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Keratins are a family of structurally related proteins
that form the intermediate filament cytoskeleton in
epithelial cells. Mutations in K1 and K5 result in the
autosomal dominant disorders epidermolytic hyper-
keratosis/bullous congenital ichthyosiform erythro-
derma and epidermolysis bullosa simplex, respec-
tively. Most disease-associated mutations are within
exons encoding protein domains involved in keratin
filament assembly. However, some mutations occur
outside the mutation hot-spots and may perturb inter-
molecular interactions between keratins and other
proteins, usually with milder clinical consequences.
To screen the entire keratin 1 and keratin 5 genes we
have characterized their intron-exon organization.
The keratin 1 gene comprises 9 exons spanning ap-
proximately 5.6 kb on 12q, and the keratin 5 gene
comprises 9 exons spanning approximately 6.1 kb on
12g. We have also developed a comprehensive PCR-
based mutation detection strategy using primers
placed on flanking introns followed by direct sequenc-
ing of the PCR products. © 2000 Academic Press
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The intermediate filaments of epithelial cells are
formed by keratins (1), a family of approximately 30
structurally related proteins, which are expressed in
pairs of acidic type | and basic type Il polypeptides in a
tissue and differentiation specific manner (2). The rod
domain of epidermal keratins consists of four a-helical
regions (i.e., 1A, 1B, 2A, and 2B) that possess a repeat-
ing heptad amino acid motif (a-b-c-d-e-f-g)n with the
potential to form a two-chain coiled—coil with a similar
sequence. Two very highly conserved regions at the
start of the 1A region and the end of the 2B region are
termed the helix initiation peptide (HIP) and helix
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termination peptide (HTP) respectively, and it is pos-
tulated these regions overlap during filament assembly
(reviewed in 3, 4). The a-helical regions are interrupted
by non a-helical regions called linkers (i.e., L1, L12,
and L2) conferring flexibility to the rod. In addition,
type Il keratins possess H1 and H2 domains that flank
the ends of the HIP and HTP of the rod domain. Mu-
tations in several keratin genes have been implicated
in a range of genetic disorders (5, 6).

Keratin 1 is expressed with its type | partner, kera-
tin 10, in suprabasal epidermal keratinocytes and mu-
tations in their respective genes, K1 and K10, result
in autosomal dominant epidermolytic hyperkeratosis
(EH, otherwise known as bullous congenital ichthyosi-
form erythroderma, BCIE) (MIM 113800). In contrast,
keratin 5 is predominantly expressed with its type I
partner, keratin 14, in keratinocytes of the basal layer
and mutations in their respective genes underlie the
autosomal dominant epidermolysis bullosa simplex
(EBS) (MIM 131760/131800/131900).

Mutations within the keratin genes are concentrated
around regions that encode the highly conserved do-
mains involved in keratin filament assembly (i.e., H1,
HIP in 1A, L12, and HTP in 2B). Limited sequence
data are available flanking the mutation hot-spots for
both K1 and K5. Therefore, in order to permit more
thorough screening of the K1 and K5 genes we have
characterized the entire genomic organization of these
genes and present conditions for the amplification of
their individual exons.

MATERIALS AND METHODS

Characterization of human type Il keratin 1 and 5 genomic struc-
ture. Primers based on the cDNA sequence of keratin 1 (GenBank
No. NM 006121) and keratin 5 (GenBank No. NM 000424) were used
to amplify keratin 1 and 5 introns from control human genomic DNA
(Roche Molecular Diagnostics, Lewes, England). Approximately 200
ng of genomic DNA was added to a premix containing PCR buffer (67
mM Tris—HCI, pH 8.8, 16.6 mM (NH,),SO,, 1.5 mM MgCl,, 0.17
mg/ml bovine serum albumin (Sigma, Poole, England), and 10 mM
2-mercaptoethanol), 10 nmol of each dNTP, 20 pmol of each primer in
a total volume of 50 ul. After an initial denaturation at 95°C for 2
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FIG. 1. Intron—exon organization of the human keratin 1 and 5

genes. Exons are represented by vertical boxes, introns by horizontal
lines. The keratin 1 gene consists of 9 exons, 35-859 bp in size,
spanning 5.6 kb of genomic DNA on 12q, and the keratin 5 gene
consists of 9 exons, 35-946 bp in size, spanning 6.1 kb of genomic
DNA on 12q (Table 1). The positions of the translation-initiation and
termination codons are indicated. The keratin 1 and keratin 5 gene
sequences have been deposited in the GenBank database under
Accession Nos. AF237621 and AF274874, respectively.

min, 2.5 units of Taq polymerase (Promega, Madison, WI) was added
followed by 35 cycles of 95°C for 10 s, annealing temperature for 10 s,
72°C for 1 min, with a final incubation of 72°C for 5 min. The PCR
products were examined by 3% agarose gel electrophoresis, purified
using spin columns (Qiagen, Crawley, England) and directly se-
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quenced using Big Dye terminators on an ABI 310 genetic analyzer
(Perkin—Elmer, Foster City, CA) (Table 1).

PCR amplification of genomic DNA. For direct amplification of the
nine keratin 1 exons and the nine keratin 5 exons (see results) from
genomic DNA, primer pairs were positioned within the introns flanking
the exonic sequences (Table 2). For PCR, 200 ng of genomic DNA was
added to a premix containing PCR buffer (as above), 10 nmol of each
dNTP, 20 pmol of each primer in a total volume of 50 wl. After an initial
denaturation at 95°C for 2 min, 2.5 units of Taqg polymerase (Promega)
was added followed by 35 cycles of 95°C for 10 s, annealing temperature
for 10 s, 72°C for 30 s, with a final incubation of 72°C for 5 min. The
annealing temperatures for each primer pair are displayed in Table 2.
The PCR products were examined by 3% agarose gel electrophoresis,
purified and directly sequenced as above.

RESULTS

Genomic Cloning of Human Keratins 1 and 5

To initiate genomic cloning of keratins 1 and 5, prim-
ers positioned within the respective cDNAs were used
to amplify introns that were then sequenced. Analysis
of sequence data revealed that keratin 1 consisted of 9
exons spanning approximately 5.6 kb of genomic DNA
(Fig. 1). The exons varied in size from 35 bp (exon 8) to
859 bp (exon 9), and the introns ranged from 92 bp
(intron 8) to 1000 bp (intron 1) (Table 1). Analysis of
sequence data revealed that keratin 5 also consisted of
9 exons spanning approximately 6.1 kb of genomic
DNA (Fig. 1). The exons varied in size from 35 bp (exon
8) to 946 bp (exon 1), and the introns ranged from 110
bp (intron 3) to 804 bp (intron 7) (Table 1). Apart from
exons 1 and 9 which code for the variable (V1 and V2)

TABLE 1
Exon—Intron Boundaries of the Human Keratin 1 and 5 Genes

Exon 3’ splice acceptor sequence® Exon size (bp) 5’ splice donor sequence® Intron size (bp)
Keratin 1
1 Not determined 591 GACAAGt gagtttct 1000
2 gtottttt agGTGAGG 215 GAACAAt aagggacc 318
3 tttcctgc agGTATGA 61 AAGAAG@Gt aagcaaat 417
4 gttcctct agGATGTG 96 CAAGC#t aagtcttc 169
5 tgtcttgc  agGAGTTG 165 AGCAAGt gagtggct 130
6 ccatcttt agTATGAA 126 AAGCAGt atgtgctt 563
7 tetttttc agATCTCC 221 AAGCAGt gaggaagg 531
8 tctcctac  agGATGTC 35 GTGTG@t aagtacaa 92
9 cctcttgc  agCTGTGA 859 Poly (A)
Keratin 5

1 Not determined 946 GACAAGt gagctacg 581
2 tccectcc agGTGAGG 215 GAACAAMtg agttggg 777
3 tcaccacc agGTATGA 61 AAGAAGt gcgtgtgg 110
4 gtttcccc  agGATGTA 96 GATGCGt aagaaact 142
5 ctccctgc  agGAGCTG 165 ACCAAGt gggtgctc 358
6 gctgcatc agTATGAG 126 AAACA@t agggtgag 249
7 ctatctgt agTGCGCC 221 ATGCAG@Gt gagtagac 804
8 cccctttc agACTCAG 35 ACATCTt aagtagct 555
9 tttcctgc  agCTGTGA 664 Poly (A)

# The consensus ag/gt splice sequences are in bold.

150



Vol. 274, No. 1, 2000

Exon borders for K1/K5

1t
i e

L, Lz L2

a
} |
El Vi HI 1A 1B 2A 2B H2 V2 E2

Type 11 keratin domains

FIG. 2. Schematic diagram displaying the consensus exon bor-
ders of K1 and K5 with relation to the type Il keratin protein
domains. The exons are numbered 1-9, and exon borders are repre-
sented by arrows. Boxed domains represent coiled—coil helical seg-
ments of the central rod domain, and the lines represent the nonhe-
lical regions. The areas shaded in black in the 1A and 2B domains
represent the helix initiation peptide (HIP) and the helix termina-
tion peptide (HTP), respectively.

domains respectively, all exons are the same size with
highly conserved exon—intron borders (Table 1). The
consensus exon—intron borders for the K1 and K5
genes are demonstrated in Fig. 2. The mutation “hot-
spots” are covered by the following exons: H1 (exon 1),
HIP in 1A (exon 1), L,, (exon 5), and HTP in 2B (exon 7).

Development of a Mutation-Detection Strategy

To facilitate identification of pathogenic mutations in
patients with EH/BCIE (K1) and EBS (K5) we designed a
strategy for detection of sequence variants. The approach
consisted of PCR amplification of exons directly using
genomic DNA as template (Fig. 3), with primers based on
intron-specific sequences followed by direct sequencing.
To allow PCR amplification of exons directly from
genomic DNA, balanced primer pairs were designed on
the basis of sequences close to the keratin intron—exon
regions. The primer sequence information, the optimized
amplification conditions, and the expected sizes of the
PCR products are indicated in Table 2.

GenBank Accession Numbers

Human keratin 1 and keratin 5 genes have been
deposited in the GenBank sequence database under
Accession Nos. AF237621 and AF274874, respectively.

DISCUSSION

The spectrum of pathogenic mutations in the type |
and Il epidermal keratins is well documented with
hot-spots occurring within the H1 domain, the helix
initiation peptide in the 1A rod domain, the L12 linker
region, and the helix termination peptide in the 2B rod
domain (5, 6). Keratin mutations are usually domi-
nantly inherited missense mutations but several cases
of autosomal recessive EBS have been reported result-
ing from homozygous splice-site or nonsense mutations
in the K14 gene outside of these hot-spots (7—10). Most
dominant or recessive mutations compromise interme-
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diate filament assembly giving the cell a reduced tol-
erance to mechanical trauma which results in skin
fragility (11). However, other mutations outside the
hot-spots have been identified that affect intermolecu-
lar connections rather than filament assembly. For
example, a missense mutation within the variable
amino terminal domain (V1) of keratin 1 which re-
places a lysine 74 residue for isoleucine has been dem-
onstrated in a case of diffuse nonepidermolytic palmo-
plantar keratoderma (12). Ultrastructural studies of
affected palm epidermis revealed a normal keratin fil-
ament network indicating that the mutation did not
disrupt filament assembly. However, close morpholog-
ical inspection showed perturbations in the organiza-
tion of keratin filaments close to the cornified cell en-
velope. Indeed, further studies have demonstrated that
a highly conserved stretch of approximately 20 amino
acid residues within the V1 region of type Il epidermal
keratins, and in particular the lysine residue, is critical
for the formation of intermolecular connections be-
tween keratin filaments and proteins of desmosomes
and the cornified cell envelope (13, 14). Through trans-
glutaminases, this conserved type Il lysine residue has
been shown to cross-link to glutamine residues within
proteins such as envoplakin, loricrin, involucrin and
some of the small proline rich proteins (14). It has been
postulated that type Il keratins expressed within the
basal cells (i.e., keratin 5) form attachments with pro-
teins of the desmosome such as desmoplakin, and as
the cell terminally differentiates expressing different

Keratin 1

23456 78 9m

m 1

Keratin 5

m1 23456 78 9m

FIG. 3. PCR amplification of exons 1-9 for keratin 1 and exons
1-9 for keratin 5, using genomic DNA as template with the primer
pairs shown in Table 2. The PCR products were examined by 3%
agarose gel electrophoresis. The lanes m contain ¢X174 Haelll mo-
lecular weight markers.
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TABLE 2

Primers for the Genomic Amplification of Human Keratins 1 and 5

Exon Forward (5" — 3’) Reverse (5' — 3’) Product (bp) Annealing temp. (°C)
Keratin 1
1 ttccaggtctgggtaccgaag (18)* ctcctaggagaccattccac (+140) 714 52
2 ctgtcatggtcagaagatagg (—111) catgctgcttcatgatcttage (+84) 410 56
3 gcagtgataggcaatgccac (—91) ggctctccatatcatggetg (+96) 248 56
4 ctcacaggtaatgagagggac (—67) gaatcgttgtgggttcaggc (+68) 231 56
5 gcctgaacccacaacgatte (—121) cacatacatgagataacacagg (—63) 349 56
6 cctgtgttatctcatgtatgtg (—79) ccattccatacagctgagtg (+41) 246 56
7 caagtggttctgttggactc (—112) caatcagatggctgcatcttc (+89) 422 56
8 gtgcattggagaagacccag (—114) ctccgtttccageccaac (+58) 207 56
9 gttgggctggaaacggag (—52) gacctcggtcttgccaag (2010)° 552 56
Keratin 5
1 agctctgttctctccageac (—71)° cagtctaattcagaacgtgtcc (+169) 795 56
2 gaggcaagccttagtgagttg (—73) tccatggaaggtatatcctce (+120) 408 56
3 cagaggttcatgctaccagt (—153) ggcactgcacacaccgtcac (+90) 304 56
4+5 aaccagcagcctgcagctatg (—91) ccattcttagtgtcgtcatgg (+81) 575 56
6 aggcactagactagctcagce (—145) actggatctagctgegtgtg (+108) 379 56
7 cacacgcagctagatccagt (—161) atgatgtgtcattatcacgcac (+120) 520 56
8 ggtgtacagactcctggctt (—119) cataagccacattgcttcctgtc (+190) 344 56
9 tagagtgctccaacaccagc (—93) acatggcttgagcaactgee (1857)° 476 56

% In the keratin 1 cDNA (GenBank No. NM 006121) relative to the translation start site.
® In the keratin 5 cDNA (GenBank No. NM 000424) relative to the translation start site.

type Il keratins (i.e., keratins 1 and 2e) these form
connections with proteins of the cell envelope such as
involucrin and loricrin. It is, therefore, plausible that
mutations affecting other intermolecular connections
within the epidermis may occur within other keratins
including K1 or K5, thus demonstrating the impor-
tance of characterizing the entire genomic structure of
these genes for subsequent molecular analyses.
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