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To study the regulation of the hair cycle in the mouse, we
have isolated and characterized a gene for ultra high sulfur
keratin that is expressed specifically during the active hair
growth cycle. The gene (gUHSK-704Eco) was isolated as a
member of a gene cluster on a recombinant phage with a
DNA insert of 18 kb that was isolated by screening 2 murine
genomic library at low stringency with a synthetic oligonu-
cleotide derived from a sheep high sulfur keratin gene (Pow-
ell, Nucleic Acids Res. 1983 11, 5327). The murine ultra-

high sulfur keratin gene has no intervening sequence; the
558 nucleotide of the coding region specify 186 amino acids,
of which 70 {(37%) are cysteine. A Cys-Cys-Gln-Pro repeat is
found 12 times within the coding region. RNA dot blots
show that the ultra-high sulfur keratin gene is expressed
during the hair cycle concomitant with the anterior-poste-
rior temporal pattern of the normal murine hair cycle. [ Invest
Dermatol 92:263-266, 1989

ammalian hair is formed from epithelial cells that

undergo terminal differentiation including com-

plete cornification [1]. The ultra-high sulfur ker-

atin proteins are related to the high sulfur keratin

, proteins both in sequence and proposed function

{for review see Refs 2 and 3]. These high sulfur keratins accumulate

together with other hair specific proteins within the meshwork of

the cytokeratins that form the intermediate filaments of epithelial

cells {4,5]. The ultra-high sulfur proteins are predominantly found

in the cuticle with some also found in the cortex, whereas the high

sulfur proteins are found in the hair cortex [6]. The ultra-high sulfur

and the high sulfur keratins provide the cysteines for the cross-link-

age of the hair proteins to form intracellularly the physical and
chemical inert structure of the hair.

In mice, waves of hair growth progress from head to tail along the
body [7]; when the mice grow older these waves give way to patchy
hair growth. During hair growth, epidermal cells in the hair follicle
shift their biosynthesis from skin specific cytokeratins and basement
membrane components to hair specific proteins, under the induc-
tive influence of the dermal papilla [8,9]. To study this inductive
influencing, we are isolating and characterizing molecular probes
involved in these changes. Because we already have molecular
probes for the analysis of basement membrane biosynthesis [10,11],
we have isolated a molecular probe specific for a hair protein in
order to analyze at the molecular level mechanisms regulating the
biosynthesis of hair. Here we report the isolation and characteriza-
tion of an ultra-high sulfur keratin gene and demonstrate that it is
specifically expressed during hair growth.
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Abbreviations:
aa: amino acid(s}
C: carboxy terminal
c¢DNA: DNA complementary to mRNA
EDTA: N,N’-1, 2-Ethanediylbis|N-{carboxymethyl)glycine]
N: amino terminal
SDS: sodium dodecyl sulfate

MATERIALS AND METHODS

Screening of the Genomic Mouse DNA Library The oli-
gonucleotide AMC-16 (5-GCAGGTGGGCTGGCAGCAG-
CAGGCTGGGCGGCAGCA) used to isolate clones from a mouse
genomic libfary was derived from nucleotide 854 to 890 of the
published sequence B2A from the sheep [12]. The methods used for
plating and screening of the genomic DNA library (a gift of Dr.
Seidman, NIH), and isolation and purification of phage DNA have
been published [13,14]. In short, 10,000 A Charon 4A recombinant
clones were plated onto 15 cm dishes and transferred to NEN col-
ony hybridization membrane (Dupont). The filters were treated
following the manufacturer’s recommendations. They were pre-
hybridized and hybridized at low stringency in 0.9 M NaCl, 0.2 M
Tris-HCl pH 7.4, 20 mM EDTA pH 7.5, 30% formamide, 20 mM
Na-phosphate buffer pH 7.4, 1% SDS, 50 g /ml each of poly C and
poly A (Collaborative Research), 1 mM ATP (Sigma), 50 ug/ml
denatured Salmon testis DNA (Sigma) and 100 ug/ml denatured E.
coli DNA (Sigma, EC-DNA). The hybridization mixtures also
contained 10% Dextran sulfate. A maximum of 20 filters were
transferred singly into the pre-hybridization and the hybridization
mixture before being sealed into plastic bags. Hybridization with 5
end-labeled oligonucleotide probe (YATP crude from ICN: 108~
109 cpm/ug, 500,000 cpm [32P]/ml) was at 42°C for 16 h. All
filters were washed in 0.1 X $5C (15 mM NaCl, 1.5 mM Na-Ci-
trate, pH 7.2), 0.1% SDS at room temperature for low stringency.
High stringency washes were in 0.1 X 85C, 0.1% SDS at 51°C.
The filters were exposed at —70°C with Lightening Plus Screens
(Dupont) to XAR-5 x-ray film (Kodak) that had been pre-flashed.
The areas of the positive colonies were cut out from the hiter, eluted
with 1 ml LB broth and dilutions were plated again to purify the
positive clones. We found two genomic clones, only one (gTUHSK-
704Eco) was further analyzed and sequenced.

DNA Isolation, Subcloning, and Sequencing The 1 phage
oUHSK-704Eco was grown in E. coli strain LE392 and the phage
DNA was purified by standard protocols [13,14]. The subclone
gUHSK-704Eco-pUC {-M13) was made by ligating a 2 Kb Eco R1
fragment into the plasmid pUC 13 (BRL) and the sequencing phage
M13mp18 (BRL), respectively. The bacteria infected with the re-

0022-202X/89/503.50 - Copyright © 1989 by The Society for Investigative Dermatology, Inc.

263



264 McNAB ET AL

-690 159 - CODING ﬁlﬂi 1080
1 i1 . 1
5" Pz 3
= _— =

Figure 1. Sequencing strategy and the position of the gene within the
subclone gUHSK-704Eco-pUC. The numbering of the nucleotides starts
with the prospective RMA transcription site. The 5" untranslated region is
boxed; the translated region is boxed and shaded.

combinant plasmid was grown to stationary phase in modified
super-broth containing per liter 24 g Yeast extract, 12 ¢ tryptone,
5 ml glycerol, 2 g uridine, 25 mg of ampicillin, and 0.1 M K-phos-
phate buffer pH 7.5. No chloramphenicol amplification was done.
The plasmid DINA was isolated using a modified protocol of Marko
et al [15] followed by two CsCl density gradients. Sequencing of
gUHSK-704Eco (Fig 1) was done with the chemical degradation
methed [16] and the dideoxy sequencing method on single stranded
and double stranded DNA {17,18]. The oligonucleotide used as
primers were used directly after de-protection and lyophilization
without further purification.

~570 * * -540 * * -510
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RNA Isolation and Dot Blot Analysis Bald/c mice of different
ages were killed, the skin removed, and the RNA from the skin was
isolated following the published procedure {19]. The skin of 3-d-.
old mice was divided into three regions before RN A extraction. The
RNA was denatured with formaldehyde and formamide and was
applied as dot blots onto NEN gene-screen plus (Dupont) following
the manufacturer’s protocol and hybridized as described above.
The oligonucleotide AMC-12 (5-GTGCGGCAGCAGCTG-
CTCACACAGCATGGCTGGAAGCAGGTC) and AMC-48
(5'-CAGCAGGTCTGAGACTAAATTATTCTATTCCAGTA-
GAATAAT) that was used to hybridize after end-labeling with the
dot blots was derived from position 232-273 and from position
626664, respectively (Fig 2.

RESULTS

Nucleotide and Derived Amino Acid Sequence of an Ultra-
high Sulfur Keratin Gene A murine genomic library was
screened with a synthetic oligodeoxynucleotide (AMC-16) that had
been derived from position 854 to 890 of a published DNA se-
quence of the B2A high sulfur keratin from sheep [12]. A recombi-
nant A phage that was isolated contained three genes as seen by
hybridization to DINA Southern blots (data not shown). After sub-
cloning of Eco R1 restriction DINA fragments, we sequenced the
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Figure 2. The nucleotide sequence and the derived amino acid sequence of gUHSK-704Eco-pUC. The coding region is shaded; the Cys-Cys-Gin-Pro
repeat is boxed. In the 5" prospective promoter region the elements (CAAT and TAAT) that are usually indicative of 2 eukaryotic promoter are boxed. Two
8 bp repeats in the prospective promoter region between position — 120 to — 95 aze also boxed,
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subclone gUHSK-704Eco - (sequencing strategy see Big 1). The
DNA:sequence and the derived amino acid sequence is shown in Fig
2. The gene has no intervening sequences. 558 nucleotide codes for
186 amino acids with 37% cysteine, 13% serine, 11% proline, and
9% glutamine. A Cys-Cys-Gln-Pro repeat is found 12 times within
the coding region. DNA sequence analysis shows at the 5’ end of the
coding sequences the-elements (TATAA and CAAT box) expected
from an eukaryotic promotor region. Atthe 3‘ side of the gene, after
the translation termination, we find the expected poly A addition
sites. The oligonucleotide AMC-16, used to isolate the ultra-high
sulfur keratin genes, has 80% similarity at the nucleotide level at
sequences in position 260-295 (see Fig 2):

270 280 290

Accumulation of mRNA for the Ultra-high Sulfur Keratin
Gene To measure the amount of ultra-high sulfur keratin mRNA,
total RNA isolated from skin was hybridized on dot blots with the
synthetic ofigonucleotide AMC-12 (see Fig 34). The oligo-nucleo-
tide AMC-12 was derived from the complementary DINA sequence
at position 232273 (Fig 2). Figure 3a shows that the intensity of
the labeling and thus the amount of ultra-high sulfur keratin
mBNA increases 3 d after birth. The amount of mRINA reaches a
peakat day 9, stays ata steady level until day 18, and then declines as
the hair cycle comes to an end at around day 22. Thus the amount of
mRNA for ulera-high sulfur keratin in total skin follows the time
course of the hair cycle.

Ultra High Sulfur Keratin mRNA
in Skin
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Figure 3. RNA dot blot from skin of mice. Total RNA isolated from the
skin of young mice was applied onto NEN gene scroen plus and hybridized
with the labeled oligonucleotide AMC-12. a: Whole skin RNA was applied,
and the age is listed above the dots. The amount of RNA loaded is listed. b:
The skin of a 3-d-old mouse was divided into three parts (Head, upper torso,
and lower torso) and applied to dot blots. PYS is a lane with control RNA.
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Figure 3b shows the amount of ultra-high sulfur keratin mRNA
in total RINA from skin isolated from different positions of 2 mouse
at day 3. The spatial patterns in mice of other ages was not analyzed.
‘At 3 days, the hair cycle progressed to where the expression of the
ultra-high sulfur keratin gene was just starting (Fig 34). Figure 3b
shows that the scalp has substantia] mRNA for ultra-high sulfur
keratin, and so does the shoulder region, whereas the skin of the
lower back has. ne hybridization to ultra-high sulfur keratin
mRNA.

DISCUSSION

To study hair growth at the molecular level we are isolating molec-
ular probes for hair specific proteins. Because hair is a derivative of
the skin, many of the proteins found in hair are also present in skin
[3]. To overcome this problem, we have isolated a murine ultra-
high sulfur keratin gene and show that it is expressed specifically in
the hair during the hair cycle.

Ultra-high Snifur Keratin The predicted amino acid sequence
of the genomic clone gUHSK-704Eco fits well into the proposed
domain structure of ultra-high sulfur hair keratin proteins [3]. The
foremost feature of our gene is the high cysteine content (37%), the
presence of a 4 amino acid repeat unit {Cys-Cys-Gln-Pro), and the
complete absence of any introns. A number of genes in higher
eukaryotes without introns have been reported; for example, for
histones [20], the adrenergic receptor {21], calmodulin [22], and also
significantly for high sulfur sheep keratins [2,3,12] and high gly-
cine-tyrosine keratins [23]. The genomic organization of the mur-
ine ultra-high sulfur keratin gene resembles the high sulfur genes of
sheep; neither has intervening sequences and both have four amino
acid repeats that are related (Cys-Cys-Gln-Pro compared to Cys-
Cys-Arg-Pro in sheep) [3,12]. Also, the partial cDINA clone for an
ultra-high sulfur gene (K4) from sheep [3] shows a high (68%)
similarity at the nucleotide level with the mouse gene. These over-
all similarities account for the fact that we isolated the ultra-high
sulfur keratin gene with an oligonucleotide probe (AMC-16) de-
rived from a published high sulfur keratin sequence [12]. Thus the
gene contained in gUHSK-704Eco belongs to the group of ultra-
high sulfur keratins [3].

Prospective Promoter Elements and Untranslated Region
By DNA sequence analysis, we have identified the prospective pro-
moter region of this gene and compared it with other eukaryotic
promoter regions [24]. At position — 50, we find an inverted CAAT
box (5-ATTG) going in the opposite direction; such CAAT ele-
ments have been reported for a variety of promoters 24} and seem to
be functionally involved in the activity of the promoter. At the 3
end of the gene we find the expected poly A addition sites. If these
sites actually serve as poly A addition sites was not analyzed.

Hair Specific Expression of Ultra-high Sulfur Keratin
Genes gUHSK-704Eco was isolated as one of three genes con-
tained ina 18 Kb DNA genomic insert (data not shown). We have
not yet determined if the ultra-high sulfur keratin gene family is
more complex. Because the Southern analysis with AMC-12 shows
cross hybridization with the three genes present in the initial A clone
we had to determine if clone gUHSK-704Eco was actively ex-
pressed or if it was an inactive pseudogene [22]. To show that
glUHSK-704Eco is actively expressed, we used a specific oligonu-
cleotide derived from the unique sequence of the 3’ untranslared
region {AMC-48, position 626-664) as hybridization probe. We
showed that AMC-48 is unique for gUHSK-704Eco by partial se-
quence analysis of the other two genes {data not shown). When
AMC-48 was hybridized to the dot blot fiters {Fig 3}, the autora-
diograms {data not shown) showed exactly the same pattern as pre-
sented in Fig 3. Thus, the genomic clone gUHSK-704Eco is ac-
tively expressed during the hair cycle. The determination of the
level of expression of the three genes has to await the complete
sequence analysis of the other members of this gene family. Our
results demonstrate that mRINA specific for gUHSK-704Eco accu-
mulates in the skin only at times when hair organogenesis is well
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under way and mRNA accumulation steps when active hair growth
terminates.

The proof that ultra-high sulfur keratin (gUHSK-704Eco}) s ex-
pressed specifically in hair stems from the dot blot pattern that is
testricted to the skin with actively growing hair follicles. In areas
where the hair is not growing, no mRNA for ultra-high sulfur
keratin is detected. Thus, the clone gUHSK-704Eco provides 2
molecular probe-to separate events -during the hair growth cycle
from events in interfollicular skin.

We would like to thank Dr. Seidman (NIH) for the genomic mouse library, Lee
Giordano for technical assistance, and Nancy Burr for the preparation of the manu-
script.
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