glutamine acceptor substrates
was clearly seen in human epidermal keratinocytes,
mainly in the upper spinous and granular layers. To date,
detection of cross-linked TGase products using tissue
sections has used an FITC-labeled primary amine (FITC-
cadaverine) or FITC-labeled substrate peptides.28,29 The
pattern of TGase activity that we observed was consistent
with that seen in the skin using FITC-cadaverine.29 In
addition, the staining sensitivity of pepK5 was remark-
ably higher than that of cadaverine in normal human
epidermis.

As observed in immunostaining analysis, TGase1 pro-
tein localizes to the peripheral regions of the keratino-
cytes in the granular and upper spinous layers, consis-
tent with previous reports.30,31 Double fluorescence
staining clearly indicated that TGase1 activity labeled
with pepK5 precisely colocalized with TGase1 immuno-
labeling at these sites. In addition, TGase1 activity dem-
onstrated with pepK5 overlapped with the major CCE
precursor proteins, loricrin and involucrin. These findings
confirm that pepK5 labeling specifically demonstrates
TGase1 activity at sites of CCE formation. In the in vitro
assay with TGase2, pepK5 reacted to a small extent at
high peptide concentration.21 Thus, in the present study,

Figure 3. TGase1 deficiency detected by pepK5 labeling in the LI patients. A and F: Patient 1, a compound heterozygote for two TGM1 nonsense mutations:
FITC-pepK5 labeling (green) shows complete absence of TGase1 activity in the upper epidermis (arrows; A), and TGase1 immunostaining (green) is also negative
in the upper epidermis (arrows; F). B and G: Patient 2, a homozygote for a TGM1 deletion mutation causing truncation of the peptide: FITC-pepK5 labeling
(green) reveals completely abolished TGase1 activity in the upper epidermis (arrows; B) and no TGase1 immunolabeling (in green) is seen in the upper epidermis
(arrows; G). C and H: Patient 3, a homozygote for a TGM1 missense mutation: detectable, but reduced membranous TGase1 activity is seen in the upper
epidermis (arrows) by FITC-pepK5 labeling (green; C). TGase1 immunostaining (green) in the upper epidermis (arrows) confirms expression of TGase1
molecule (H). D and I: Patient 4, a compound heterozygote for two TGM1 missense mutations: FITC-pepK5 labeling (green) shows faint TGase1 activity restricted
to the granular layers (arrows; D). Immunofluorescence labeling for TGase1 (green) reveals a positive staining in the granular layer (arrows) in the patient’s
epidermis (I). E and J: In a normal human skin without any TGM1 mutations, intense TGase1 activity is seen in the upper epidermis (arrows) using FITC-pepK5
labeling (green; E). TGase1 immunolabeling (green) is also positive in the upper epidermis (arrows; J). A–E: FITC-pepK5 labeling, green; F–J: rabbit polyclonal
anti-TGase1 antibody staining, green (FITC); A–J: nuclear stain, red (propidium iodide). Scale bar � 50 �m.
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it was necessary to check endogenous TGase2 activity in
the skin samples and we confirmed that there was no
significant TGase2 activity in the skin sections by FITC-
labeled pepT26 labeling. From these results, we con-
clude that pepK5 can act as a highly sensitive and spe-
cific probe to detect in situ endogenous TGase1 activity in
the human epidermis.

In the last half of the present study, to assess the
efficacy and usefulness of pepK5 as a preferred sub-
strate for TGase1 in evaluating TGase1 activity in LI
patients, we performed in situ TGase1 activity assays
using pepK5 as a substrate in four LI patients with
TGM1 mutations.

From the nature and sites of TGM1 mutations in each
patient and their effect on TGase1 activity, according to
the protein modeling of TGase1 based on the structure of
the human factor XIIIa subunit,32 a level of remnant
TGase1 activity was theoretically speculated in each
case as follows.

Patient 1 is a compound heterozygote for TGM1 non-
sense mutations (Figure 2). Both nonsense mutations led
to truncation of the catalytic core domain and are ex-
pected to result in a complete loss of function of TGase1
activity. Patient 2 is a homozygote for a TGM1 deletion
mutation resulting in a frameshift and premature termina-
tion in an upstream of the catalytic core domain (Figure
2). Thus, TGase1 activity is also expected to be com-
pletely abolished in the epidermis of Patient 2. In addi-
tion, all of the three truncation mutations in Patients 1 and
2 led to early termination codons. This would probably
lead to complete lack of the polypeptide in the present
Patients 1 and 2. Furthermore, genomic premature termi-
nation codon mutations are subject to nonsense-medi-
ated mRNA decay resulting in mRNA degradation in
some instances, depending on the mutation site.33,34

Patient 3 is a homozygote of a missense mutation in
the center of catalytic core domain of TGase1 peptide
(Figure 2). Homozygosity of this mutation is expected
to result in a significant, but not complete loss of
TGase1 function. Patient 4 is a compound heterozygote
harboring a missense mutation in the �-sandwich do-
main, and the missense mutation in the center of catalytic
core domain, identical to the mutation harbored by Pa-
tient 3 (Figure 2). As described above, the latter mutation
in the catalytic core domain is expected to lead to a
significant but only partial loss of activity of TGase1. The
former mutation p.Leu204Gln in the �-sandwich domain
is considered to alter protein folding, which in turn affects
the protein stability of TGase 1, as suggested in other
missense mutations in the �-sandwich domain.12 This
instability may result in rapid degradation of the TGase1
polypeptide and reduce TGase1 activity in the patient’s
epidermis, although the reduction in activity might not be
as serious compared with truncation mutations in Patients
1 and 2. In addition to this simplistic view based on the
position of missense mutations in the primary structure, it
has been demonstrated that TGM1 mutations in specific
residues have their specific effects on the TGase1 activ-
ity, leading to specific phenotypes. For example, the
distinct phenotype of self-healing collodion baby can be
caused by compound heterozygous TGM1 mutations

p.Gly278Arg and p.Asp490Gly.35 Molecular modeling
and biochemical assays suggested that the high hydro-
static pressure in utero significantly inhibit the mutant
TGase1 activity. After birth, the mutant TGase1 molecules
become partially active under ordinary hydrostatic pres-
sure, resulting in the dramatic improvement of skin symp-
toms in a self-healing collodion baby.35 In addition, sev-
eral TGM1 missense mutations in specific residues were
reported to cause another specific phenotype, bathing
suit ichthyosis, characterized by pronounced scaling re-
stricted to the bathing suit areas.26,36 The affected sites
are warmer body areas, and bathing suit ichthyosis is
thought to be a temperature-sensitive phenotype.26 A
marked decrease of in situ TGase1 activity was revealed
at high temperature (37°C) in the patients with bathing
suit ichthyosis.26 Recent findings have shown that wild-
type TGase1 activity is clearly reduced at 25°C compared
with 37°C by in vivo activity analysis with cadaverine as a
substrate. On the other hand, in case of reconstituted
mutant TGase1 molecules with the specific mutations
in bathing suit ichthyosis, such as p.Arg307Gly, the
TGase1 activity is increased at 33°C (and even higher
at 31°C) compared with 37°C.37 In the present study,
under various temperature incubation conditions, 25°C,
33°C, and 37°C, no significant difference in the pepK5
labeling intensity was observed in normal human epidermis
or in the epidermis of any LI patient, although Patient 4 had
a missense mutation in Arg307 (p.Arg307Trp) in which
another mutation p.Arg307Gly causing bathing suit
ichthyosis phenotype was previously reported.26 We
think these discrepancies on temperature sensitivity
between previous reports26,37 and our present results
may be attributable to the fact that fluorescence label-
ing is not completely a quantitative method. In addition,
we incubated tissue sections with a substrate solution
for 90 minutes in our in situ TGase1 activity assay.
Thus, we cannot exclude the possibility that the long-
time incubation might make the enzymatic reaction
almost saturated and make it difficult to detect fine
difference in TGase1 activity.

As the results of the present study, in situ TGase1
activity assays using pepK5 demonstrated a remarkably
reduced or a complete lack of membrane-associated
labeling in the epidermis in all patients with TGM1 muta-
tions compared with normal human epidermis and ich-
thyosis patients with TGM1-unrelated genetic defects.
The present results indicate that pepK5 labeling can
distinguish LI patients with TGM1 mutations from normal
healthy individuals and from ichthyosis patients with other
causative gene mutations. In this context, specific and
sensitive detection of TGase1 activity using pepK5 is
thought to be a powerful tool for screening TGase1 defi-
ciency in LI patients. Furthermore, in the present LI pa-
tients, we demonstrated that the TGase1 molecule was
missing in a compound heterozygote and a homozy-
gote for TGM1 nonsense/truncation mutations and was
present in a compound heterozygote and a homozygote
for missense mutations. Accordingly, pepK5 labeling was
missing in the patients with nonsense/truncation muta-
tions, although there were weaker pepK5 signals in the
patients with missense mutations. In this context, it might
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be possible to differentiate LI patients with nonsense/
truncation mutations and those with missense mutations,
and to predict patients’ clinical severity and courses from
pepK5 labeling results. However, pepK5 fluorescence
labeling is not a completely quantitative method and
further accumulation of the pepK5 labeling data in LI
cases with TGM1 mutations is needed for its diagnostic
application, especially for the prediction of clinical sever-
ity in patients.
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