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We have isolated and subcloned three separate segments of human DNA which share strong sequence
homology with a previously sequenced gene encoding a type I keratin, K14 (50 kilodaltons). Restriction
endonuclease mapping has demonstrated that these three genes are tightly linked chromosomally, whereas the
K14 gene appears to be separate. As judged by positive hybridization-translation and Northern blot analyses,
the central linked gene encodes a keratin, K17, which is expressed in abundance with K14 and two other type
I keratins in cultured human epidermal cells. None of these other epidermal keratin mRNAs appears to be
generated from the K17 gene through differential splicing of its transcript. The sequence of the K17 gene
reveals striking homologies not only with the coding portions and intron positions of the K14 gene, but also with
its 5'-noncoding and 5'-upstream sequences. These similarities may provide an important clue in elucidating
the molecular mechanisms underlying the coexpression of the two genes.

The keratins form a group of 20 related polypeptides (40 to
70 kilodaltons [kDa]) which comprise 8-nm cytoplasmic
filaments in most if not all epithelial cells (for review, see
reference 46). Although the proteins can be subdivided into
two distinct sequence classes, type I and type II, all keratins
have very similar secondary structures (8, 9, 19, 21-28, 60,
62, 63). The central 300-amino-acid portion is relatively
constant in length and consists of several large a-helical
domains, the sequences of which determine the classification
of keratins according to type (25). These helical segments
contain heptad repeats of hydrophobic residues, indicative
of their ability to form coiled-coil subunits (22, 40, 41). The
nonhelical termini are variable in length and in sequence and
seem to play a role in lateral and end-to-end interactions
necessary to pack the coiled-coil subunits into the filamen-
tous structure (61, 62-64).
At least one member of each of the two keratin classes is

expressed in all tissues, suggesting the importance of the two
types of sequences in filament assembly (8, 14, 15, 30, 49,
59). Coexpressed keratins seem to have similar nonhelical
terminal sequences. Cultured epidermal cells, for example,
synthesize two to three pairs of type I and type II keratins,
each having nonhelical termini rich in glycine and serine (16,
52, 65). When these cells undergo terminal differentiation, a
shift to the synthesis of unusually large keratins takes place
without disrupting the balance of type I and type II keratins
(4, 13, 18, 29, 46, 56). These large epidermal keratins seem to
differ from the smaller ones primarily in having extended
glycine- and serine-rich termini (26, 62). In contrast, many
other epithelial tissues express pairs of keratins with termini
distinctly different from glycine- and serine-rich sequences
of the epidermal keratins (8, 9, 23a). Although the role of the
tissue-specific variability in the nonhelical ends of the
keratins is not yet fully understood, these differences may
enable the properties of the resulting filaments to be tailored
to suit the particular protective needs of each epithelial cell.
The existence of constant central domains and variable
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terminal domains in the keratin polypeptide chains has led to
the question of whether different keratin mRNAs might arise
from differential processing of a smaller number of heterog-
eneous nuclear RNA transcripts (17, 18, 30, 35). Thus far, at
least some keratins of each type have been shown to be
encoded by separate genes (15, 26, 32, 36, 37, 67). Nonethe-
less, the features that determine the number and sequences
of the transcripts encoded by these genes have not yet been
explored in depth. To begin to elucidate the genetic com-
plexity and organization of the keratin gene family and to
investigate the possible regulatory mechanisms underlying
keratin gene expression, we have examined a subfamily of
closely related genes that seem to encode the type I keratins
expressed in abundance in cultured human epidermal cells.

MATERIALS AND METHODS

Construction of subclones. (i) From KB-2 cDNA. KB-2, a
1,390-base-pair (bp) cDNA corresponding to the human
50-kDa (K14) type I keratin was isolated and sequenced as
previously described (24). Restriction endonuclease frag-
ments containing the 5'- and 3'-coding and the 3'-noncoding
segments of KB-2 were isolated and subcloned into plasmids
pUC8 (68) and later pSP65 (44). For the 5'-coding probe, we
subcloned a 327-bp AluI-PstI fragment encompassing
residues 25 through 352 at the 5' end of KB-2. For the
3'-coding probe, we subcloned a 281-bp AluI-StuI fragment
encompassing residues 947 through 1228 of KB-2. The TGA
stop codon is positioned at residue 1,230. The 3'-noncoding
probe was prepared by subcloning a 70-bp StuI-AluI fragment
encompassing residues 1228 through 1298 of KB-2 into
Escherichia coli vector pSP65, containing the Salmonella sp.
SP6 polymerase promotor upstream from the polylinker
region (44).

(ii) From genomic clones. Restriction endonuclease frag-
ments (described below) containing portions of four type I
keratin genes A through D were isolated from a A Charon 4A
library (Ed Fritsch, Genetics Institute, Boston) and
subcloned into plasmid pSP64 or pSP65. A 4.25-kilobase (kb)
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BamHI fragment containing gene C (encoding K17) was
subcloned into plasmid pUC9 for DNA sequence analysis.
For positive hybridization analyses, a 931-bp XbaI-SacI

restriction endonuclease fragment containing part of intron
VII, exon VIII, and the 3'-noncoding portion of gene A
(encoding K14) was subcloned from a human genomic clone,
GK-1. A 658-bp PstI-EcoRI fragment containing the corre-
sponding portion of gene C was subcloned from a second
genomic clone, GK-3.
DNA sequence analyses. All DNA sequence analyses were

conducted with the M13 dideoxy strategy (54) and the
shotgun cloning method of Anderson (1). To obtain sequence
information for the coding strand of gene C, the plasmid
clone containing the 4.25-kb BamHI fragment was first
treated with KpnI and then digested further by the action of
exonuclease Bal 31 (1). Periodically, samples were removed,
and the reaction was stopped. These fragments were subse-
quently treated with Hindlll, and the resulting fragments
were inserted into phage M13mpl9 DNA (digested with
HinclI and Hindlll) and transformed into E. coli JM101 (45).
To obtain sequence information for the complementary
strand, the clone was first treated with HindIII and then
digested further with Bal 31 as described above. These
fragments were then treated with KpnI and inserted into
phage M13mp18 DNA (digested with HinclI and KpnI) and
transformed in JM101. Positive clones were isolated and
sequenced. Multiple overlapping and opposite strands were
sequenced. Very few ambiguities arose in reading the se-
quences, and these were always resolved by additional
sequencing.

RESULTS
Isolation and mapping of human genomic clones containing

sequences related to keratin K14. When human genomic
DNA was digested with restriction endonuclease EcoRI,
eight fragments were generated which hybridized with vari-
ous degrees of stringency to a K14 (50-kDa) epidermal
keratin cDNA, KB-2 (Fig. 1, lane 1) (15, 24). These putative
type I keratin genes were isolated by screening a human
genomic library in X Charon 4A. Recombinant phage were
screened by plaque hybridization by the procedure of
Benton and Davis (3). 32P-labeled human K14 cDNA (KB-2)
was used as a probe (15). This cDNA contains approxi-
mately 85% of the coding portion of the K14 keratin (1,380
bp), and its predicted amino acid sequence has been deter-
mined by DNA sequence analysis (24).

Eight genomic clones, labeled GK-1 to GK-8, were iso-
lated and shown to hybridize strongly with the total K14
cDNA probe and with sublconed probes to either the 3'- or
5'-coding portions of K14 cDNA. Some of the clones were
shown to contain more than one gene. A map of all of the
KB-2 hybridizing clones is given in Fig. 2. Three of the four
genes, labeled B through D in Fig. 2A, were found to be
tightly linked chromosomally and in a head-to-tail arrange-
ment. Only 5 to 6.5 kb of spacer DNA separates each of the
genes. Thus far, we have not been able to establish any
linkage with the fourth gene, labeled A in Fig. 2B, which was
previously shown to contain a coding region identical to the
K14 mRNA (36, 37). If indeed gene A is linked to the other
three, it may be more distantly so, since for at least 10 kb of
DNA beyond the 3' end of this gene, and for 5 kb beyond the
5' end of this gene, there are no other sequences that
hybridize with the K14 cDNA.
To determine which of the eight human genomic EcoRI

fragments correspond to which of these four keratin genes,
we subcloned into plasmid SP64 a number of keratin gene
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FIG. 1. Southern hybridization analysis of the type I keratin
genes in the human genome. Human genomic DNA was isolated,
digested with EcoRI, and subjected to agarose gel electrophoresis.
After transfer to nitrocellulose paper (57), each lane of the blot was
hybridized with a different radiolabeled probe to each of the gene
segments that are indicated by the overhead bars in Fig. 2. Probes:
1, KB-2 cDNA; 2, gene B, subcloned from human genomic clone
GK-3; 3, gene C, subcloned from GK-3; 4, gene C, subcloned from
GK-6; 5, 5' portion of gene D isolated from GK-6; 6, 5' portion of
gene D isolated from GK-7; 7, 5' portion of gene D from GK-8; 8, 3'
portion of gene D from GK-7; 9, 3' portion of gene D from GK-8; 10,
3' portion of gene A subcloned from GK-1; 11, 5' portion of gene A
subcloned from GK-1. Lane 1 was washed at 50°C with 0.1x SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-O.1% sodium
dodecyl sulfate to identify most if not all of the type I keratin gene
family. Subsequent lanes were washed at 65°C to minimize cross-
hybridization. Fragment sizes are given at left in kilobase pairs.

fragments (marked by the overhead bars in Fig. 2). Each of
these subcloned fragments was radiolabeled and used to
probe human genomic DNA that was digested with restric-
tion endonuclease EcoRI (Fig. 1, lanes 2 through 11). When
the Southern hybridizations of Fig. 1 are coupled with the
mapping data of Fig. 2, it is apparent that (i) gene A is most
likely contained in a large fragment of at least 15 kb (Fig. 1,
lanes 10 and 11; the transfer of this large fragment to
nitrocellulose paper seemed to be incomplete, thereby re-
ducing the relative level of hybridization); (ii) genes B and C
are contained in a 12-kb fragment (lanes 2 through 4); and
(iii) gene D is contained within two EcoRI fragments of 6.4
and 5.6 kb (lanes 5 through 9). Genes A and D appear to be
highly homologous, since both the 5' and the 3' probes for
gene A hybridized strongly with the corresponding gene D
segments (lanes 10 and 11).
Although some of the A through D probes showed hybrid-

ization with the EcoRI fragments of 9.4, 3.8, and 3.0 kb,
these hybridizations were generally weaker, and it seems
most likely that these fragments represent additional type I
genes which are more distantly related and as yet
uncharacterized.
At least two of the four genes encode a subfamily of related

but distinct epidermal keratins. Previous sequence analyses
of gene A (36, 37) and K14 cDNA (24) demonstrated un-
equivocally that gene A encodes keratin K14, expressed in
abundance in cultured human epidermal cells. To determine
what keratins might be encoded by the closely related genes
B through D, we conducted positive hybridization and
translation analyses with linearized subcloned plasmid
DNAs containing portions of these three genes (Fig. 3).
Since the K14 cDNA has been shown to hybridize strongly
with some of the other type I epidermal keratin mRNAs, but
only weakly with nonepidermal type I mRNAs (30), we
chose cultured human epidermal mRNA for hybridization.
Under conditions of reduced stringency, clones containing
genes B through D behaved similarly to gene A in hybridizing
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FIG. 2. Chromosomal organization of the human type I keratin genes containing sequences similar to keratin K14. Human genomic clones
GK-1 to GK-8 were digested with different restriction endonucleases, and the fragments were fractionated by agarose gel electrophoresis.
After transfer of the resolved fragments to nitrocellulose paper (57), the blots were hybridized with radiolabeled probe either to the total KB-2
cDNA or to subclones containing the 5' or 3' end of the KB-2 sequence. Two sets of overlapping clones are shown; one (A) contains three
linked genes (labeled B, C, and D), and one (B) contains a single gene (labeled A). The thick arrows mark the approximate boundaries of each
gene, and the direction of the arrow indicates the 5'-to-3' direction of the coding strand. Note that gene B is only partially cloned in the cluster.
It is assumed that the remainder of the gene resides in the sequences upstream from this region which have not yet been isolated. The solid
arrows represent regions of the genome which have been sequenced in this report. The hatched arrow represents previous sequence analysis
(36, 37). Restriction endonuclease sites: B, BamHI; H, HindIII; R, EcoRI; S, Sacl. The diagonal lines mark the synthetic EcoRI sites of the
vector. The HindIll site enclosed in a box in clone GK-3 was not found in clones GK-6, GK-7, and GK-8. The solid bars above the genes
represent fragments subcloned for probes used in Southern hybridizations of human genomic DNA (Fig. 1) and in positive hybridization-
translation analyses (Fig. 3). The dashed lines below the genes in A represent fragments subcloned for probes in Northern blot analyses (Fig.
7). The size scale is shown in kilobase pairs (KBP).

with all of the type I epidermal keratin mRNAs. Most of the
mRNA encoding keratin K14 was not eluted from any of the
clones until the temperature was raised to 85°C (Fig. 3,
second lane of each set), indicating that all of the clones
shared very strong homology with the 50-kDa keratin
mRNA. At lower wash temperatures (65°C; first lane of each
set), the mRNA encoding keratin K13 (52 kDa) was fre-
quently eluted, whereas the mRNAs encoding the other two
epidermal keratins K16 (48 kDa) and K17 (46 kDa) showed
different degrees of hybridization; clones containing portions
of genes A and D (sets 3 through 5 and 9 through 11) showed
weaker homology to the mRNAs for these keratins than
clones containing portions of genes B and C (sets 6 through
8).
The substantial cross-hybridization of different epidermal

keratin mRNAs with each of the genomic clones suggested
that the four genes might encode a subfamily of closely
related type I keratins expressed in epidermal cells. To
unequivocally demonstrate which keratins are encoded by
each of the four genes, it was necessary to obtain subcloned
probes to unique coding portions of these genes. Previous
sequence data on gene A enabled the construction of a
subcloned probe containing the 3'-noncoding segment of its
mRNA. This probe does not hybridize with any of the three
linked genes, and it is represented only once in the human

genome (36). When this probe was hybridized with epider-
mal mRNA, mRNA encoding keratin K14 was the only
mRNA selected, even under conditions of reduced strin-
gency (Fig. 3, set 5).
To determine the keratin encoded by gene C, we se-

quenced this gene (see below) and prepared a subcloned
probe containing exon VIII and the 3'-noncoding portion of
gene C. This subclone selected only the mRNA encoding a
46-kDa keratin (Fig. 4, lanes 3 and 4). Thus, gene C
contained in clone GK-3 seemed to encode K17, which was
previously shown to be expressed in cultured human epider-
mal cells (65).
We do not yet know which keratins, if any, are encoded by

genes B and D. Although extensive cross-hybridizations
currently preclude definite assignments, the degree of strin-
gency with which mRNAs encoding 46- to 52-kDa keratins
hybridize with these genes eliminates the possibility that the
genes encode the more distantly related keratins of simple
epithelial tissues (69). Thus, a subfamily of type I keratin
genes has been isolated, which appear to encode the 46- to
52-kDa keratins expressed in the epidermis and in some
other epithelial tissues (30).
Complete sequence of gene C and the predicted amino acid

sequence of the encoded type I keratin K17: sinilarities
between genes A and C. The sequence for the K14 gene (gene

. . r-_ Le.- a-
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FIG. 3. Positive hybridization-translation analysis of the four type I epidermal keratin genes A through D. The subcloned gene fragments
illustrated by the overhead bars in Fig. 2 were denatured and bound to nitrocellulose filters. The filters were hybridized with polyadenylated
RNA from cultured human epidermal cells (17, 18), and the mRNAs were eluted sequentially at 65°C and the 85°C (30). After translation of
the eluted mRNAs in a reticulocyte lysate system (51), the [35S]methionine-labeled translation products were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and fluorography. Lanes: 1, translation of total epidermal mRNA; 2, translation in the absence of
added mRNA. Subsequent lanes are in pairs; the first lane shows the translation products of the mRNAs eluted at 65°C from a specified gene
fragment, and the second shows the translation products of the mRNAs eluted at 85°C. mRNAs were translated after hybridization with the
following: 3, 5' portion of gene A; 4, 3' portion of gene A; 5, 3'-noncoding segment of gene A; 6, 3'-coding portion of gene B; 7, entire gene
C isolated from GK-3; 8, entire gene C isolated from GK-6; 9, 5' portion of gene D isolated from GK-6; 10, 5' portion of gene D from GK-7;
11, 3' portion of gene D. The keratins expressed in cultured human epidermal cells are marked at the left according to the nomenclature of
Moll et al. (46) and according to estimated molecular masses (shown in parentheses in kilodaltons). Band B is an mRNA-independent artifact,
and band A is actin.

A) has been reported previously (36, 37). The sequence for
the K17 gene (gene C) is shown in Fig. 5. The coding portion
of this gene was identified by aligning the gene sequence with
K14 cDNA (24). Gene C is about 3.0 kb in length and is
predicted to encode a polypeptide chain of 469 amino acid
residues (50.471 kDa). The putative molecular mass is sub-
stantially larger than that estimated by polyacrylamide gel
electrophoresis (46 kDa [65]). This feature has been noted
before for other sequenced human epidermal keratins (36,
37, 67). The predicted amino acid composition matches well
with that predicted by chemical means (Table 1).
The nucleotide sequence within the coding portion of gene

C shares a high degree of homology (85%) with the K14-
coding sequence. The predicted amino acid sequence of K17
is also highly similar to that of K14 (83% sequence identity;
Fig. 5). The highest degree of homology is found in the
a-helical domains (encompassed by the gray boxes) and in
the nonhelical spacer regions of the proteins. The most
striking difference between the two keratin sequences re-
sides in exon VIII, where only 28% homology exists at the
nucleotide level, and almost no similarity is seen in amino
acid sequence (Table 2). Despite considerable divergence
throughout the exon Vllls of the two genes, the region in the
vicinity of the translation termination codon shows signifi-
cant intersequence homology. In addition, although the
3'-untranslated segments of the two genes are divergent in
sequence, their length has been quite highly conserved.
The positions of the introns (triangles in Fig. 5) were

determined by comparing the sequence of the gene with that
of the previously published coding sequence of the K14 gene
(36, 37). All seven intron positions are identical to those of
the K14 gene. They begin with the sequence gt and end with

the sequence ag. Immediately 5' from each of the ag se-
quences is a string of 7 to 12 pyrimidine residues. These
features match well with the intron consensus characteristics
that have been described previously (48).

Although intron positions seem to have been highly con-
served within the subset of type I keratin genes, intron
sequence and size have diverged considerably. The intron
sequences for both the K14 and K17 genes have been
determined in their entirety, and Table 2 shows a summary
of their size relation. The intron sizes of gene C are extraor-
dinarily small, with only one intron larger than 300 bp in
length. In contrast to the high level of homology within most
of the exons of genes A and C, none of the seven introns
showed intersequence homologies of 12 nucleotides or
greater.

Evolutionary basis for the high level of divergence in the
nonhelical termini of the keratins. One of the most unusual
features of the keratin family is the evolutionary divergence
of the nonhelical termini of both the type I and the type II
polypeptides. Inspection of the nonhelical amino termini of
the two type I keratins K14 and K17 indicates that much of
the sequence in this region was probably generated by
repeated duplications of an oligonucleotide encoding the
amino acid sequence Gly-Gly-Gly-Phe. The original nucleo-
tide sequence was most likely GGCGGCGGCTTC. Given a
limited number of deletions, insertions, and mutational vari-
ations, this sequence is repeated extensively throughout the
amino-terminal segments of both of these type I genes as
well as the corresponding region of several epidermal type II
keratins. For some keratins, this sequence has even been
found in the nonhelical carboxy-terminal segment (25-28, 32,
60, 62, 67).

MOL. CELL. BIOL.
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Another interesting characteristic of the nonhelical termini
of the type I and type II epidermal keratins is the abundance
of serine residues. In the K14 sequence for example, there is
a stretch of six serines in tandem. Five of these residues are
also found in the corresponding region of K17. All of these
serines are coded by AGC, and the stretch is flanked by
phenylalanine. Since this codon is genetically less favorable,
having only a twofold degree of conservancy at the third
base (AGC/T) as opposed to a fourfold conservancy for the
serine codon TCX, it is unlikely that such tremendous
sequence preference is merely coincidental. A more plausi-
ble explanation for their origin might be that duplication of
the oligonucleotide described above was followed by con-
version of the glycine residues (GGC/T) to serines (AGC/T)
by G-to-A transitions either before or after the duplication.

In contrast to the glycine- and serine-rich epidermal
keratins, the hair and wool keratins have nonhelical termini
rich in cysteine (8, 9). It is interesting that these seemingly
unrelated cysteine-rich sequences could have easily arisen
from one-base changes of either Gly (GGC/T) or Phe
(TTC/T), forming a cysteine codon in the dodecanucleotide.
Thus, it is likely that the variable nonhelical termini of the
keratins had evolutionary origins which may have preceded
the duplication of the primordial keratin gene. Extensive
modification and duplication of the seminal oligonucleotide
may have later led to a diversification of the keratins which
ultimately found biological significance.
Comparison of the 5'-regulatory regions of the coexpressed

K14 and K17 genes. At a single position 103 bp 5' upstream
from the putative translation initiation codon ATG of the
K17 gene is found the sequence TATAAA. If the transcrip-
tion initiation site is located 20 to 25 nucleotides downstream

TABLE 1. Comparison of the predicted and actual amino acid
compositions of the type I K17 keratin

% of indicated amino acid determined by:
Amino acid

Amino acid analysisa cDNA analysis

Ala 9.9 7.8
Arg 7.6 6.8
Asn 3.0
Asp 4.3
Asn + Asp 8.7 7.3
Cys ND 1.3
Gln 6.5
Glu 9.5
Gln + Glu 16.2 16.0
Gly 8.9 11.7
His 1.2 0.6
Ile 4.1 3.6
Leu 12.2 10.2
Lys 5.1 3.4
Met 2.0 2.1
Phe 2.7 2.8
Pro 1.8 1.3
Ser 7.7 13.2
Thr 4.3 4.3
Tyr 3.0 3.0
Trp ND 0.4
Val 4.7 4.3

a Keratin K17 was isolated from cultured human epidermal cells and
purified by polyacrylamide gel electrophoresis and electroelution (16). One
preparation was carried out with glycine in the gels and buffers, and another
was carried out by substitution of molar equivalents of alanine for glycine.
After dialysis, 20 p.g of purified K17 was hydrolyzed in 6 M HCI at 108'C for
36 h in evacuated sealed tubes. The sample was applied to a Dionex D-501
amino acid analyzer. ND, Not determined.
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FIG. 4. Positive hybridization-translation analysis with specific
subcloned portions of genes A and C.. Positive hybridizations were
conducted as described in the legend to Fig. 3, but this time unique
subcloned segments of genes A and C extending from exon VIII to
the 3'-noncoding region of the genes were used to select keratin
mRNAs. Lanes 1, [35S]methionine-labeled keratins from cultured
human epidermal cells; 2, radiolabeled products translated from
human epidermal mRNA; 3 and 4, translation products of mRNA
eluted at 65 and 85°C, respectively, from the probe to the exon VIII
3'-noncoding segment of gene C; 5 and 6, translation products of
mRNA eluted from the probe to the exon VIII 3'-noncoding segment
of gene A; 7, translation artifact of the reticulocyte lysate system.
Note that mRNAs encoding two keratins of 50 kDa were selected at
low stringency (lane 5). This doublet is less well resolved, but still
apparent, in Fig. 3. These two keratins have nearly identical
isoelectric mobilities on two-dimensional gels (unlike K15); thus
there may be two highly similar K14 keratins in these cells.

from this sequence, as is typical for many eucaryotic genes
(for a review, see reference 5), then a 5'-untranslated se-
quence of about 75 bp would be transcribed. When this
sequence is aligned with the corresponding sequence of the
K14 gene, a remarkable degree of homology (86%) is re-
vealed (Fig. 6). Even when this sequence is compared with
the very distantly related, but coexpressed gene encoding
the type II keratin K6b, the homology (67%) is still clearly
evident. In striking contrast, no similarity was found be-
tween these sequences and that of the Kl (67-kDa) keratin
gene expressed in differentiating epidermal cells (26). Thus,
there seems to be a strong evolutionary pressure against
changing the 5'-untranslated sequences of those keratin
genes that are coexpressed in cultured human epidermal
cells.
When the sequences 5' upstream from the TATA boxes of

the genes encoding K14, K17, and K6b were aligned for
optimal homology, additional similarities were discovered
(Fig. 6). These homologies (53 to 90%) appear in clusters
extending as far as 230 bp 5' upstream from the TATA
sequence. The region of strongest homology for all three
genes corresponds to nucleotides 30 to 65 bp 5' upstream
from the TATA box of the K17 gene, which shows 90%
homology with the K14 gene and 69% homology with the
K6b gene. Interestingly this region encompasses two se-
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FIG. 5. Complete nucleotide sequence of the human 46-kDa (K17) type I keratin gene contained in genomic clone GK-3. The sequence
of gene C and its 5'- and 3-flanking regions are shown with 120 nucleotides per line. The positions of the introns are indicated by triangles.
Intron-exon junctions and pyrimidine consensus sequences are shown for each intron in lowercase letters. Complete intron sequences (not
shown) were determined, and their exact sizes are listed in Table 1. The exons were identified by comparing the sequence of the gene C with
K14 keratin cDNA sequences. The predicted amino acid sequence is shown in one-letter code above the nucleotide sequence. Amino acid
residues encoded by the K14 gene that are different from those predicted by the K17 gene are shown below the nucleotide sequence. The gray
boxes mark the oa-helical domains predicted from the K17 amino acid sequence (6, 7, 20). Throughout these domains are the heptad repeats
of hydrophobic residues, which identify the portions of the polypeptide that are involved in coiled-coil interactions with a second keratin.
Note that an adenosine nucleotide was inadvertently omitted immediately preceding the TATA box.
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TABLE 2. Comparison of exon and intron sizes of the type I keratin genes encoding K14 and K17

Keratin K17 Keratin K14a % Nucleotide t Amino acid Keratin K17 Keratin K14a

Exon Size (bp) Exon Size (bp) homologyb homology' Intron Size (bp) Intron Size (bp)

I 522 I 522 94 96 I 428 I 1,256
II 83 II 83 76 79 II 136 II 562

III 157 III 157 87 83 III 120 III 335
IV 162 IV 162 84 87 IV 88 IV 83
V 126 V 126 80 79 V 298 V 95
VI 221 VI 221 94 95 VI 94 VI 94
VII 47 VII 47 58 63 VII 159 VII 564
VIII 89 VIII 95 28 21

a Values obtained from Marchuk et al. (37).
Sequence homologies were calculated without penalty for introduction of gaps necessary for optimal alignment.

quences, first identified for the K14 gene, that share a
substantial resemblance to the core transcription enhancer
sequence of simian virus 40 (33, 47, 55; underlined se-
quences in Fig. 6). Whether these or other homologous
sequences 5' upstream from the TATA boxes of the three
keratin genes play a role in their abundant or coordinate
expression in human epidermal cells remains to be eluci-
dated.
There is only one mRNA for the K17 gene. Because the K17

gene is tightly linked to gene D, it offers an ideal opportunity
to examine the possibility that multiple polyadenylation
signals or differential splice junctions might exist at the 3'
end of the gene. In 300 bp downstream from the first
AATAAA, no additional polyadenylation signals were found
(Fig. 5). To test for the possibility that other AATAAA
signals might be located far downstream, and to look for any
additional gene C exons, we prepared a series of subcloned
probes containing sequences extending from the first TGA
stop codon of gene C to a position within several hundred
nucleotides of the start of gene D (probes indicated by the
dashed lines at the bottom of Fig. 2A). These probes were
tested for their ability to hybridize with polyadenylated
epidermal RNA (Fig. 7). Whereas the probe containing the
unique 3'-noncoding segment of gene C hybridized with a
1.6-kb band (Fig. 7, lane 2) previously shown to contain the
mRNAs for the 46-kDa (K17) and 50-kDa (K14) keratins
(lane 1) (15), no probes containing sequences 3' downstream
from the polyadenylation signal hybridized specifically with
this or any other RNA bands. Thus, at least for the K17
gene, there seems to be only a single epidermal transcript
giving rise to a single epidermal mRNA which encodes a
single epidermal keratin polypeptide.

DISCUSSION
The mRNAs encoding the four type I keratins of cultured

human epidermal cells (K13, K14, K16, and K17) were
known to be highly homologous as judged by their ability to
cross-hybridize under stringent conditions with a cloned K14
cDNA (15, 30). Their close relation made them an ideal
subfamily to examine the molecular mechanisms underlying
their coexpression.

In this paper, we have described the isolation and charac-
terization of four human genes that share a high degree of
homology with this group of type I epidermal keratin
mRNAs. Three of the genes, referred to as genes B through
D, are tightly linked chromosomally. The central gene (C)
has been identified as the gene encoding K17 (46 kDa), and
the unlinked gene (A) encodes the epidermal keratin K14.
We are not yet certain whether the two other linked genes
encode K13 and K16, respectively.

The finding that the mRNAs encoding K13 and K16
hybridize with gene C under conditions of high stringency
suggested that the gene might encode more than one epider-
mal mRNA. The possibility of differential usage of exon-
intron splice junctions within the internal intron sequences
of a keratin hnRNA transcript is highly unlikely, since a
strong evolutionary pressure exists against shifting these
intron positions (26, 34, 36, 37, 67). Two additional lines of
evidence now indicate that K13 and K16 cannot arise from
differential processing of the 3' or 5' external exon-intron
junctions of the heterogeneous nuclear RNA transcript of
gene C: (i) a unique subcloned prQbe for the known exon
VIII of gene C selects only the mRNA for K17 and (ii) none
of the mRNAs from pultured human epidermal cells hybrid-
izes with sequences located 3' to the known polyadenylation
signal of gene C and 5' to the approximate start of gene D.
Although we have not yet ruled out the possibility that other
keratin mRNAs expressed developmentally or in other tis-
sues might arise from tissue-specific processing of the gene C
transcript, this is unlikely due to the more distant relation of
the mRNAs for nonepidermal type I keratins (30). Thus the
processing of transcripts encoding the structural proteins of
epithelial cells seems to differ from that of the structural
proteins of muscle cells, where developmentally regulated
differential splicing yields otherwise identical proteins with
different carboxy-terminal segments (2, 43, 53).
We cannot yet account for the discrepancies between the

keratin molecular weights predicted by sequence analyses
and those predicted by electrophoretic mobilities. In partic-
ular, whereas the electrophoretic mobilities of K14 and K17
predicted a difference in protein size of almost 4 kDa (64),
the amino acid sequences predict a difference of only 1 kDa.
It seems unlikely that posttranslational processing of K17 or
modification of K14 could account for this difference, since
the products of their mRNAs translated in vitro show the
same size differences as the proteins extracted from epider-
mal cells. We do not expect that the first ATG 3' down-
stream from the TATA box of gene C is bypassed, since it is
homologous to the conensus translation start sequence,
A-X-X-A-U-G-A/G (31). Until further studies have been
conducted, we can only suggest that despite the high degree
of similarity between the two keratins, their electrophoretic
mobilities may be anomalous. That small variations in se-
quence can give rise to substantial variation in electropho-
retic mobility has been well documented (11, 38, 67).
The type II keratins K5 (58 kDa) and K6 (56 kDa) and the

type I keratins K14 (50 kDa) and K17 (46 kDa) are coexpres-
sed in a number of different epithelial tissues and cultured
keratinocytes (13, 29, 46, 52). Although the regulatory fac-
tors that govern their tissue-specific expression have not yet
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FIG. 6. Comparison of the nucleotide sequences 5' upstream from the translation initiation codons of three genes that are coexpressed in
cultured human epidermal cells. The 5' sequences of two coexpressed type I keratin genes, K17 and K14, and one coexpressed type II keratin
gene, K6b, were aligned for optimal homology. Putative translation initiation codons and TATA boxes are outlined by boxes. The stars
indicate positions of sequence identity between the K17 and K14 sequences and the K14 and K6b sequences, respectively. The three
sequences of the K14 gene previously shown to share homology with the simian virus 40 core enhancer sequence (37) are underlined.

l 2

FIG. 7. A single transcript of 1.6 kb is encoded by the K17 gene.
Polyadenylated RNA was isolated from cultured human epidermal
cells and resolved by formaldehyde-RNA gel electrophoresis as
described previously (15). After blot transfer (66), the RNAs were
hybridized with 32P-labeled cDNA transcribed from the following
sources: 1, K14 cDNA; 2, an M13mpl9 clone beginning in intron 7
of the K17 gene and extending through the polyadenylation signal
(Fig. 5). Probes prepared from DNA fragments extending 3.5 kb 3'
downstream from this polyadenylation signal (Fig. 2A) gave no

hybridization.

been determined, a comparison of the 5'-upstream se-
quences of three of the genes encoding these keratins has
begun to provide some clues which might eventually assist
us in this search. The most striking relation among the K6,
K14, and K17 genes resides in their highly conserved 5'-
untranslated sequence. In contrast, the type II gene encod-
ing Kl (67 kDa) (26) does not share homology in this region,
nor is it coexpressed in rapidly growing cultured
keratinocytes. These findings are particularly intriguing in
light of recent evidence that the preferential translation of
heat shock-specific mRNAs may require sequences in the
5'-untranslated leader (39a). Whether the high homology in
this region of the three keratin genes similarly reflects an
important regulatory mechanism at the posttranscriptional
level has not yet been examined.

In addition to the high degree of homology in the 5'-
untranslated sequences of the K6, K14, and K17 genes,
there appears to have been some evolutionary pressure
exerted against changing segments of sequence in the 230 bp
located 5' upstream from their TATA boxes. This region has
been shown to play an extremely important role in transcrip-
tional regulation of many eucaryotic genes (10, 12, 39, 42,
50). The level of homology is as high as 90% for a 60-bp
segment of the two type I genes and 69% for a 30-bp stretch
of the type II and the type I genes. Once again, this degree
of homology is not attained within the corresponding se-
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quences of the Ki gene, whose expression is limited to
terminally differentiating keratinocytes.
As more genomic sequences for coexpressed sets of

keratins become available, it should be possible to more
precisely define candidate sequences in the 5'-upstream
regions that might play a role in regulating the tissue-specific
expression of these genes. This will be an important prereq-
uisite for identifying specific transcription factors involved in
activating the synthesis of different keratins in different
epithelial tissues and at different stages of differentiation and
development.
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