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Abstract

Autosomal recessive congenital ichthyosis (ARCI) is a heterogeneous group of rare cornification
diseases. Germline mutations in TGM1 are the most common cause of ARCI in the US. TGM1
encodes for the TGase-1 enzyme that functions in the formation of the cornified cell envelope. We
review the clinical manifestations as well as the molecular genetics of ARCI. In addition, we
characterized 115 TGM1 mutations reported in 234 patients from diverse racial and ethnic
backgrounds (Caucasion Americans, Norwegians, Swedish, Finnish, German, Swiss, French,
Italian, Dutch, Portuguese, Hispanics, Iranian, Tunisian, Moroccan, Egyptian, Afghani,
Hungarian, African-Americans, Korean, Japanese and South African). We report 23 novel
mutations: 71 (62%) missense; twenty (17%) nonsense; nine (8%) deletion; eight (7%) splice-site
and seven (6%) insertion. The ¢.877-2A>G was the most commonly reported TGM1 mutation
accounting for 34 % (147/435) of all TGM1 mutant alleles reported to date. It had been shown that
this mutation is common among North American and Norwegian patients due to a founder effect.
Thirty-one percent (36/115) of all mutations and 41% (29/71) of missense mutations occurred in
arginine residues in TGase-1. Forty-nine percent (35/71) of missense mutations were within CpG
dinucleotides, and 74% (26/35) of these mutations were C> T or G>A transitions. We constructed
a model of human TGase-1 and showed that all mutated arginines that reside in the two beta-barrel
domains and two (R142 and R143) in the beta-sandwich are located at domain interfaces. In
conclusion, this study expands the TGM1 mutation spectrum, summarizes the current knowledge
of TGM1 mutations. The high frequency of mutated arginine codons in TGM1 may be due to the
deamination of 5’ methylated CpG dinucleotides. Structurally defective or attenuated cornified cell
envelop have been shown in epidermal scales and appendages of ARCI patients with TGM1
mutations.
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INTRODUCTION

Autosomal recessive congenital ichthyosis (ARCI; MIM#s 190195, 242100, 242300) is a
clinically heterogenous group of cornification diseases. ARCI is rare, with estimated
incidence rates of 1:200,000-1:300,000 in the USA and as high as 1:91,000 in Norway due
to a founder effect [Bale and Doyle, 1994; Pigg et al., 1998].

While the clinical hallmark of ARCI is epidermal scaling, patients may also have collodion
membrane at birth, ectropion, eclabium, alopecia, palmar-plantar hyperkeratosis,
hypohidrosis, and/or variable erythema. ARCI is classically divided into lamellar ichthyosis
(LI; MIM# 242300) and non-bullous congenital ichthyosiform erythroderma (NBCIE;
MIM# 242100) [Williams and Elias, 1985]. Patients with LI have large, dark, plate-like
cutaneous scales with minimal erythema, while patients with NBCIE have erythroderma
with overlying fine white scales [Williams and Elias 1985]. LI and NBCIE both have their
own clinical spectrum within ARCI.

In 1983, absence of a cornified cell envelope (CCE) was shown in the epidermins of patients
with LI suggesting that LI was a clinical consequence of missing the CCE [Kanerva et al.,
1983]. In 1993, altered expression of loricrin and involucrin, CCE precursor proteins, and
transglutaminase were shown in patients with LI suggesting that in LI disturbed membrane
anchorage of transglutaminase could alter loricrin and involucrin cross-linkage and the
formation of the CCE [Hohl et al., 1993]. Subsequently, an ARCI locus was linked to the
transglutaminase-1 (TGM1) gene located on chromosome 14q11.2, and germline mutations
in TGM1 were identified as a genetic cause of ARCI [Huber et al., 1995; Russell et al.,
1995]. TGM1 has 14,095 bp, including 2454bp of coding sequence, and spans 15 exons
(GenBank NM_000359.2). TGM1 encodes for the transglutaminase-1 (TGase-1) enzyme,
which has 817 amino acid residues and a molecular weight of ~89 kD (GenBank
NM_000359.2) [Kim et al., 1991; Kim et al., 1992]. Ninety-two unique TGM1 germline
mutations have been reported to date [Farasat et al., 2008]. We recently showed that in the
United States 55% of patients affected with ARCI have germline mutations in TGM1
[Farasat et al., 2008]. Thus, germline mutations in TGM1 are the most common cause of
ARCI in the United States. TGase-1 functions in the formation of the cornified cell envelope
(CCE), a structure important for the skin’s barrier function [Eckert et al., 1997; Boeshans et
al., 2007]. The CCE, which measures approximately 15-nm, has a lipid extracellular layer
and an inner layer containing proteins cross-linked by N&(y-glutamyl) lysine bonds that are
deposited on the inner surface of the keratinocytes’ plasma membrane [Rothnagel and
Rogers, 1984; Kalinin et al., 2002]. TGase-1 is responsible for catalyzing the N#-(y-
glutamyl) lysine crosslinking of precursor proteins, such as involucrin, loricrin, and small
protein rich proteins, during the formation of the cytoplasmic layer of the CCE. [Steinert and
Marekov, 1995; Robinson et al., 1997]. It has been proposed that in the formation of the
CCE, w-hydroxyceramides, which compose part of the external layer of the CCE that
replaces the plasma membrane in terminally differentiated keratinocytes, are cross-linked by
TGase-1 to CCE precursor proteins, including involucrin [Wertz et al., 1989; Steinert and
Marekov, 1995; Nemes et al., 1999b; Candi et al., 2005].

ARCI is a genetically heterogenous disease. Germline mutations in at least five other genes
have been implicated in ARCI [Lefévre et al., 2003; Jobard et al., 2002; Lefévre et al., 2004;
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Lefévre et al., 2006]. ALOX12B and ALOXES3, both located at chromosome 17p13.1, encode
for arachidonate 12(R)-lipoxygenase and arachidonate lipoxygenase-3, respectively The
protein product of CYP4F22, a cytochrome P450 protein, along with arachindonate 12(R)-
lipoxygenase and arachidonate lipoxgenase-3 are part of the lipid metabolism pathway
involved in the formation of o-hydroxyceramides from arachidonic acid [Brash et al., 2007].
Mutations ALOX12B, ALOXE3 and CYP4F22 have been reported associated with NBCIE
[Jobard et al., 2002;Lefévre et al., 2006]. ABCA12 on chromosome 2g34 encodes a
keratinocyte ATP-binding transporter involved in lipid trafficking [Lefévre et al., 2003].
Truncating ABCA12 mutations tend to cause harlequin ichthyosis, while missense mutations
in ABCA12 are associated with with LI or NBCIE [Lefévre et al., 2003; Kelsell et al., 2005;
Akiyama et al., 2005]. Germline mutations in ichthyin, a gene encoding a protein of
unknown function have also been reported to be associated with ARCI [Lefévre et al.,
2004]. ARCI patients with mutations in ichthyin show specific ultrastructural abnormalities
of the epidermis characterized by abnormal lamellar bodies and perinuclear elongated
membranes in stratum granulosum classified as ARCI EM type 111 [Dahlqvist et al., 2007].
Additional loci for ARCI have been suggested to reside at chromosome bands 3p21, 19p12-
g21, 19p13.1-p13.2 and 12p11.2-q13 [Virolainen et al., 2000; Fischer et al., 2000; Mizrachi-
Koren et al., 2005].

TGM1 MUTATION ANALYSES

Novel Mutations

We report 23 novel TGM1mutations identified among 25 ARCI patients including: 15 (65%)
missense (V209F, R225P, E285K, F293V, 1304F, R323W, W342R, VV359M, L366P,
H405N, M421V, F435V, A560G, R689C, R689H), four (17%) putative splice-site (c.
1-1G>C, ¢.984+1G>A, ¢.1159+1G>T, ¢.2226-2A>G), two (9%) frameshift (c.802delG, c.
1223 1227delACACA), and two (9%) nonsense (R54X, Q124X). We found that TGase-1
residues affected by novel missense mutations were conserved among species including Pan
troglodytes (chimpanzee), Bos Taurus (cow), Mus musculus (mouse), and Rattus norvegicus
(rat) [Altschul et al., 1997]. Missense mutations were the most common mutation type,
affecting 76% (19/25) of patients. Seventy-three percent (11/15) of novel missense
mutations were within the catalytic core domain. Of the other four missense mutations, two
occurred each in the g sandwich and p-barrel 2 protein domain, respectively.

Exon six, which codes for part of the catalytic core domain, was the exon mutated most
often accounting for 15 % (7/47) of the mutated alleles. The most common mutation
detected was ¢.877-2A>G, which affected 15% (7/47) of mutated alleles and 28% (7/25) of
patients. Patients with the ¢.877-2A>G mutation were all compound heterozygous; 71%
(5/7) possessed another missense mutation, and 29% (2/7) had another putative splice-site
mutation. R323W, the second most commonly detected mutation, was present in 8.5%
(4/47) of mutated alleles and 12% (3/25) of patients. Five mutations (R54X, R225P,
R323W, R689C, R689H) occurred at four different arginine codons that contained CpG
dinucleotides. None of the 23 novel mutations reported here were observed in at least 100
CEPH DNA samples analyzed in our laboratory.

Review of TGM1 Mutations Reported in the Literature

Including this study, a total of 115 different TGM1 mutations has been reported in 234
individuals with ARCI from diverse racial/and ethnic backgrounds (Caucasion Americans,
Norwegians, Swedish, Finnish, German, Swiss, French, Italian, Dutch, Portuguese,
Hispanics, Iranian, Tunisian, Moroccan, Egyptian, Afghani, Hungarian, African-Americans,
Korean, Japanese and South African) (Supp. Table S1). Seventy-one (62%) mutations were
missense; twenty (17%) nonsense; nine (8%) deletion; eight (7%) splice-site and seven (6%)
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insertion (Figure 1). Fourty-four of the mutations are predicted to lead to truncated proteins
[Huber et al., 1997; Shevchenko et al., 2000]. Nine of the twenty nonsense mutations (45%)
have been found within the first five translated exons. Only three nonsense mutations
occurred within exons 7-10, while eight occurred within exons 11-15. All translated exons
(2-15) displayed at least one mutation. Overall, 85% (98/115) of the mutations were located
in the first two-thirds of TGM1. The most 5" mutation (c.1-1G>C) occurred in intron 1 and
the most 3’ mutation (Q774X) occurred in exon 15. Exon three had the most identified
mutations, accounting for 14% (16/115) of all mutations, followed by exon eight with 12%
(14/115), exon seven with 11% (13/115), and exons four, five and six, each with 10%
(12/115) of all mutations (Figure 2). Recently, we reported that 28% of patients with ARCI
had TGM1 mutations in exon 3 and that the R142H mutation was the most frequent mutation
in exon 3 and second most common in the cohort overall [Farasat et al., 2008].

The most commonly reported TGM1 mutation has been the ¢.877-2A>G splice-site
mutation. It has been identified in ARCI patients from a variety of ethnic and racial
backgrounds, including Caucasian Americans, African-Americans, Germans, Norwegians,
and Egyptians [Petit et al., 1997; Huber et al., 1997; Hennies et al., 1998a; Hennies et al.,
1998b; Pigg et al., 1998; Pigg et al., 2000; Shevchenko et al., 2000; Esposito et al., 2001;
Shawky et al., 2004; Oji et al., 2006; Farasat et al., 2008;]. Including this study, 34 %
(147/435) of all TGM1 mutated alleles reported to date carry the ¢.877-2A>G mutation.
Recently, using data from the National Ichthyosis and Related Diseases Registry in the US,
we showed that the ¢.877-2A>G was the most common TGM1 mutation among North
Americans, accounting for a 28% mutation allele frequency [Farasat et al. 2008]. That is
very similar to the worldwide frequency in this study (34%). It had been shown that this
splice-site mutation is common among North American and Norwegian patients due to a
founder effect [Pigg et al., 1998; Shevchenko et al., 2000]. It has been estimated that c.
877-2A>G was introduced in the Norwegian population around 1000-1100 AD
[Shevchenko et al., 2000]. It was also hypothesized that this mutation originated in
Westphalia, a region in Northern Germany, and that the immigration of German families
introduced this mutation into the Finnish and North American populations, respectively
[Shevchenko et al., 2000].

Reverse transcription polymerase chain reaction (RT-PCR) analysis of mRNA extracted
from purified blood cells of a patient homozygous for the mutation ¢.877-2A>G showed that
the splice-site mutation leads to two different splice variants, both of which result in a
premature stop codon [Shevchenko et al., 2000]. One variant results in an insertion of a G
before nucleotide ¢.877T [Pigg et al., 1998], while the other causes an insertion of intron 5
in between exons 5 and 6 leading to a frameshift [Huber et al., 1997]. Keratinocytes
homozygous for the ¢.877-2A>G mutation have membrane TGAse-1 enzyme levels 6.3—
6.5% of control [Huber et al., 1997] (Supp. Table S2). Previously, RT-PCR analysis of
mRNA from two LI patients showed that 10/14 of the cDNA clones with the splice-site
mutation ¢.2088+1G>T lacked fifty-four nucleotides (c.2035-2088) [Huber et al., 1997].
This mutation seems to cause a misread during splicing that identifies ¢.2035-36 as the new
GT splice donor site [Huber et al., 1997]. The effect on the translated protein is the deletion
of amino acids 679-696. Keratinocytes compound heterozygous for ¢.2088+1G>T and
S358R the mutations have TGase-1 enzyme activity levels 2.2—4.0% of control [Huber et al.,
1997] (Supp. Table S2). Including this work, five additional putative splice-site mutations
(c.1-1G>C, ¢.984+1G>A, ¢.1159+1G>T, ¢.1645+1G>A, ¢.2226-2A>G) have been reported
but are yet to be fully characterized [Farasat et al., 2008]. We did not find these nucleotide
changes upon our examination of 137 CEPH DNA samples supporting that they are disease
causing mutations.
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CpG Dinucleotides

Of the 817 amino acids in TGase-1, 54 (6.6%) are arginines of which 49 (91%) of their
codons begin with a CpG dinucleotide. Mutations have been found in 37% (20/54) of
arginine codons in TGase-1, and all of these mutated arginine codons begin with a CpG
dinucleotide. Thirty-one percent (36/115) of all TGM1 mutations and 41% (28/71) of
missense mutations occurred in arginine residues in TGase-1 (Figure 2). Forty-nine percent
(35/71) of missense mutations were within CpG dinucleotides, and 74% (26/35) of these
mutations were C> T or G>A transitions. 5’ methylation and demethylation of cytosines that
are part of CpG dinucleotides are often associated with the transcriptional inactivation and
activation of genes [Robertson and Wolffe, 2000]. Arginine is the most frequently mutated
amino acid accounting for 15% of all mutations in genetic diseases [Vitkup et al. 2003].
Four of the six codons that encode arginine contain CpG dinculeotides. The high frequency
of mutated arginine codons in TGM1 may be due to methyl-induced deamination of CpG
dinucleotides [Coulondre et al., 1978; Cooper and Youssoufian, 1988; Magewu and Jones,
1994; Andrews et al., 1996].

Polymorphisms

The ¢.726G>A variant was originally reported in a patient with sporadic L1 whose
keratinocytes did not show a significant decrease in membrane TGase-1 activity (<75%),
when compared with control keratinocytes [Huber et al.1995a; Huber et al., 1995b]. c.
726G>A changes codon 242 from GAG to GAA, both encoding glutamic acid. ¢.726G>A is
a polymorphism [Huber et al.1995a] since we also found this transition in 4 of 130 CEPH
DNA samples.

The G382R (c.1144G>A) change was first reported as a GGA>AGA (4294G>A) transition
in codon 382 [Hennies et al., 1998b]. However, the codon G382 published in GenBank
(NM_000359.2) is GGC and a G>A transition from that sequence cannot produce an
arginine codon. Our sequence analysis of a panel of 116 CEPH sequences, showed an A at
nucleotide ¢.1146 in 46 cases. Therefore, the patient in whom the G382R mutation was
originally described must have had the C>A nucleotide change in the third base of codon
382 (GGC>GGA), and this change represents a common SNP.

The ¢.1552G>A (V518M) variant was first reported as a disease causing mutation [Hennies
etal., 1998b]. In that original report, a second TGM1 mutation could not be found in one
family with the V518M variant, while another family was homozygous for the variant, and
none of 100 German controls’ DNA had this variant [Hennies et al., 1998b]. However, in
another report 7 of 100 Italian controls had the ¢.1552 G>A transition. Furthermore, an
unaffected father who possessed the ¢.1552G>A variant and the mutation E520G did not
pass the ¢.1552G>A variant to either of his two affected children who also received the
E520G mutation from their mother [Esposito et al., 2001]. In addition, we identified this
variant in 2 of 88 CEPH DNA sequences, supporting that ¢.1552G>A is a SNP.

BIOLOGICAL RELEVANCE

Transglutaminase-1 has been associated with the development of the cornified cell envelope
(CCE) [Rice and Green, 1978; Thacher and Rice, 1985], and increased TGase-1 activity
coincides with the terminal differentiation of keratinocytes [Steinert et al., 1996a]. CCE is a
physical and water impermeable barrier that replaces the plasma membrane in mature skin
cells [Candi et al., 2005]. Ultrastructural investigations revealed that the CCE was missing
in patients with LI, and keratinocytes of ARCI patients have decreased TGase-1 enzyme
activity levels [Kanerva et al., 1983; Hohl et al., 1998]. Human epidermal scales and nails of
ARCI patients with TGM1 mutations have shown a structurally perturbed or attenuated CCE
[Rice et al., 2005]. ARCI with mutation in TGM1 have defects in skin-barrier function, thus
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TGase-1 seems to be essential for normal epidermal barrier function [Huber et al., 1995a;
Elias et al., 2002]. The inner layer of the human CCE contains, loricrin, involucrin and small
proline rich proteins cross-linked together by TGase-1 [Steinert and Marekov, 1997;
Robinson, 1997; Rice and Green 1979; Nemes et al., 1999a]. TGase-1, like other
transglutaminases, is thought to create isodipeptide N-(y-glutamyl) lysine cross-links
[Lorand and Conrad, 1984]. TGase-1 has also been shown to form ester bonds between
involucrin and an analog of w-hydroxyceramides in vitro [Nemes et al., 1999b]. The w-
hydroxyceramides are attached to the outer surface of the CCE, probably by involucrin and
other proteins, and form a water retaining layer known as the “lipid envelope.” TGM1 has
been reported to be down regulated by the transcription factor HOXA7, and evidence exists
for non-sense mediated MRNA decay (NMD) to regulate TGM1 post-transcriptionally
[Huber et al., 1995a; Huber et al., 1997; La Celle and Polakowska, 2001; Maquat, 2004].
TGM1 promoter is targeted by several transcription factors such as p63, grainheadlike 3.
TGase-1 membrane-cytosolic partitioning favors the membrane upon myristation and
palmitoylation [Steinert et al., 1996b].

Furthermore, three uncommon cis peptide bonds are thought to be critical to the enzymatic
reaction mediated by TGase-1 [Boeshans et al., 2007]. Calcium ions ubiquitously lead to the
activation of transglutaminases, including TGase-1 [Green and Rice, 1979; Lorand and
Conrad, 1984; Gibson et al., 1996]. TGase-1 is thought to be regulated by three Ca2*binding
sites that promote cis to trans isomerization of those peptide bonds leading to increased
enzyme activity [Boeshans et al., 2007]. The catalytic triad of TGase-1, C377, H436 and
D459, is higly conserved [Kim et al., 1991;Huber et al., 1997; Altschul et al., 1997]. Further
regulation from an inactive to an active form is achieved by proteolytic cleavage after amino
acids S92 and N572, possibly by cathepsin D [Kim et al., 1995; Steinert et al., 1996a;
Egberts et al., 2004]. Serine residues S24, S85, S92, and especially S82 have been identified
as locations for phosphorylation in human TGase 1 [Rice et al., 1996]. Nitric oxide has also
shown to inhibit TGase-1 activity and CCE formation in human epidermal keratinocytes
[Rossi et al., 2000].

Previously, using 32P labeled TGM1 probes, mRNA was shown to be absent from cultured
keratinocytes taken from a patient homozygous for the nonsense mutation R127X [Huber et
al., 1997]. Northern blotting of tissue taken from a skin biopsy and cultured keratinocytes
from a patient homozygous for the truncating mutation ¢.1297delT showed absent TGase-1
mRNA in vitro [Huber et al., 1995a]. NMD, which decreases the amount of cellular mRNA
with premature termination codons (PTCs), could be the mechanism that explains these
observations [Maquat, 2004]. In addition, other mutations in TGML1 that also lead to PTCs
have demonstrated decreased enzyme expression in the skin [Akiyama et al., 2001a;
Akiyama et al., 2003]. Epidermis from a patient with the TGM1 mutations c¢.2114delA and
R389H showed reduced TGase-1 immunoreactivity, while TGase-2 and TGase-3 showed
normal expression [Akiyama et al., 2001a]. Similarly, immunofluorescence labeling
detected TGase-3, but not TGase-1, in the granular layer from a patient homozygous for c.
374del A [Akiyama et al., 2003].

Keratinocytes from affected patients have been analyzed for TGase-1 enzyme activity based
on in vitro 3H-labeled putrescine incorporation into dimethylcaseine [Yuspa et al., 1980;
Lichti et al., 1985]. The results of the measured TGase-1 enzyme activities identified in the
literature are summarized in Supp. Table S2. Cultured keratinocytes from unaffected TGM1
mutation heterozygotes (R307W//WT and D102V/WT had TGase-1 membrane activities
48-52% those of controls. In comparison, cultured keratinocytes from compound
heterozygous or homozygus patients (n=14 patients) had TGase-1 membrane activities 0.05—
6% those of controls. TGase-1 membrane activities from cultured keratinocytes of patients
with exclusively truncating or missense mutations were similar (Supp. Table S2).
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Keratinocytes from patients homozygous for TGM1 deletion (c.1279delT), splice-site (c.
8772G>A), or nonsense (R127X) mutations have TGase-1 membrane activity levels ranging
from 0.3—-3% those of controls. Similarly, those with only missense mutations (n=7 patients)
had membrane activity levels of TGase-1 that ranged from 0.2—6% those of controls. Given
the small number of samples tested, it cannot be determined whether missense mutations in
the B-sandwich domain or the catalytic core are more detrimental to TGase-1 membrane
activity.

Another assay to determine cytosolic and membrane enzyme activities uses cDNA cloned
into a pVVL1392 baculovirus vector and then transfected into Sf9 insect cells, where the
protein is expressed [Candi et al., 1998; Raghunath etl al., 2003]. Half (4/8) of the missense
mutations (R142C, R142H, R143H, G278R) led to no detectable membrane activity, but two
missence mutations (S42Y and R315L) had protein activities at least twice those of controls
[Candi et al., 1998]. Sf9 cells expressing the TGase-1 protein with the truncating mutation c.
1294delT had virtually no enzyme activity (Supp. Table S3) [Huber et al., 1995a; Huber et
al., 1997; Candi et al., 1998]. In the absence of a functional TGase-1 protein, increased
TGase-3 activity has been shown, but not without the development of scaling [Oji et al.,
2006].

We performed a search for amino-acid sequence similar to transglutaminase-1 using the
program BlastP 2.218 in the RefSeq protein database on the NCBI website [Altschul et al.,
1997]. TGase-1 shared 52—-60% amino acid sequence homology with the other known
human transglutaminase enzymes, including factor Xllla and transglutaminases-2, 3, 4, 5, 6,
and 7. Human coagulation factor XIlla shows the highest homology (60%) and identity
(43%) to TGase-1.

Molecular Modeling

Since the crystal structure of TGase-1 has not been determined, other transglutaminases, of
known structure such as human coagulation factor Xllla [Huber et al., 1997; Altschul et al.,
1997; Candi et al., 1998; Yang et al., 2001; Kon et al., 2003 ; Raghunath et al., 2003],
TGase-3 [Oji et al., 2006] or combination of TGases 2, 3 and 5 have also been used to model
TGase-1 [Boeshans et al., 2007]. To date 23 TGM1 mutations have been studied with
molecular modeling: 6 mutations have been studied using TGase-3 as a template structure
[Oji et al., 2006], while 17 mutations have been studied using human factor Xllla [Huber et
al., 1997; Candi et al., 1998; Yang et al., 2001; Kon et al., 2003; Raghunath et al., 2003].
Candi and co-workers proposed that the R315L mutation interferes with N-terminal
proteolytic activation, based on that the S42Y mutation disrupts an inhibitory function of the
10kB anchoring region [Candi et al., 1998].

We used the SegMod algorithm [Levitt, 1992] implemented in the program GeneMine to
build a model of TGase-1 (sequence: Gl 4507475), based on its homology to factor XIII
(template structure: 1ex0.pdb) [Fox et al. 1999]. Residues 106 to 788 of TGase-1 were
modeled. Within this range, identity between the template and model sequences is 44 %.
Conservation is highest within the catalytic-core domain (53 %), as compared to 37 % in the
B-sandwich domain, 32 % in B-barrel 1, and 35 % in B-barrel 2. The TGase-1 model
includes eighteen of the twenty arginines observed to be mutated in patients with ARCI, and
eight of these eighteen (44%) are in the catalytic core (Figure 3).

Figure 4a shows clusters of charged residues (arginines, aspartic acids, glutamatic acids) at
the domain interfaces. Two (R142 and R143) of the six mutated arginines in the p-sandwich
domain, are located at domain interfaces in the modeled structure. Note that R143 and D254
form a salt bridge, and Y134 forms a hydrogen bond with R142. These two interactions are
present in the template crystal structure of factor Xllla. The amino-acid composition of the
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interface between the B-sandwich and catalytic core domains is very similar in factor Xllla
and TGase-1 (Figure 4b). In addition, mutations at residues R142, R143, and Y134 have
been identified in patients with ARCI [Huber et al., 1995; Laiho et al 1997; Farasat et al.
2008], suggesting that weakening interactions at this interface can have serious
consequences.

All of the mutated arginines in the two B-barrel domains (R687, R689, R760, and R764)
appear at domain interfaces (Figure 4a). R764 and R760 in -barrel 2 domain are proximal
to E271 in the catalytic core domain and to D132, E133 and E135 in the B-sandwich
domain. Displacement of these three acidic residues could weaken the nearby interaction of
Y134 with R142. Elsewhere, R687 and R689 reside at the interface of the B-barrel 1, -
barrel 2, and catalytic-core domains. We report two novel mutations (R689H, R689C) at
residue R689. R689C changes a positively charged arginine to a neutral cysteine. The 687H
mutation was previously reported [Oji et al., 2006]. We also identify a novel mutation
(E285K) that changes this acidic residue to a basic residue. In our model, E285 resides
across the domain boundary from R687 and R689.

The catalytic triad of TGase-1, along with eight neighboring residues mutated in ARCI
patients, is depicted in Figure 5. Four of these mutations are novel (R323W, W342R,
H405N, and F435V). R323W and W342R both alter the total charge near the active site, as
does R323Q reported previously [Huber et al., 1995a]. Interestingly, mutations F401V and
F435V are both found in ARCI patients [Tok et al. 1999], strongly suggesting that the
interaction of these two phenylalanine residues is important for the positioning of H436
relative to the other catalytic resides, C377 and D459. It is worth noting that there is a cis
peptide bond between G473 and P474 and that the mutation G473S has been reported in an
ARCI patient [Huber et al., 1997]. G473S would be expected to introduce strain in the
TGase-1 structure near the active site, since the main-chain atoms of glycine are more
flexible than those of serine.

Inspection of the TGase-1 model also provides insight into other novel mutations reported
here. The replacement of valine with a larger phenylalanine side chain (V209F) presumably
disrupts the hydrophobic packing with nearby residues in the B-sandwich domain: F147,
L165, L207, 1183, W193, and A195. The mutation A560G may also destabilize hydrophobic
interactions with neighboring residues, e.g., F495 and VV485. A560 resides in a helix located
in a highly conserved region (relative to factor XlIla) near the putative calcium binding sites
[Boeshans et al., 2007].

Other novel mutations were observed at the protein surface or at domain interfaces. R225
resides at the surface of the B-sandwich domain adjacent to both E166 and E232. The R225P
mutation may cause an unfavorable imbalance of charge at the protein surface. R225 has
been reported previously mutated (R225H) [Hennies et al., 1998b]. The mutation M421V
occurs on the surface of p-barrel 1 such that the methionine sulfur atom is accessible to
solvent and other proteins. The mutation VV359M is located at the interface between the
catalytic-core and B-barrel 2 domains. L366P is nearby, also on the surface of the catalytic-
core domain.

Mouse Models

Knockout mice have been constructed by deleting exons 1-3 of the TGM1 gene by
homologous recombination in R1 embryonic stem (ES) cells [Matsuki et al., 1998]. There
was no evidence of embryonic lethality in F2 mice, but neonatal TGase-1 —/— mice died
within 4-5 hours of birth [Matsuki et al., 1998]. TGase-1 —/— mice were often born with a
rigid translucent membrane and neonates’ skin was wrinkled, taught, shiny, and
erythematous [Matsuki et al., 1998]. Ultrastructurally, TGase-1 —/— skin lacked a cornified
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cell envelope and displayed a somewhat swollen stratum corneum that became more
compact over time [Matsuki et al., 1998]. In addition, the TGase-1 —/— mice did not feed,
weighed less, and were smaller and less active than wild-type littermates [Matsuki et al.,
1998]. Their tails and extremities became waxy and shriveled due to dehydration [Matsuki
et al., 1998]. The transepidermal water loss (TEWL) of TGase-1 —/— mouse skin was
increased by a factor of 100, when compared to normal mouse skin [Matsuki et al., 1998].

Using the same TGase-1 knockout mouse developed by Matsuki et al., Kuratomo and
coworkers grafted dorsal skin of TGase-1 +/— and TGase-1 —/— mice, to athymic “nude”
mice [Kuramoto et al., 2002]. The TGase-1 +/— grafted skin grew hair. In contrast, TGase-1
—[/—grafted skin showed erythema, thick scales and immature hair follicles. Histologically, it
showed acanthosis, hyperkeratosis, lacked a cornified envelope and displayed electron dense
granules close to the plasma membrane [Kuramoto et al., 2002]. The grafted TGase-1 —/—
mouse skin with scales displayed control level TEWL values, while grafted skin of TGase-1
—/— mice without scales showed high TEWL values as seen in TGase-1 —/—neonates
[Kuramoto et al., 2002].

Northern and Western blotting have been used to show that TGM1 was expressed in the
epithelial cells of the liver, lungs and kidneys of mice [Hiiragi et al., 1999]. It has been
identified that TGase-1, phosphorylated at tyrosine residues, was associated with B-catenin,
radixin, and N-Cadherin in the junctional fraction of mouse epithelial liver cells in vitro. In
the presence of CaCl,, but not EDTA, junctional cross-linking in adherens junctions was
increased in incubated mouse liver fractions [Hiiragi et al., 1999]. The group suggested that
TGase-1 cross-linking might be important for epithelial cell structure at adherens junctions.

Yamada et al. constructed transgenic mice with a lac Z region controlled by the 5" 2.5kb
upstream region of tgm1 [Yamada et al., 1997]. Transgene positive offspring were
subsequently mated. Strong [3-gal staining was observed in the skin, tongue, esophagus,
stomach and vaginal tissue from adult transgenic mice and not in similar tissues in adult
non-transgenic mice. Some (3-gal staining was also seen in tissue from the oral mucosa of
adult transgenic mice [Yamada et al., 1997]. After 18 days post-conception through the
neonatal period, B-gal staining was identified in the upper spinous and lower granular layers
of mouse epidermis. The authors suggested that this was evidence for a promoter function in
the 2.5kb region 5’ of TGM1 [Yamada et al., 1997].

CLINICAL AND DIAGNOSTIC RELEVANCE

Although originally it was thought that L1 and NBCIE were distinct disease entities, it has
since been shown that both conditions can be caused by mutations in TGM1, including the
same compound heterozygous mutations [Williams and Elias, 1985; Laiho et al., 1997].
Currently, it is generally recognized that there is a variable phenotypic expression among
and within ARCI families and patients. Neonates with ARCI are often born with a collodion
membrane [Shwayder, 1999]. Those with LI often show ectropion and eclabium, which are
less common in neonates with NBCIE [Williams and Elias, 1985; Shwayder, 1999].
Neonates with ARCI have a high risk of systemic infection, dehydration, respiratory
problems and temperature dysregulation [Sandberg, 1981; Shwayder, 1999].

Patients with TGM1 mutations can also present with uncommon clinical variants of ARCI,
including self-healing collodion baby (SHCB) and ichthyosis with sparing of the limbs (also
designated by some investigators as bathing suit ichthyosis). SHCB is inherited in an
autosomally recessive manner and patients typically exhibit a collodion membrane at birth,
but after desquamination of the collodion membrane, many show considerable improvement
leading to healthy-looking skin in as little as three months [Frenk and de Techtermann,
1992]. Three Swiss SHCB patients, each born in a collodion membrane and one with
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ectropion, all developed completely normal-looking skin after variable periods of time
[Frenk and de Techtermann, 1992]. Some patients who developed only minor scaling,
including two Albanian siblings both compound heterozygous for the D490G and G278R
TGM1 mutations, have also been described as SHCBs [Raghunath et al., 2003; Harting et
al., 2008]. The TGM1 mutation D490G has only been associated with (SHCB) [Raghunath
et al., 2003]. After resolution of the collodion membrane, one Albanian infant had complete
improvement of scaling on the extremities and face by four weeks of age, and the other
presented with only mild scaling of the trunk at four years of age [Raghunath et al., 2003].
In addition, patient ARCI1 in this report is compound heterozygous (G291D/V359M) and
has been diagnosed with SHCB (Table 1). Recently, a white and a Hispanic patient, both
SHCBs, have been reported to have mutations in the ALOX12B gene [Harting et al., 2008].

In 1994 Schulz first described South African patients with large darkly colored scales on the
trunk sparing the face and extremities that he called bathing suit ichthyosis (BSI)[Schulz
1994]. In 1997, Petit and co-workers described a child homozygous for TGM1 mutation
V382M and reduced TGase-1 enzyme activity who presented with large brown scales
distributed over his thorax and abdomen that spared the limbs [Petit et al. 1997]. This
clinical variant was referred as ichthyosis with sparing of the limbs. In essence ichthyosis
with sparing of the limbs and BSI are different names to describe the same clinical variant.
Ichthyosis with sparing of the limbs/BSI has also been reported in families from Germany,
France, Turkey, the Netherlands and Morocco [Jacyk, 2005; Oji et al., 2006; Arita et al.,
2007; Petit et al. 1997]. Fifteen different mutations in TGM1 have been reported in nineteen
patients [Oji et al., 2006; Arita et al., 2007 Petit et al. 1997]. Turk, Morrocan, German and
South African patients were reported homozygous for Y276N, R315H, R687H, and R315L,
and V382M [Arita et al., 2007; Oji et al., 2006; Petit et al. 1997]. Three German patients had
the common splice-site mutation ¢.877-2A>G, and all three were compound heterozygous
each with either R264W, or R307G, or R315C [Qji et al., 2006]. Compound heterozygous
patients included those with the mutations: (R264Q/c.1074delC), (R126C/R142H), (R307G/
R389P) and (R307G/W263X) [Oji et al., 2006].

Ichthyosis fetalis or harlequin ichthyosis (HI) is the most severe form of ARCI [Sandberg,
1981]. We contend that HI represents a third major subtype of ARCI different from LI and
NBCIE based on its dissimilar genetic and clinical presentation [Craig et al., 1970; Kelsell et
al., 2005]. Truncating mutations in ABCA12 have been demonstrated in patients with HI
from diverse ethnic backgrounds [Akiyama et al 2005, Kelsell et al 2005, Thomas et al
2006], but, to date, no TGM1 mutations have been reported to cause HI. Patients with HI are
often born prematurely (34-36 gestational weeks) [Kelsell et al., 2005]. Neonates
consistently present with hyperkeratonic thick scales that cover nearly the whole body with
deep fissures as well as with malformed digits, ears and nose, severe eclabium and ectropion
[Craig et al., 1970; Lawlor, 1988; Dale et al., 1990; Dahlstrom et al., 1995]. Hair has been
observed to grow between the cracks in the plate-like scales but not elsewhere [Craig et al.,
1970; Lawlor, 1988]. Histologically, the thickening of the neonate’s stratum corneum has
been observed [Dale et al., 1990; Akiyama et al., 2005]. In addition to the health-risks
outlined above, HI neonates are prone to sepsis [Lawlor, 1988; Dahlstrom et al., 1995;
Kelsell et al., 2005] and often have difficulty breathing [Craig et al., 1970] and feeding
[Craig et al., 1970; Lawlor, 1988; Dahlstrom et al., 1995]. Surviving patients have been
shown to develop thinning scales, hair-growth, and erythema [Lawlor, 1988].

Mutation Detection Rate

Identification of a large number of individuals with ARCI without mutations in the TGM1
gene suggested that ARCI is genetically heterogenous [Paramentier et al., 1995] and
contribute to the challenge in confirming the clinical diagnosis. Recently, we demonstrated
that the TGM1 gene was mutated in 55% of patients with cases of ARCI in North America
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[Farsat et al., 2008]. The other 45% of patients might possess undetected large, partial or
complete deletions of TGM1 or mutations deep within an intron or the promoter region. In
addition, ARCI patients without TGM1 mutations may have mutations in any of the five
other known ARCI causing genes or at any of the four uncharacterized loci that have been
linked to ARCI [Virolainen et al., 2000; Fischer et al., 2000; Jobard et al., 2002; Lefevre et
al., 2003; Lefévre et al., 2004; Mizrachi-Koren et al., 2005; Lefevre et al., 2006].

Genotype-Phenotype Correlations

Many studies have attempted to show genotype-phenotype correlations between mutations
in the TGM1 gene and clinical and/or epidermal ultrastructural findings. In some previous
studies, patients with TGM1 mutations were classified with LI and NBCIE [Laiho et al.,
1997; Hennies et al., 1998b; Laiho et al., 1999; Shawky et al., 2004], or with and without
plate-like scales [Pigg et al., 1998; Shevchenko et al., 2000]. These clinical case series,
which investigated between 9 and 55 patients, did not report statistically significant
genotype-phenotype correlations [Laiho et al., 1997; Hennies et al., 1998b; Pigg et al., 1998;
Laiho et al., 1999; Shevchenko et al., 2000; Shawky et al., 2004]. However, most of these
studies were under powered to detect potential genotype-phenotype correlations.

In a recent study of 104 ARCI patients in the US, we found that patients with TGM1
mutations were more likely to report the presence of a collodion membrane at birth
(p=0.006), ectropion (p=0.001), and plate-like scales (p=0.005) than were patients without
TGM1 mutations [Farasat et al., 2008]. These results support the findings of a previous study
of eighty-three Swedish and Estonian ARCI patients by Ganemo and colleagues that also
reported ectropion (p<0.001) and collodion membrane at birth (p<0.001) associated with
TGM1 mutations [Ganemo et al., 2003]. In addition, we found that patients with TGM1
truncating mutations were also associated with moderate or severe hypohidrosis (p=0.001)
and worst overheating (p=0.0007), compared to patients with only TGM1 missense
mutations. [Farasat et al., 2008]. In agreement with the Ganemo study [Ganemo et al.,
2003], ARCI patients with TGM1 mutations reported alopecia more often than patients
without TGM1 mutations [Farasat et al., 2008]. However, we found a strong correlation
between mutations in TGM1 and alopecia (p=0.001) [Farasat et al., 2008]. TGase-1 is
expressed in the cortex and medulla cells as well as the outer and inner root sheath cells of
normal hair follicles [Yoneda et al., 1998]. The expression of TGase-1 suggests a direct
involvement of this enzyme in hair formation [Yoneda et al., 1998]. Therefore, mutations in
TGM1 may explain the alopecia present in patients with ARCI [Farasat et al., 2008].

Despite the genetic heterogeneity of ARCI [Lefevre et al., 2003], TGML1 has been the
causative gene identified most often with this disease [Farasat et al., 2008], and,
consequently, TGM1 should be the first gene to be analyzed to screen for mutations. We
recently developed a logistic model that predicted that ARCI patients with a history of
collodion membrane at birth, alopecia, and eye problems are, respectively, 4.24, 4.13, and
3.6 times more likely to have mutations in TGM1 than ARCI patients without TGM1
mutations [Farasat et al., 2008]. These results could be used to identify ARCI patients who
would be more likely to have mutations in TGM1 upon mutation analysis.

Prenatal Diagnosis

Prenatal diagnosis for pregnancies at an increased risk for ARCI is very useful in families
who have a previous child affected with ARCI and in which TGM1 mutations or other ARCI
causing mutations were identified in the parents or a sibling [Schorderet et al., 1997;
Bichakjian et al., 1998; Pigg et al., 2000]. Since ARCI is genetically heterogenous, a
prenatal test not showing mutations in TGM1 does not guarantee a neonate will be
unaffected by ARCI. Similarly a prenatal test not showing mutations in CYP4F22,
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ALOX12B, ALOXE3 or ichthyin does not guarantee a neonate will be unaffected by ARCI.
Both disease-causing alleles of an affected family member must be identified before prenatal
testing can be performed. Prenatal diagnosis has been reported in patients with ARCI,
usually by extracting DNA from a chorionic villus sample (CVS) obtained at either 10 or 13
weeks of gestation [Schorderet et al., 1997; Pigg et al., 2000] or by DNA extraction from
fetal cells obtained by amniocentesis performed at approximately 15-18 weeks gestation.
TGM1 mutation analysis of DNA from a CVS at 13 weeks of gestation revealed mutations
in the TGM1, indicating a fetus at risk for ARCI [Schorderet et al., 1997]. In another report,
the haplotyping and subsequent sequencing of TGM1 from two CVSs taken at 10 weeks
gestation, did not reveal TGM1 mutations, thus excluding LI in two at-risk fetuses [Pigg et
al., 2000]. Amniocentesis at 14 weeks of gestation and the subsequent genotyping and
sequencing of TGM1 in DNA extracted from fetal cells have been used to exclude TGM1
associated ARCI [Bichakjian et al., 1998]. Preimplantation genetic diagnosis (PGD) may be
available for families in which the disease-causing mutations have been identified.

FUTURE PROSPECTS

Future characterization of TGM1mutations and genotype—phenotype correlations in ARCI
may provide valuable insights into the molecular pathogenesis of ARCI. Future clinical
studies and laboratory investigations using in vitro systems and animal models may help us
to elucidate the sequence of pathogenetic events that lead to the clinical findings and the
organ preference of involvement that we observe in ARCI. A crystal structure of TGase-1
would also increase the understanding of the molecular effects associated with ARCI.
Characterization of mutations and their outcomes would provide more accurate prenatal
genetic counseling for parents of at-risk individuals. A more extensive understanding of the
genetic, molecular, and patho-physiological aspects of ARCI would hopefully lead to novel
treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TGM1 mutations associated with ARCI

A, TGM1 mutations reported in this study and the literature. B, TGM1 gene structure. C,
TGAse-1 protein domains. Mutations reported in the present study (novel) are in red font
and mutations in the literature are in blue.

IMutations found in patients diagnosed with ichthyosis with sparing of the lims/bathing suit
ichthyosis.

2Mutations found in patients diagnosed with self-healing collodion baby.

*indicates novel missense mutations.
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Figure 2. Distribution of all arginine and non-arginine TGM1 mutations reported in the
literature including this report

A, Structure of TGM1 with exons (black boxes) drawn to scale and the distribution of all
reported TGM1 mutations. B, TGase-1 protein domains and the distribution of all reported
TGM1 mutations.

TGase-1 domain shown are based on the amino acid: Anchoring domain (1-92), B-sandwich
domain (94-246), catalytic core domain (247-572), B-barrel 1 (573-688), B-barrel 2 (689-
817). Triangles indicate active site residues C377, H436, and D459. “M” indicates
myristolation motif of amino acids 47-54 (CCGCCSCR), and “P” indicates phosphorylation
site S82. “X” indicates cleavage sites between amino acids S92 and R93 and N572 and
R573. 5, 124bp, and 3', 197bp, untranslated regions are shown in grey.
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Figure 3. Wall-eyed stereo view of TGase-1 model

The 18 arginine residues, mutations of which have been associated with ARCI, are shown as
ball-and-stick. All arginine residues shown in the two beta-barrel domains as well as R142
and R143 of the beta-sandwich domain, are located at domain boundaries. To indicate the
active site, C377 is also shown as ball-and-stick (to the left of R286). The protein main
chain is colored by domain: beta-sandwich (red), catalytic core (yellow), beta-barrel 1
(green), and beta-barrel 2 (cyan). Figures 3, 4, and 5 were prepared with the programs
MOLSCRIPT [Kraulis, 1991] and Raster3D [Merritt and Bacon, 1997].
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Figure 4. Arginine residues located at domain interfaces in TGase-1 model

a) The arginines are shown as space-filling, and nearby acidic residues are shown as sticks.
The protein main chain is colored by domain: beta-sandwich (orange), catalytic core
(yellow), beta-barrel 1 (green), and beta-barrel 2 (cyan). b) Interface between the beta-
sandwich and catalytic-core domains of TGase-1, colored by the sequence identity between
the model and the template structure (red where identical, blue where different). The amino-
acid composition of this interface is highly conserved between model and template. Six
residues found mutated in patients with ARCI are indicated with spheres.
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Figure 5. Wall-eyed stereo view of the catalytic triad and neighboring residues in TGase-1 model
Side chains are shown as ball-and-stick, with the catalytic residues (Cys 377, His 436, and
Asp 459) denoted with darker carbon atoms. Residues associated with missense mutations
observed in ARCI patients and the catalytic residues are labeled. For clarity, the side chains
of Trp 378, Phe 380, and Ala 381 are not shown. The protein backbone (alpha-carbon trace)
is colored according to the sequence identity between the TGase-1 model and coagulation
factor X111 template (red where identical, blue where different).
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