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Hair keratins, a subset of the keratin multigene fam-
ily expressed in hard keratinizing structures, previ-
ously have been thought to comprise four members
of each subfamily, designated Hal-4 (type I) and
Hb1-4 (type II), which are differentially expressed in
the cuticle and cortex of the hair follicle. This report
describes the genomic cloning and sequencing of the
human type I cuticular hair keratin hHa2, as well as
the identification of a previously unknown human
type I hair keratin gene. The 12.5-kilobase pair
genomic clone ghkl2.12, obtained by hybridization
of a human genomic deoxyribonucleic acid library
with a 3'-complementary deoxyribonucleic acid
probe of hHa2, as well as the partially overlapping
14.4-kilobase pair genomic clone ghkl2.17, isolated
using a 5'-fragment of clone ghkl2.12, allowed the
characterization of the entire hHa2 gene. The gene
displays the same exon/intron structure as two previ-
ously characterized type I mouse and sheep hair/wool
keratin genes with strict positional conservation of
the six introns in the region coding for the central
a-helix. At the 5'-extremity of clone ghkl2.17, i.e.,

he keratin multigene family comprises more than 30
individual but structurally related members that, by
virtue of their sites of expression, are traditionally
divided into epithelial-type keratins (soft a-keratins)
and hair-type keratins (hard a-keratins). Two-di-
mensional gel electrophoresis studies of hair follicle protein extracts
from various species, including man, have consistently led to the
identification of eight major hair keratins (Heid et al, 1986; Lynch
et al, 1986). Four of them, migrating in a narrow molecular weight
range of 59-63 kilodaltons (kDa), belong to the basic to neutral
type II subfamily and are designated Hb1-4. The remaining four
keratins with molecular masses between 44—48 kDa represent the
acidic type I subfamily Hal-4. Together with a minor hair keratin
pair, Hax/Hbx, the complement of hair keratins is therefore
assumed to comprise 10 members (Heid e al, 1986; Lynch et al,
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approximately 8.0 kilobase pairs upstream of the
hHa2 gene and oriented in the same transcriptional
direction, lies the gene for a hitherto unknown hu-
man type I hair keratin. Clone ghklI2.17 contains
partial sequence information for this gene beginning
with intron 5 and extending to the end of the gene.
Screening of a human scalp complementary deoxyri-
bonucleic acid library with a 3'-fragment of the gene
yielded a full length complementary deoxyribonu-
cleic acid clone of the new hair keratin, which in
continuation of the current nomenclature for hair
keratins was termed hHa5. Remarkably, the hHa5
gene, which contains an additional 7th intron in its
3'-noncoding region, is expressed mainly in suprama-
tricial cells and lowermost cortical cells of the hair
bulb and thus constitutes a very early component of
hair morphogenesis. Our results confirm the type
specific clustering of keratin genes and indicate that
the human type I hair keratin subfamily contains
more members than previously assumed. Key words:
keratin  geneslstructurelorganizationlexpression. J Invest
Dermatol 107:633-638, 1996

1986). Until now, the concept of eight major hair keratins seemed
to be confirmed by recombinant DNA techniques which have led
to the structural elucidation of four type II sheep wool keratins
(Powell ef al, 1992; Powell and Beltrame, 1994) as well as four type
I mouse hair keratins (Bertolino et al, 1988, 1990; Winter ef al,
1994). Expression studies of the murine type I hair keratins revealed
that three structurally highly related keratins, mHal, mHa3, and
mHad4, are sequentially expressed in the hair cortex (Winter et al,
1994), as are three of the four type 11 wool keratins (Powell ef al,
1992). The synthesis of the fourth type I member, mHa2, which is
structurally unrelated to the three cortex keratins, is limited to the
cuticle of the hair (Winter ef al, 1994). For a long time, sequence
clucidations of human hair keratins have lagged considerably
behind those of the animal keratins. Recently, however, our
laboratory succeeded in determining the primary structure not only
of the type I hair keratins hHal (Fink ef al, 1995), hHa2 (Rogers ¢f
al, 1995a), and hHa4 (unpublished results), as well as of two
isoforms of hHa3 (Yu et al, 1993; Rogers et al, 1995b), but also of
the type IT hair keratins hHb1 (Rogers ef al, 1995a) and hHb2-4
(Winter H, Rogers MA, Schweizer J: unpublished observations).
In all cases, the assignment of the individual human hair keratins

0022-202X/96/810.50 » Copyright © 1996 by The Society for Investigative Dermatology, Inc.

633



634 ROGERS ET AL

was based on their striking sequence homology with the respective
mouse and sheep keratins.

At present, complete gene structures of hair keratins are limited
to two type Il and two type I cortex keratins from different species
(Wilson et al, 1988; Kaytes et al, 1991; Powell ef al, 1992; Jones et
al, 1996; Korge et al, 1996). The exon—intron organization of the
two type II hair keratin genes corresponds to that found in type II
epithelial keratin genes, i.e., nine exons interrupted by eight
positionally conserved introns (Steinert ef al, 1985; Powell et al,
1992; Jones et al, 1996; Korge et al, 1996). In contrast, the two type
I hair keratin genes differ from type I epithelial keratin genes by the
lack of a 7th intron in the region encoding the carboxy terminus
(Steinert et al, 1985; Wilson ef al, 1988; Kaytes et al, 1991). In this
paper, we describe the structure and genomic organization of the
human type I cuticular keratin gene hHa2. In addition, we show
that another unusual and hitherto unknown functional type I hair
keratin gene lies 5’ of and in close proximation to the hHa2 gene.

MATERIALS AND METHODS

Isolation of Genomic Clones For the isolation of genomic clones for
the human hair keratin hHa2 gene, a human genomic library (DNA of
circulating lymphocytes, partially digested with Haelll and cloned into the
BamHI site of the lambda Dashll Vector; Stratagene, La Jolla, CA) was
screened with a *?P-labeled 250-bp Sphl-Styl 3'-fragment of the previously
published human hHa2 complementary deoxyribonucleic acid (cDNA)
(Rogers et al, 1995a). Out of eight genomic clones isolated and purified by
two rounds of rescreening, one clone, termed ghkl2.12, which also
hybridized to a 144-bp EcoRI-Ncol 5'-fragment of the murine mHa2 ¢cDNA
(Winter ef al, 1994) was further characterized. Subsequently, a 1.2-kilobase
pair (kbp) NofI-Pstl fragment, derived from the 5'-end of clone ghkl2.12,
was used in a second screening of the genomic library to isolate clone
ghkI2.17, which extended the 5'-flanking region of the hHa2 gene and, in
addition, contained 3’-sequences of a new hair keratin gene.

Restriction Enzyme Mapping Lambda DNA of genomic clones
ghkl2.12 and ghkl2.17 was digested with HindIIl and HindIII-Norl. The
orientation of the resulting Hindlll and HindIII-Notl subfragments of
ghkl2.12 and ghkl2.17 was determined by means of Southern blot analysis
with 3'- and 5'-specific probes of the hHa2 and mHa2 cDNAs, as well as
sequence comparison of the isolated fragments with known type I hair
keratins and finally by Southern hybridization of Xhol-Xbal digested
ghkl2.12 using the HindlIl and HindIII-Nofl fragments of ghkI2.12 as
probes.

Sequence Analysis The relevant restriction fragments of the two lambda
clones were subcloned into Bluescript 11 KS+ and sequenced from both
ends, initially using M13 and T3 primers and then 17mer oligonucleotides
as walking primers. Sequencing was carried out according to the chain
termination method of Sanger et al (1977) using both T7 Sequencing Kit
(Pharmacia, Piscataway, NJ) and Sequenase Sequencing Kit (United States
Biochemicals, Cleveland, OH). DNA assembly and data base comparisons
were performed using the Heidelberg UNIX Sequence Analysis Resource
(HUSAR, German Cancer Research Center).

Human Scalp ¢cDNA Library The preparation of a cDNA library with
polyA™ ribonucleic acid (RNA) from normal human scalp, cloned direc-
tionally into the lambda Zapll vector (Stratagene Cloning Kit) has been
described previously (Rogers ef al, 1995a). The library was screened using
a 2.5-kb PsfI-Sall fragment of the genomic clone ghkl2.17, containing
3'-noncoding sequences as well as sequences coding for part of the carboxy
terminus of the new type I human hair keratin. A 1.1-kb partial cDNA clone
was isolated and sequenced. From this clone, a 300-bp PsfI-Xhol 3'-
fragment was derived and used for a rescreening of the library, which
yielded the full length clone phkI-5.

In Situ Hybridization Surgically removed samples from human scalp
were snap-frozen in isopentane cooled with liquid nitrogen. Cryostate
sections (nominally 5 pum) were mounted on glass slides treated with
3-aminopropyl tricthoxysilane (Sigma, St. Louis, MO), air-dried, and stored
at —80°C. A 300-bp PstI-Xhol fragment of cDNA clone phkI-5, comprising
3'-noncoding sequences and part of sequences coding for the carboxy
terminus was subcloned into Bluescript II KS+ and used for the generation
of both **[S]cytidine triphosphate (,CTP)-labeled antisense and sense
probes. In sitn hybridization was carried out essentially as described
previously (Langbein et al, 1994).

A confocal laser scanning microscope (LSM 410 UV, Carl Zeiss,
Oberkuchen/Jena, Germany) was used for recording in situ hybridizations.
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Figure 1. Composite gene domains with partial restriction map (H,
HindIII) and indication of the loci of the human type I hair keratin
gene hHa2 and of the new type I hair keratin gene hHa5. The 21-kb
gene domain was assembled from the two genomic clones ghklI2.12 and
ghklI2.17 that were used for the elucidation of the structural organization of
the two hair keratin genes. Exons are shown as l; [> indicate the direction
of transcription of the genes. The numbers below the genomic clones and
the composite gene domain indicate distances in kbp between HindIIl and
HindI1I-Notl fragments. V above the composite gene domain demarcate the
size of the hHa2 gene sequence. The sequence is available from the EMBL
data library, accession number X90761. For further details, see Results.

The instrument allows epi-illumination for reflection microscopy to detect
the hybridization signals and transmitted light microscopy for hematoxyline
staining both at a wavelength of 543 nm using a He-Ne-laser. Both images
were combined by an overlay in false colors (transmission images in green,
reflection images in red). Photographs were taken with a special high
resolution image order system (Focus Graphics, Farchant, Germany). Video
prints were made with a sublimation printer (Mitsubishi, Tokyo, Japan).

RESULTS

Isolation, Restriction Mapping, and Characterization of a
hHa2 Genomic Clone Successive screening of a human
genomic library with a 250-bp Sphl-Styl probe that comprised 3’
noncoding sequences of the hHa2 cDNA (Rogers et al, 1995a), as
well as with a 144-bp EcoRI-Ncol 5'-probe derived from the
murine Ha2 ¢cDNA (Winter ef al, 1994) encompassing sequences
coding for the amino terminus and the beginning of the a-helix of
the hair keratin, yielded genomic clone ghkl2.12, which was
further characterized. Digestion of ghkI2.12 with both HindIII (no
restriction site in the vector) and Nofl (unique restriction sites in
both linkers) resulted in three HindIlI fragments of 5.5, 3.1, and 1.0
kb as well as two HindIII-Nofl fragments of 2.5 and 0.4 kb,
respectively. Southern blot hybridization of these fragments with
the specific 3'-probe of the hHa2 cDNA localized the 3'-end of the
hHa2 gene to the 3.1. HindIIl fragment, whereas the 2.5-kb
HindIII-Notl fragment was detected by the 5'-probe of the mHa2
cDNA. Hybridization with the total hHa2 ¢cDNA clone localized
the hHa2 exons to both the 2.5-kb HindIII-Nofl fragment and the
5.5- and 3.1-kb HindIII fragments. The correct assignment of the
remaining 1.0-kb HindIII fragment was achieved by digestion of
ghkl2.12 with Xbal (restriction sites in both linkers) and Xhol (no
restriction site in the vector), followed by Southern blot hybridiza-
tion of the resulting fragments using each of the individual HindIIl
and HindIII-NotI fragments as hybridization probes. This analysis
yielded a 2.8-kb Xbal fragment that reacted with the 3.1- and
1.0-kb HindIII fragments as well as with the 0.4-kb HindIII-Nofl
fragment, thus leading to the overall order of the various ghkl2.12
fragments indicated in Fig 1.

Structural Organization of the hHa2 Gene Sequencing of
ghklI1.12 from the 2.5-kb HindIlI-Nofl fragment through the
3.1-kb HindIII fragment confirmed that the complete locus of hHa2
is present in this area. The gene is composed of seven exons and six
introns. (The hHa2 gene and flanking sequences, spanning 14117
nucleotides, is available from the EMBL data library, accession
number X90761.) Intron positions were determined by comparison
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of the genomic sequence with the hHa2 full length cDNA sequence
(Rogers et al, 1995a). All of the exon—intron boundaries exhibit the
minimal consensus sequence for donor and acceptor splice sites
(Smith et al, 1989) with dinucleotides gf and ag at the respective 5'-
and 3’-ends of the introns. A putative ATA box (CATAAA),
identical to that present in the promoter of the type II wool keratin
gene K2.9 (Powell ef al, 1992) and related to that occurring in the
murine Hal gene (Kaytes ef al, 1991), and to a type I wool keratin
gene (Wilson et al, 1988), is located 211 bp upstream of the ATG
initiation of translation codon (nucleotides 4678 -4680). Upstream
of this ATA box is the sequence AAACCAAA (nucleotides 4004 —
4011) that has been identified in the promoters of some of
epidermal keratins genes (Blessing ef al, 1987). More importantly,
the 5'-flanking sequence of the hHa2 gene contains the lymphoid
enhancer factor 1 (LEF1) DNA binding site, CTTTGAA (nucleo-
tides 4308-4314), which seems to be characteristic for hair follicle
associated genes (Zhou ef al, 1995). It should be mentioned that the
hHa2 gene is subject to three natural polymorphisms that concern
nucleotides ¢ 9043, gt 9064/65, and t 9080. The two polymor-
phisms in the region coding for the helix termination motif lead to
threonine-methionine and serine—arginine substitutions, respec-
tively (for details, see Winter et al, 1996).

Extension of the 5'-Flanking Region of the hHa2 Gene
The region 5’ to the ATG initiation of translation codon of the
hHa2 gene located on genomic clone ghklI2.12 comprises only
1250 bp. In order to obtain more sequence information for the
5'-flanking region of the gene, a 1.2-kb NorI-Pstl fragment derived
from the 2.5-kb HindIII-NofI fragment of ghkI2.12 (see Fig 1) was
used as a probe for a second screening of the genomic library. One
of the positive clones, termed ghkI2.17, was digested with HindIII
and HindIlI-Notl, yielding two HindIlI-Nofl fragments of 4.2 kb
and 3.2 kb as well as two 3.7- and 3.3-kb HindIII-Nofl fragments
(Fig 1). Southern blot hybridization with a probe containing solely
a-helix coding sequences of the hHa2 ¢cDNA showed labeling of
the 3.2 HindIII fragment but also of the two HindIII-NofI fragments
at the extremities of ghkl2.17, thus indicating the presence of a
second type I keratin gene locus in the 5'-region of clone ghklI2.17.
In order to determine the area of overlap between ghklI2.12 and
ghkI2.17, the HindIII and HindI1I-Norl fragments of ghkI2.17 were
subcloned and partially sequenced. Subsequent sequence compar-
isons showed that the 3.3-kb HindIII-Nofl fragment of ghkI2.17
was part of the 5.5-kb HindIIl fragment of ghkl2.12 and that the
3.2-kb HindIll ghklI2.17 fragment was contained in the 2.5-kb
HindIII-Nofl fragment of ghklI2.12 (see Fig 1). In addition, this
analysis allowed the determination of the overall order of the
fragments on ghkl2.17 and thus allowed depiction of the organi-
zation of the entire 21.1-kb gene domain covered by the two
genomic clones (Fig 1, uppermost scheme). Finally, clone ghkI2.17
was used to extend the sequence information of the 5'-flanking
region of the hHa2 gene to about 4.7 kb (see EMBL data library,
accession number X90761).

A New Hair Keratin Gene Is Located Upstream of the hHa2
Locus The preceding hybridization analysis has provided evi-
dence for the location of a type I keratin gene upstream of the hHa2
gene on the distal 3.7-kb HindIII-Norl fragment of ghklI2.17. This
was confirmed by sequencing the fragment from its 5-end and
subsequent amino acid translation of the elucidated sequence. As
shown in Fig 2, the open reading frame starts with an amino acid
segment that is almost identical in both sequence and length with
that of exon 6 of hHa2 (see EMBL data library, accession number
X90761). It thus corresponds to the end of the a-helical 2B
subdomain. At the gene level the corresponding coding sequence is
flanked by intron sequences that would positionally conform to
introns 5 and 6 of the hHa2 gene (see EMBL data library, accession
number X90761). The high content of carboxy terminal cysteines
(8 residues) and prolines (10 residues) clearly points to a classifica-
tion of the protein as a hair keratin (Winter ef al, 1994). In order to
further characterize this keratin, we isolated a 2.5-kb PstI-Sall
fragment that comprised both carboxy terminus coding sequences

HUMAN TYPE I HAIR KERATIN GENES hHa2 AND hHa5 635

1 gatcaaagaagccacaggggctaattagctcatctcaagtgagatgtetgattgtggttc
61 atcct:gctcannctctguttctccqaqct:ctgtcct:gqa[tc:gngqcctcactgug
]

301 actcttgccctcacagAGAGATGCTTTGGAATCCACCCTGGCAGAGACGGAGGCCCGCTA
R DALESTTLAMETEH ARY

361 TAGCTCCCAGCTGGCCCAGATGCAGTGCATGATCACCAACGTGGAGGCCCAGCTGGCCGA
§$ S QL AOQOCMOCMTITNVEHROQOLAETE

GATCCGGGCTGACCTGGAGCGGCAGAACCAGGAGTACCAGGTGCTGCTGGACGTCCGGGC
421 I RADLERUGQNOQETYQUVLLDVRA

CCGGCTGGAGTGTGAGATCAACACGTACCGGGGCCTGCTGGAGAGTGAGGACAGCAAGtY
481 RL ECE INTYRGSLLESED S K

agtatcactgcatgtgctcttgtecttctcactgcaatctaccaagttctgggaagacage
541 atggtgcctagaaagagcctggcattcggagtetggagttctgttetettagttetggte

601 ttcctgaaaactcatcacgtgactccagcea, tttecctet tgtttecece
661 ttttggtaaaacaagggggcaggatcaaggtggtttttagggtgettcecagtttgeata
721 gtctaggatctacttfgagttactgcaaacagcaactggaaaatcacagtaatttgtttt

781 cttttttctagGCTCCCCTGTAACCCATGTGCACCTGACTACTCACCCTCCAAGTCATGC
841 L P C N @® ¢ e DY @S K s C
*
CTTCCCTGTCTTCCTGCGGCCTCCTGCGGTCCTAGTGCAGCCCGCACAAACTGCAGCCCC

901 L PCLPAAS S CG®P S AARTNRC CST®P
CGCCCCATTTGTGTGCCCTGCCCAGGGGGTCGGTTCTGAGAGCGGtgacccagatggeca
961 R ®2I ¢V P2P0P 6 R.E.*

tggctattgtctccagggcttgaacttggectctacccaaacttaacccttgtageccaa
1021 tccectetettegegecagageccaggeccagGGTCTGGCTGAAAAGGCTTTCTGCAAATA
1081 CATGCCCTAAAGTTTCTCAGAGCCTGTCACAAAGGCCGGCTGCCCCCAAAGGTCTCAACT

1141 CCTCATCATTTCAATGGGTGCCAGGGTCTCTGTTCTCAGGCTGCCTCCTGGGTCAGGTTT
1201 TCCTTCTAGGTGCTGTTCCGGTGGATTCTGAAATGCAGTAGAGGGCTTTTGTTGGCAGAA
1261 CAATAAAGTGCATTTGCTCAGGCCCCTGATGCCTAACTTGCACCATTCTGGTGTTGTTGG
1321 CTTGTGTCTCTGCTGTGT 1398

1381

Figure 2. Partial nucleotide sequence of a new type I human hair
keratin gene, hHa5, located on genomic clone ghklI2.17 (see Fig 1)
Nucleotides in exons and amino acid translations are shown in
capital letters. ¥ marks the end of the a-helix whose termination motif is
underlined, as is the polyadenylation signal. —,, designated R1 and R2,
respectively, demarcate two near direct repeats of 119 nucleotides with one
base variation (the adenine marked by a @ in R1 is replaced by cytosine in
R2). * denotes a Pstl restriction site used for the generation of a specific
3'-probe of the gene. The sequence is available from the EMBL data library;
accession number X90762. ’

and 3'-noncoding sequences (see Fig 2). In northern blots with
RNA from both human scalp and hairless epidermis, this fragment
detected a single messenger RNA (mRNA) of about 1.8 kb only in
RNA from human scalp (results not shown). Subsequently, this
fragment was used for the screening of a cDNA library constructed
with polyA™ RNA from human scalp which ultimately yielded the
full length keratin clone phkI-5 shown in Fig 3. The encoded
keratin comprises 425 amino acid residues and has a calculated
molecular mass of 47.6 kDa. The expression of its mRNA in the
human hair follicle was investigated by radioactive in situ hybrid-
ization using a specific 3'-probe of phkI-5. As shown in the
follicular sections of Fig 4a and b, transcripts of the keratin occur
first in supramatricial cells of the hair bulb slightly below the critical
zone of Auber (Auber, 1952). Expression of the mRNA ceases
rather abruptly in the lowermost cortex region of the hair shaft,
three to four cell layers above the apex of the dermal papillae. No
hybridization signals were, however, observed in matrix cells and
in trichocytes bordering on the dermal papillae (Fig 4b). The
cuticle of the hair shaft as well as the adjacent inner and outer root
sheaths were also free of label (Fig 4a) as was the interfollicular
scalp epidermis (results not shown).

DISCUSSION

Until now, two type I hair keratins, the murine Hal and a 47.6 kDa
wool keratin, have been characterized at the genomic level (Wilson
et al, 1988; Kaytes et al, 1991). mHal is the largest n/lcmber of the
murine type I hair keratin subfamily, and according to the sequen-
tial features of its carboxy terminus, the 47.6 kDa wool keratin
represents the ortholog of murine hair keratin mHa3 (Winter ef al,
1994). In this paper, we present the genomic sequence of a human
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1 C'I'GGCCTCAGAGACCTA’I‘CMT’I‘GCATCTGAGT”I‘GCAGGGGCCATGGCTTCCMATGCCT
61 CAAGGCCGGCTTCTCTTCTGGGTCTCTCAAGAGCCC CAGTX CTCCAC
121 TCGTGTGTCCGCAATGTACTCCAGCAGCC CTTGCAAGCTTCCAAGTCTCTCCCCTGTGGC

1 MYSSSPCKLPSLSPVA

181 CAGMGT‘I‘TCTCTGCCTGCTCAGTGGGTC’ICGGCAGMGCAGCTACAGGGCCACCAGCTG
17RSFSACSVGLGRSSYRATSC

241 CCTCCCTGCTCTCTGCCTCCCTGCT GGCTTCGCTACCAGCTACAGTGGGGGTGGGGG
)7LPALCLPAGGFATSYSGGGG

301 CTGGTTTGGGGAGGGCATCCTCACTGGCMTGAGMGGAGACCATGCMTCCCTGMCGA
57WFGEGILTGNEKETHQSLND

361 CCGCCTGGCCGGCTAC CTGGAGAAGGTGCGTCACGTGGAGCAGGAGAACGCCAGCCTGGA
77RLAGYLEKVRHVEQENASLE
1A L1
421 GAGCCGCATCCGTGAGTGGTGTGAGCAGCAGGTCCCCTACATGTGCCCTGACTACCAGTC
975RIREWCEQQVPYMQPDYQS

481 CTACTTCCGGACCATCGAGGAGCTCCAGMGMGACTCTATGCAGCAAGGCTGAGMTGC
117YFRT1EELQKKTLCSKAENA

541 CAGGCTGGTGGTGGAGATTGACAATGCCMATTGGCTGC)\GATGACTTCAGGACCMGTA
137RLVVEIDNAKLA}\DDFRTKY

601 TGAGACGGAGGTGTCCCTGCGGCAGCTGGTGG}\GTCAGACATCMCGGCCTGCGCAGGAT
157ETEVSLRQLVESDINGLRRI

661 CCTGGATGACCTGACCCTGTGCAAGTCTGACCTGGAGGCCCAGGTGGAGTCCCTGAAGGA
177 L D DL T LC K SDULEA AQV ESLKE
1B

221  GGAGCTGCTCTGCCTGAAGAAGAACCATGAGGAGGAAGTGAACTCACTGCGCTGCCAACT

197ELLCLKKNHEEEVNSLRCQL
L1/2 <

781 TGGTGACCGCCTCAATGTTGAGGTGGATGCTGCCCCACCTGTTGACCTGAACCGAGTTCT

217GDRLNVEVDAAPPVDLNRVL
209N

841 GGAGGAGATGAGGTGCCAGTATGAAACCCTGGT ATAACCGCCGGGATGCTGAAGA

237EEMRCOYETLVENNRRDAED

L2 T 2B
901 CTGGTTGGAC. ACCCAGAGTGAGGAGCTGAACC. AGCAGGTGGTGTCCAGCTCAGAGCAGTT
27 w L DTG QSETETLNQQVVSsSSsSSEQL

961 GCAGTCCTGCC)\GGCAGAGATCATCGAGCmAGACGCACCGTCMCGCCCTGGAGATTGA
277QSCQAEIXELRRTVNALEIE

1021 GCTGCAGGCCCAGCACAGCATGAGAGATGCWMTCCACCCTGGCAGAGACGGAGGC
289 L9 A @ H S MR DALESTLAEDRA

1081 CCGCTATAGCTCCCAGCTGGCCCAGATGCAGTGCATGATCACCAACGTGGAGGCCCAGCT
377 R ¥ S S Q@ L A Q@ M Q@ C M I T™NUVEHARAQOQL

1141 GGCCGAGATCCGGGCTGACCTGGAGCGGCAGAACCAGGAGTACCAGGTGCTGCTGGACGT
337hEIRRDLERQNQEYQVLLDV

1201 CCGGGCCCGGCTGGAGTGTGAGATCAACACGTACCGGGGCCTGCTGGAGAGTGAGGACAG
357RARLECEINTYRGLLESEDS

1261 CAAGCTCCCCTGTAACCCATGTGCACCTGACTACTCACCCTCCAAGTCATGCCTTCCCTG
377KLPCNPCAFDYSPSKSCLPC

1321 TCTTCCTGCGGCCTCCTGCGGTCCTAGTGCAGCCCGCACAAACTGCAGCGCCCGCCCCAT
397LPAASCGPSAARTNCSARPI

1381 PTGTGTGCCCTGCCCAGGGGGCCGGTTCTGAGAGCGGGTCTGGCTGAAAAGGCTTTCTGC
417 © VvV P C P G G R F %425

1441 AAATACATGCCCTAAAGTTTCTCAGAGCCTGTCACARAGGCCGGCTGCCCCCAARGGTCT
1501 CAACTCCTCATCATTTCAATGGGTGCCAGGGTCTCTGTTCTCAGGCTGCCTCCTGGGTCA
1561 GGTTTTCCTTCTAGGTGCTGTTCCGGTGGATTCTGAAATGCAGTAGAGGGCTTTTGTTGG
1621 CAGAACAATAAAGTGCATTTGCTCAGGCCCCTGATGCCTAACTTGCACCARAARRARAAA
1681 AAAAAAA 1687

Figure 3. Nucleotide sequence of cDNA clone phkI-5 and derived
amino acid sequence of the encoded keratin hHa5. ¥ demarcate the
a-helical domain whose subdomains are indicated by —,. The polyadenyl-
ation signal is underdined. The sequence is available from the EMBL data
library; accession number X90763

type 1 hair keratin, hHa2. Whereas the mouse and sheep keratin
genes are expressed in the cortex of the hair shaft, the expression of
the Ha2 gene is restricted to the cuticle of the hair (Winter H,
Rogers MA, Langbein L, Schweizer J, 1994, and unpublished
observations). Regarding their genomic organization, the three
type I hair keratin genes are identical in that they are divided into
seven exons by six introns. In all three genes, the six introns are
located in the region coding for the a-helix and they interrupt this
central gene domain at exactly the same phase of the triplet codons
including the lysine codons split by introns 2 and 6. Previously, a
high degree of length and sequence conservation has been noted for
the small intron 4 of the mHal and 47.6 kDa wool keratin gene, as
well as of two other, partially characterized, murine type 1 hair
keratin genes, but not for type I epithelial keratin genes. It was

B |
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therefore suggested that intron 4 sequences might be involved in
the regulation of type I hair keratin expression (Kaytes et al, 1991),
Because, however, a comparison of the hHa2 intron 4 with those of
the mouse and sheep hair keratin genes does not confirm such a
length and sequence conservation, (results not shown), a general
relevance of intron 4 for the regulation of type I hair keratin gene
expression can be excluded. A functionally better defined regula-
tory sequence, 5'-CTTTGAA-3', is present in the promotor region
of the hHa2 gene. This sequence was originally described in the
promotors of five hair follicle associated genes and referred to as
HK1 motif (Rogers and Powell, 1993). Only recently, it was found
that the HK1 motif corresponds to the DNA binding site of LEF1

(core consensus sequence, CTTTGA/TA/T/A), which is actively
synthesized in both the developing and mature hair follicle (Zhou
et al, 1995). Two minimal promoters of hair follicle associated genes
containing the LEF1 binding motif were stimulated by LEF1 in

chloramphenicol-acetyl-transferase reporter gene assays of epider-
mal keratinocytes. Moreover, transgenic experiments with altered

LEF1 expression revealed striking abnormalities in both hair pat-
terning and morphogenesis (van Genderen et al, 1994; Zhou et al,

1995). In the meantime the LEF1 binding site has been discerned in

13 of 13 published promoters of hair associated genes. In general,

the first such motif is positioned about 160-250 bp upstream from

the TATA box (Zhou et al, 1995). The site seems most optimal for

factor binding if the core motifis preceded by a C and contains A’s

instead of T’s at its 3" end (Giese ef al, 1992; Giese and Grossched],

1993). All these criteria are perfectly fulfilled by the LEF1 motif in

the proximal hHa2 promoter. Besides the first LEF1 binding site

upstream of the TATA box, five more LEF1 site related sequence

motifs have been localized in a 3688-bp 5'-region of the mHal

gene (Zhou et al, 1995). We were not able to detect additional

LEF1 consensus binding sequences in the 4700-bp-long 5'-flanking

region of the hHa2 gene. This may indicate that, in regulatory

terms, the first motif upstream of the TATA box may be the most

important one.

The extension of the hHa2 promotor region led to the detection
of another, partial keratin gene sequence about 8 kbp upstream of
the hHa2 gene. The open reading frame of the partial gene yielded
amino acid sequences for the terminal part of the a-helix and the
carboxy terminus that displayed the typical cysteine and proline
enrichment of hair keratins (Winter ¢f al, 1994). Sequence com-
parisons of the carboxy terminus with that of hHal, hHa2, hHa3-I,
hHa3-II, and hHa4 revealed no identity with these keratins, thus
indicating the occurrence of a hitherto unknown hair keratin gene.
The expression of the new gene in the hair follicle was demon-
strated by the isolation of a corresponding cDNA clone from a scalp
c¢DNA library and by in situ hybridization studies. In numerical
continuation of the current nomenclature for hair keratins, we
propose to name the new hair keratin hHa5. Preliminary data from
our laboratory indicate, however, that hair keratins hHa1-hHa5 do
not yet constitute the full complement of functional type I hair
keratins in man.

A comparison of the partial hHa5 gene sequence with the
corresponding cDNA clone reveals the presence of an intron in the
3'-noncoding region of the gene (see Figs 2 and 3), which,
together with the six conserved a-helical introns, brings the overall
number of introns of the hHa5 gene to seven. In this respect, the
hHa5 gene deviates from the type I genes of hHa2, mHal, and the
47.6 kDa wool keratins but resembles type I cytokeratin genes,
which consistently possess a 7th intron at varying positions of the
region coding for the carboxy terminus (Steinert et al, 1985).
Interestingly, however, a shift of the 7th intron into the 3'-
noncoding region has recently also been reported for the human
type I cytokeratin K9 gene (Reis ef al, 1994).

Another remarkable feature involving intron sequences of the
hHa5 gene concerns the occurrence of two near direct 119-bp
repeats that, except for one base, are completely conserved (Fig 2).
The first repeat and half of the second repeat are located in intron
5, whereas the remaining half of the second repeat encodes the
beginning of exon 6 (Fig 2). This configuration implies that the
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Figure 4. Radioactive in sitn hybridization with a specific 3'-fragment of clone phkI-5 to slightly oblique sections of two different human
anagen hair follicles (a,b). ORS, outer root sheath; IRS, inner root sheath; CO, cortex; DP, dermal papillae; M, matrix; SMZ, supramatricial zone. Scale

bar, 100 um.

3’'-splice site involved in the elimination of intron 5 as well as its
flanking regions are also present in the first repeat. The relevance of
this repeat in the correct splicing of the hHa5 gene is not known,
but the accidental use of the 3'-splice site in the first repeat would
lead to a hHa5 keratin devoid of the terminal part of its a-helix and
thus unable to form functional filaments with its type II partner.
Whether such an event occurs and whether such a splice variant
could be causally related to the occurrence of spontanecous, non-
heritable hair disorders remains to be seen.

The particular characteristics of the hHa5 gene also carry over to
the hHa5 protein, which displays unique features when compared
with the known human type I hair keratins. Thus, the cortex
keratins hHal, hHa3-I, hHa3-1I, and hHa4 possess amino termini
that are closely conserved in both length and sequence, as well as
carboxy termini that exhibit extended sequence homologies adja-
cent to their a-helices. In contrast, the head and tail portions of
hHa5 virtually lack sequence homology with those of the cortex
keratins. In this respect, hHa5 resembles the cuticular hair keratin
hHa2, which also exhibits complete amino- and carboxy-terminal
sequence deviation from the cortex keratins (Rogers et al, 1995a).
Remarkably, hHa5, and hHa2 share another feature, namely, their
early expression in the hair follicle. The first transcripts of hHa5 can
be detected just above the matrix cells of the hair bulb (see Fig 4).
Similarly, the onset of mRNA expression of both mHa2 and hHa2
begins at the height of the critical zone of Auber, i.e., the widest
point of the hair bulb (Winter et al, 1994; Rogers MA, Langbein L,
Winter H, Schweizer ]J: unpublished observations). Therefore,
both expression patterns differ substantially from those of the
structurally related cortex keratins whose lowermost expressed
type I member, Hal, and type II member, K2.9, can first be
detected three to four cell layers above the apex of the dermal
papillae (Kaytes ef al, 1991; Powell et al, 1992; Bowden et al, 1994;
Rogers MA, Langbein L, Winter H, Schweizer J: unpublished
observations).

Interestingly, there is evidence from some sources that the genes
of functionally and/or sequentially related keratins tend to be
grouped closer to each other than distantly related keratin genes
(Bader et al, 1988; Rosenberg et al, 1988; Filion et al, 1994, Powell
and Beltrame, 1994; Troyanovsky and Leube, 1994; Yoon et al,
1994). Apparently, the hHa2 and hHa5 genes, separated from each
other by only 8 kb, represent a subcluster of early expressed hair
keratin genes that may, however, comprise additional as yet
unknown hair or hair related keratin genes.
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