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Abstract
Background—Keratins are heteropolymeric proteins that form the intermediate filament
cytoskeleton in epithelial cells. The common basic structure of all keratins is organized in a central
α-helical rod domain flanked by nonhelical, variable head and tail regions. Most mutations in
keratins are found in the central α-helical rod domain. Keratin 9 (K9) is expressed only in the
suprabasal layers of palmoplantar epidermis. Mutations in the keratin 9 gene (KRT9) have been
shown to cause epidermolytic palmoplantar keratoderma (EPPK; OMIM 144200), an autosomal
dominant genodermatosis characterized clinically by diffuse hyperkeratosis limited to palms and
soles and histologically by epidermolysis in suprabasal layers of the epidermis.

Aim—To elucidate the genetic basis of EPPK in five Pakistani families.

Methods—Using microsatellite markers localized to the areas around the type I keratin gene
cluster on chromosome 17q21, genotyping of these families was performed, followed by
sequencing of the KRT9 gene.

Results—The analysis resulted in the identification of two novel (p.M157K and p.Y454H) and
two recurrent (p.M157T and p.R163Q) mutations in the KRT9 of all five families. All mutations
occurred within the highly conserved helix initiation or termination motif of K9.

Conclusion—The affected members of all five families possess mutations in the KRT9 gene that
severely affect heterodimer formation with the type II keratin partner. The results of our study
further underscore the crucial role of K9 protein in the palmoplantar epidermis.

Introduction
Keratins are a large family of structural proteins that constitute the intermediate filament
cytoskeleton present in epithelial cells. They form heteropolymers consisting of
heterodimers made up of type I (acidic) and type II (basic to neutral) keratin, which are
expressed in a cell type-specific manner and are characteristic of different tissues at various
stages of differentiation.1 Keratins are the major component of the intermediate-filament
cytoskeleton in epithelial cells, and provide stability to these cells under conditions of
mechanical stress. In humans, the type I and II keratin gene clusters are located at
chromosome 17q21.2 and 12q13.13, respectively, and 54 functional keratin genes have been
identified to date.2 Many congenital skin diseases have been attributed to keratin mutations,
such as epidermolysis bullosa simplex (OMIM 131900; genes KRT5 and KRT14) and
epidermolytic hyperkeratosis (OMIM 113800; genes KRT1 and KRT10).3
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Palmoplantar keratoderma (PPK) is a heterogeneous group of skin disorders characterized
by severe hyperkeratosis of the epidermis of the palms and soles. Epidermolytic PPK
(EPPK; OMIM 144200), is an autosomal dominant genodermatosis within this family,
characterized clinically by diffuse skin thickening limited to palms and soles with a well-
circumscribed erythematous border, and histologically by epidermolytic hyperkeratosis,
which consists of perinuclear vacuolization and cytolysis in suprabasal layers of the
epidermis.4 EPPK has been mapped to chromosome 17q21 where the type I keratin gene
cluster is located.5 Subsequently, mutations in the keratin 9 gene (KRT9) were identified in
EPPK families.6 The keratin 9 (K9) protein is a type I keratin exclusively expressed in the
suprabasal keratinocytes of the palmoplantar epidermis.5 The amino acid sequence of the
type I KRT9 gene is composed of three typical structures: a head domain (153 residues), an
α-helical coiled-coil-forming rod (306 residues) and a tail domain (163 residues), which are
flanked by nonhelical, variable end domains.7 Pathogenic mutations have now been
identified in 19 different keratin genes, all of which produce a cell-fragility phenotype. In
general, most of the reported mutations in keratins can be detected within the highly
conserved N-terminal and C-terminal motifs of the α-helical rod domains.8 To date, all
reported mutations in the KRT9 gene occur within sequences corresponding to this
conserved α-helix region at the beginning and the end of the rod.9 In particular, the highly
conserved coil 1A of the rod domain is crucial for the formation of intermediate filaments
and is thought to be important for heterodimerization.

In this study, we examined the molecular basis of EPPK in five Pakistani families, and
identified four distinct mutations in the KRT9 gene of all five families within the coiled-coil
motifs in the rod domain segments 1A and 2B.

Methods
The study was approved by the institutional ethics board and carried out in adherence to the
principles of the Declaration of Helsinki. Informed consent was obtained from all
participants.

Subjects
We analysed five families of Pakistani origin affected with PPK, whose pedigrees show a
clear autosomal dominant inheritance pattern (Fig. 1). All affected members have diffuse
hyperkeratosis with an erythematous border on the palms and soles (Fig. 2). Detailed clinical
examination found no other abnormalities and there was no evidence of a high frequency of
internal malignancies in these families. Skin biopsies were not available from any of the
affected members.

Genotyping
Peripheral blood samples were collected from members of these families and 100
population-matched unrelated healthy controls into tubes containing ethylene diamine
tetraacetic acid (EDTA). Genomic DNA was isolated from these samples according to
standard techniques. We performed genotyping only on families 1–4; we did not perform
genotyping of family 5 because we could obtain DNA from only one member (III-3) of this
family. Genomic DNA was amplified by PCR using primers for three polymorphic markers
(D17S1818, D17S800 and D17S932) around the type I keratin gene cluster on chromosome
17q21 and three markers (D12S1629, D12S398 and D12S1651) around the type II keratin
gene cluster on chromosome 12q13. The amplification conditions for each PCR assay were
94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s,
with a final extension at 72 °C for 7 min. PCR products were run on 8% polyacrylamide
gels, and genotypes were assigned after visual inspection.
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Mutation analysis
Using the genomic DNA from members of all five families, all exons of the KRT9 gene with
the adjacent sequences of the exon–intron borders were amplified by PCR, using primers
and conditions described previously.10,11 The amplified PCR products were directly
sequenced in an automated sequencer (ABI Prism 310; Applied Biosystems, Foster City,
CA, USA), using a commercial reaction kit (ABI Prism Big Dye Terminator Cycle
Sequencing Ready Reaction Kit; PE Applied Biosystems).

Screening assays for keratin 9 gene mutations
As the mutation p.M157K in the KRT9 abolishes an NlaIII restriction enzyme site, the PCR
product of exon 1 of the KRT9 was digested with this enzyme at 37 °C overnight and
separated in 1.5% agarose gels. This enzyme digests the wild-type allele 9429 bp) into two
bands of 266 bp and 163 bp fragments, while leaving the mutant allele undigested. To
analyse the mutation p.Y454H, exon 6 of KRT9 was amplified by PCR (forward primer 5′-
AGTCTTTGCAGCCCAGGAGT-3′; reverse primer 5′-
GTCTTCCTGGCCTCCCTCAAGGAGGTTGTGCT-3′. The G→C substitution (shown in
bold) type was introduced into the reverse primer to generate the BseYI restriction enzyme
site only in the mutant allele, resulting in two bands of 265 and 299 bp. The amplification
conditions were 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s and
72 °C for 30 s, with a final extension at 72 °C for 7 min. The PCR products were digested
with BseYI at 37 °C overnight, and separated in a 1.5% agarose gel.

Results
Four of the families analysed had linkage to the type I keratin gene cluster

As shown in Fig. 1, all affected members in families 1–4 were heterozygous for the same
haplotype, suggesting that all four families analysed had linkage to the type I keratin gene
cluster. Notably, the disease haplotype was different for all these families (Fig. 1). We also
analysed markers around the type II keratin gene cluster on chromosome 12q13, but did not
find linkage to this region in any of the families (data not shown).

Identification of four distinct mutations in the keratin 9 gene from the five families
We found pathogenic mutations in the KRT9 gene in families 1–4.

Affected members in family 1 have a novel heterozygous missense mutation consisting of a
T→A transition in exon 1 (c.470T→A), resulting in a change of methionine to lysine at
codon 157 (designated p.M157K; Fig. 3a). Screening with the restriction enzyme NlaIII
found that all affected family members carry the mutation, but it was not found in any of the
unaffected healthy family members or in 100 unrelated controls (Fig. 3b).

Sequencing of affected members in family 2 found that they were heterozygous for a T→C
transition in exon 1 (c.470T→C), changing methionine to threonine at codon 157
(designated p.M157T; data not shown). This mutation was previously identified in an Irish
family with EPPK10 and is a recurrent mutation.

Family 3 has a heterozygous G→A transition in exon 1 (c.488G→A), which changes
arginine to glutamine at codon 163 (p.R163Q) (data not shown). This is also a recurrent
mutation which was previously found in several families with EPPK.6,10,12

Affected members in family 4 possess a novel heterozygous T→C transition in exon 6 (c.
1360T→C), resulting in the conversion of tyrosine to histidine at codon 454 (p.Y454H)
(Fig. 3c).
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Screening with the restriction enzyme BseYI was carried out to exclude a common
nonconsequential polymorphism (Fig. 3d).

Finally, as the phenotype of family 5 is similar to that of the other four families with KRT9
mutations, we also sequenced this gene from the single member of family 5 for whom we
had a sample, and identified a heterozygous mutation p.R163Q, which is identical to the
mutation found in family 3 (data not shown).

Discussion
In this study, we identified five families of Pakistani origin with an autosomal dominant
form of PPK. All the affected members have well-demarcated diffuse skin thickening over
palms and soles with an erythematous border (Fig. 2), which is a characteristic feature of
EPPK. Although most cases of EPPK are known to be caused by mutations in the KRT9
gene, several cases of EPPK have recently been reported in association with mutations in the
KRT1 gene on chromosome 12q13.13.13–16 In these families, the results of genotyping
using microsatellite markers around the type I keratin gene cluster on chromosome 17q were
consistent with linkage to this region of all families analysed (Fig. 1), and subsequent
mutation analysis resulted in the identification of four distinct pathogenic mutations in the
KRT9 gene of these families (Fig. 3a–d and data not shown). Thus, we concluded that the
affected family members have EPPK caused by a KRT9 mutation. To our knowledge, this is
the first report of KRT9 mutations in Pakistani patients.

All keratins share a common structural organization consisting of a central rod domain
flanked by nonhelical head and tail domains. The rod domain is composed of four α-helical
segments (1A, 1B, 2A and 2B) which are connected via three nonhelical linkers (L1, L2 and
L12). Two highly conserved regions at the beginning of the 1A domain and end of the 2B
domain, termed the helix initiation motif (HIM) and helix termination motif (HTM),
respectively, are known to be vital for heterodimer formation in keratins.17 To date, most
mutations in the KRT9 have been found to cluster either within the HIM or within the amino
acid residues close to the HIM (Fig. 4). In particular, several distinct missense mutations
have been reported in each of the amino acid residues 157M, 160 L, 161N and 163R within
the HIM, and most have been found to be recurrent in different populations (Human
Intermediate Filament Database; www.interfil.org) (Fig. 4). Consistent with the previous
findings, we identified one novel mutation, p.M157K, and two recurrent mutations,
p.M157T and p.R163Q, in these mutational hot spots in our families 1–3 and 5 with EPPK
(Fig. 3a–d). Furthermore, we also identified a novel mutation p.Y454H in family 4 (Figs
3e,f), which is only the third mutation found in the HTM of the KRT9 (Fig. 4a).9,18 The
tyrosine at codon 454 of K9 is highly conserved between type I keratins (Fig. 4b). In
addition, a Y→H transition at the corresponding position of keratin 14 has been shown to
cause epidermolysis bullosa simplex.19 Collectively, the nonconserved mutation p.Y454H in
K9 is predicted to severely disrupt the assembly of the keratin intermediate filaments.

Our findings expand the allelic series of the KRT9 mutations underlying EPPK and shed
further light upon regions within the α-helical coiled-coil-forming rod that seem to be less
tolerant of mutations.
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Figure 1.
Pedigrees of five Pakistani families with epidermolytic palmoplantar keratoderma (EPPK).
Haplotypes for three microsatellite markers situated around the type I keratin gene cluster
are also shown.The haplotype segregating with the disease is in red.
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Figure 2.
Affected members of families (a) 1 (III-5), (b) 4 (III-6) and (c,d) 5 (III-3) have diffuse
palmoplantar hyperkeratosis with an erythematous border.
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Figure 3.
(a) A novel mutation p.M157K in family 1. (b) Screening assay for the mutation p.M157K,
resulting in digestion of the wild-type allele (429 bp) into two bands of 266 bp and 163 bp,
while the mutant allele is undigested. (c) A novel mutation p.Y454H in family 4. (d)
Screening assay for the mutation p.Y454H, resulting in digestion of the mutant allele only.
MWM, molecular weight marker; C, control.
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Figure 4.
(a) Schematic representation of the K9 protein and mutations in the KRT9 gene. Mutations
identified in this study are indicated in bold and underlined. HIM, helix initiation motif.
HTM, helix termination motif. (b) Multiple amino acid sequence alignment of helix
termination motif of type I keratins. The highly conserved tryptophan residue is in yellow.
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