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The human type Il keratin 6 (K6; 56 kDa) is expressed
in a heterogeneous array of epithelial tissues under nor-
mal conditions, but is better known for its strong induc-
tion in stratified epithelia that feature an enhanced cell
proliferation rate or abnormal differentiation. Previous
work has established the existence of two functional
genes encoding K6 protein isoforms in the human ge-
nome, although only a partial cDNA clone is available
for K6a, the dominant human K6 isoform in skin epithe-
lial tissues (Tyner, A., and Fuchs, E. (1986) oJ. Cell Biol.
103, 1945-1955). We screened human genomic and skin
cDNA libraries with probes derived from the K6b gene,
and isolated clones containing the full-length gene and
cDNA predicted to encode K6a. A thorough character-
ization of a large number of genomic (57) as well as
cDNA (64) clones further revealed the existence of as
many as six different human K6 protein isoforms that
are highly related at the gene structure, nucleotide
sequence, and predicted amino acid sequence levels.
Based on the information accumulated to date we pro-
pose an evolutionary model in which the multiplicity of
human K6 genes is explained by successive gene dupli-
cation events. We further demonstrate that K6a is
clearly the dominant K6 isoform in skin tissue samples
and cultured epithelial cell lines and that the various
isoforms are differentially regulated within and be-
tween epithelial tissue types. Our findings have direct
implications for an understanding of the regulation and
function of K6 during hyperproliferation in stratified
epithelia and the search for disease-causing mutations
in K6 sequences in the human population.

Keratins are epithelial-specific intermediate filament (IF)!
proteins encoded by a large multigene family. The ~25 kera-
tins (molecular mass 40—70 kDa) expressed in “soft” epithelial
tissues (excluding hair and nail) have been subdivided into
type I (K9-K20) and type II (K1-K8) IF sequences (1, 2). As
keratin filament assembly begins with the formation of a type
I-type II heterodimer (3), epithelial cells express at least one
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member of each subtype. Pairwise keratin gene expression is
regulated in an epithelial tissue-type and differentiation-spe-
cific manner, creating patterns that have been well conserved
among mammalian species (1, 4). In stratified epithelia, the
type II K5 and type I K14 genes are transcriptionally active in
mitotically active basal cells (5, 6), while other pairs of keratin
genes are transcribed in the differentiating cell layers. In epi-
dermis, the main differentiation-specific keratins are K1 and
K10, while in esophagus and cornea, they are K4 and K13, and
K3 and K12, respectively (4—7). These keratin pairs appear to
be specific for the program of terminal differentiation executed
in these tissues (4). In the cytoplasm of epidermal cells, the
primary function of keratin filaments is to provide the strength
necessary to maintain integrity when skin is subjected to me-
chanical stress. Alterations in the structure of keratin fila-
ments at any level within the epidermis causes it to rupture
within the cell layer(s) affected upon mild mechanical trauma
(3, 8). The production of such phenotypes through the directed
expression of mutant keratins in the skin of transgenic mice
paved the way for the discovery of mutations affecting specific
keratins in individuals suffering from a variety of genodermato-
ses featuring trauma-induced blistering of the epidermis (8-10).
The type II keratin 6 (K6; 56 kDa) is remarkable by several
criteria. In contrast to many other keratins, the pairwise ex-
pression of K6 and its type I partners K16 and/or K17 is not
linked with a well defined program of terminal differentiation
(1, 4). Thus, K6 is constitutively expressed in distinct types of
epithelia, such as filiform papillae of tongue, several “wet”
stratified epithelia lining the oral mucosa and esophagus, the
outer root sheath of hair follicles, and in glandular epithelia
(11-14). With the exception of specific body sites, e.g. palm and
sole, K6 is not expressed in epidermis unless it undergoes
enhanced proliferation or abnormal differentiation (15-17). K6
and K16 are in fact best known for their induction in epidermis
and other stratified epithelia undergoing hyperproliferation,
e.g. during wound healing, in several diseases (e.g. psoriasis,
actinic keratosis) and in cancer (12, 15, 17). Likewise, K6
induction also occurs when epidermal, corneal, and tracheal
cells are seeded in primary culture in vitro (4, 7, 15, 18). The
association between a faster cell turnover rate and K6 expres-
sion in stratified epithelia is intriguing, given that expression
occurs post-mitotically and can be uncoupled from mitosis in
cultured keratinocytes (7, 18). The function(s) that K6 may
play in stratified epithelia displaying an enhanced mitotic ac-
tivity and during wound healing remain to be defined.
Another characteristic of K6 is the existence of two func-
tional genes encoding highly related protein isoforms in the
human (16), bovine (19), and mouse (20) genomes. Of the two
known human K6 isoform genes, K6a is more abundantly ex-
pressed than K6b at the mRNA level in skin explant cultures
(21). While the human K6b gene has been characterized (21),
only a partial cDNA is available for human K6a (22). As part of

18581



18582

our efforts to understand the role(s) of K6 in hyperproliferative
stratified epithelia, we cloned and characterized the human
K6a gene and ¢cDNA. While doing so, we discovered the exist-
ence of hitherto unknown functional K6 genes in the human
genome. The K6 genes and ¢cDNAs we isolated are predicted to
encode five or six highly related K6 isoforms, and are differen-
tially regulated in several epithelial cells and tissues exam-
ined. We are also proposing a model for the evolution of human
K6 genes. While the functional consequences of this remarka-
ble sequence multiplicity have yet to be determined, our find-
ings have direct implications for an understanding of the func-
tion of K6 during wound healing as well as the search for point
mutations in K6 sequences in the human population.

EXPERIMENTAL PROCEDURES

Materials—Materials were obtained from the following sources:
ADashll, AZapll, pBluescript vector, and Gigapack Gold II from Strat-
agene; restriction endonucleases and DNA modifying enzymes from
New England Biolabs; Moloney murine leukemia virus, and Super-
script II reverse transcriptases from Life Technologies, Inc.; oligo(dT)-
Latex from Roche; Nytran from Schleicher & Schuell; Biodyne nylon
membrane from Pall Ultrafine Filtration Corp.; GeneScreen Plus from
Dupont. Cell culture medium, fetal bovine serum, glutamine, and an-
tibiotics were purchased from BioWhittaker. All other chemicals were
of reagent grade.

Human Tissues and Construction of Libraries—DNA was extracted
from human placenta and used for the construction of a genomic li-
brary. A skin ¢DNA library was constructed from poly(A) mRNAs ex-
tracted from a squamous cell carcinoma of the lower leg (with adjacent
normal tissue) obtained from a patient (excision surgery). Other human
tissues were obtained as discarded material in the course of surgery or
at autopsy.

Cell Culture—SCC(C-13, a human skin squamous cell carcinoma line
(23), was grown on a NIH 3T3 fibroblast feeder layer in Dulbecco’s
modified Eagle’s medium supplemented with 20% fetal bovine serum,
0.4 ug/ml hydrocortisone, and 10 ng/ml epidermal growth factor. SCC-4
and SCC-9, two human tongue squamous cell carcinoma lines (23), were
grown in 1:1 mixture of Ham’s F-12 and Dulbecco’s modified Eagle’s
media supplemented with 10% fetal bovine serum and 0.4 pg/ml hydro-
cortisone. PtK-2, a kangaroo rat kidney cell line (24), was grown in
Eagle’s minimum essential medium supplemented with 10% fetal bo-
vine serum, non-essential amino acids, and sodium pyruvate. All cells
were cultured at 37 °C in a humidified atmosphere containing 5% CO,.

Human Genomic DNA Library Screening—We used a human
genomic library constructed in the ADashlI cloning vector (25) to screen
for human K6 genes. Approximately 1.5 X 10° phage clones were
screened with DNA probes radiolabeled with [a-32P]dCTP. The initial
screening was done using three probes on replicated filters: a 483-bp
Apal fragment derived from exon 1 and a 286-bp Rsal-Sacl fragment
from the 3’ non-coding region of the cloned human K6b gene (21); and
a 216-bp Alul-Spel fragment from the 3’ non-coding region of the cloned
human partial K6a ¢cDNA (22). Hybridization was carried out under
stringent conditions at 65 °C in 1 M NaCl, 10% dextran sulfate, and 1%
SDS. Filter washing was performed at 65 °C in 0.1 X saline sodium
citrate (SSC; 150 mm NaCl and 15 mM sodium citrate). Hybridization-
positive clones were isolated by repeated plaque purification using
standard procedures (26). DNAs extracted from the purified phage
clones were analyzed by restriction digests and Southern blotting using
probes corresponding to one or several exons of the human K6b gene.
DNA fragments expected to contain an exon or exons on the basis of
blot-hybridization analysis were isolated and subcloned into pBlue-
script SK(+). DNA sequencing was carried out as described (27). Nu-
cleotide and amino acid sequences were compared using the DNASIS-
Mac 2.0 software using the simple homology routine (Hitachi Software
Engineering Co.).

Human Skin cDNA Library Screening—To obtain human K6 ¢cDNA
clones, we screened a human ¢DNA library constructed using poly(A)
RNA extracted from a leg skin squamous cell carcinoma. After oli-
go(dT)-driven reverse transcription and second-strand cDNA synthesis,
EcoRI adapters were ligated, and fractions containing ¢cDNAs of 2-5 kb
were inserted into a AZap II vector. A total of 1.4 X 10° cDNA clones
were screened at high stringency (0.1 X SSC, 65 °C) with two different
probes derived from exon 1 of the human K6a gene isolated in this study
(a ~450-bp Xhol-Narl and a ~500-bp Apal fragment). Positive cDNA
clones were further analyzed by oligonucleotide hybridization, PCR,
and DNA sequencing. Oligonucleotide hybridization was used to dis-
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criminate among K6 isoform ¢DNAs on the basis of codon 155 sequence
(encoding either Ala or Thr, depending on the isoform). The antisense
oligonucleotides used were: probe A (Table 1), to detect the K6a isoform
(Thr!®%); and probe B (Table I), to detect all other K6 isoforms (Ala%?;
see “Results”). Isclated K6 ¢cDNA clones were blotted onto nylon mem-
brane, and hybridization with probes A or B was carried out at 37 °C in
5 X SSC, 30% formamide, and washed in a 0.5 X SSC, 0.5% SDS
solution at 60 °C. cDNA clones hybridizing positively with probe A or B
were purified and rescued into pBluescript SK(—) for analysis.

Northern Blot Analysis and Primer-extension Analyses—RNAs were
isolated from primary cultures of human skin keratinocytes and several
human epithelial carcinoma cell lines by the acid-phenol extraction
method (28). These RNA samples were subjected to Northern analysis
using genomic DNA fragments from the 3’ non-coding sequence of the
K6a and K6b genes as probes. For primer-extension analysis of the K6éa
mRNA, we used an oligodeoxynucleotide primer specific for the 5’
leader sequence of the K6a mRNA (K6a in Table I). The primer was
labeled with 32P at its 5’ end (2.0-5.0 X 10* cpm), hybridized to total
RNA (20 ug) for 4 h at 30 °C, and the mixture was subjected to reverse
transcription as described previously (25). The primer-extended prod-
ucts were electrophoresed along with the corresponding sequencing
reaction on a 7 M urea, 6% polyacrylamide gel.

Quantitation of K6 Isoform mRNA Levels by a Colony Hybridization
Assay—mRNAs were extracted from various human tissues and epithe-
lial cell lines (see above), primed with oligo(dT), and ¢cDNA synthesis
was carried out in vitro (26). Small aliquots of cDNA products were used
for PCR reactions (94 °C for 40 s; 54 °C for 40 s; 72 °C for 60 s; total of
30 cycles) with a set of universal K6 primers, 5' K6-primer, and 3’
K6-primer (Table I). The target sequences of these two primers are
perfectly conserved among the K6 isoform genes isolated (K6 a, b, ¢, d)
and cDNAs (K6 a, b, e, f), and amplify a 636-bp long fragment encom-
passing exons 1 and 2. PCR products were subcloned, and transfor-
mants were transferred on several duplicate nylon membranes and
grown on LB plates for use in a colony hybridization assay. Membranes
were hybridized with oligonucleotide probes A and B (Table I). Selective
hybridization with probe A indicated the K6a isoform, while hybridiza-
tion with probe B indicated the K6 b, ¢, d, e, or fisoform. These isoforms
were discriminated by hybridization of duplicate filters with individual
oligonucleotide probes C, D, E, F, and G (see Table I). Optimal washing
conditions for all the oligoprobes were determined using appropriate
control DNAs. Under 0.5 X SSC and 42 °C conditions, each probe was
found to hybridize specifically with the expected purified isoform cD-
NACs). Following autoradiography, each clone was scored for positive
hybridization with oligonucleotide probes A~G. Hybridization with
probe A indicated the K6a isoform; hybridization with probes D and F
indicated either the K6b or K6f isoform; hybridization with probes C, E,
and G indicated the K6c isoform; and hybridization with probes F and
G indicated either the K6d or K6e isoform. Because our K6d genomic
cloned lacked 198 bp at the 5’ end (see “Results”), we could not use
probe C to distinguish it from the K6e isoform.

Transient Expression of K6 Isoforms—Genomic DNA fragments con-
taining the entire coding sequence of the human K6a gene (~8-kbp
EcoRI fragment), K6b (~18-kbp Sall fragment), and the Kéc gene
(~20-kbp Sall fragment) were subcloned into a cytomegalovirus vector
(29) containing a cytomegalovirus promoter-enhancer and a SV40
polyadenylation signal. Transient transfection assays were done in
PtK2 epithelial cells (24) cultured on glass coverslips, using the calci-
um-phosphate precipitation method (30). At 72 h post-transfection, cells
were fixed in absolute methanol (—~20 °C, 15 min) and processed for
indirect immunofluorescence (30). The primary antisera used were a
rabbit polyclonal anti-K6 (17) and L,A,, a mouse monoclonal anti-K8/
K18 (31). Bound primary antibodies were detected with fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (Vector Labs), and a
biotin-conjugated goat anti-mouse IgG (Kirkegaard and Perry Labs)
followed by streptavidin-Texas Red conjugate (Vector Labs).

RESULTS

Isolation of Multiple Human Genes Encoding Keratin 6—We
first performed Southern blot analyses of human genomic DNA
using probes derived from the previously characterized human
K6b gene (21). When digested human DNAs were probed with
a ~600-bp Ncol fragment corresponding to the coding portion
of the human K6b gene exon 1, nearly 10 hybridization bands
were apparent (data not shown). This Ncol fragment, however,
also hybridized with the human K5 gene, even under stringent
washing conditions. When a smaller (283 bp) Ncol-Narl frag-
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ment derived from the K6b gene exon 1 (which does not hy-
bridize with the K5 gene) was used under stringent conditions
(0.1 X SSC, 70 °C), between three and five strong hybridization
signals were detected in digested genomic DNAs from several
randomly selected individuals (Fig. 1). These results suggested
the existence of additional K6 isoform genes or K6-related
gene(s) in the human genome.

We screened a human genomic DNA library to isolate the
human K6a gene as well as any other K6-encoding genes. A
total of 1.5 x 10° clones were screened with various *P-labeled
c¢DNA probes derived from the coding sequence of the cloned
human K6b gene (21). Over 100 clones were found to hybridize
strongly under stringent conditions with a probe derived from
K6b exon 1. Of these, 57 independent clones were isolated by
repeated plaque purification, and analyzed by hybridization
under stringent conditions with probes derived from the 3’
non-coding regions of the human K6b gene and K6a partial
¢DNA (21, 22). This revealed that 30 clones hybridized with the
K6a 3’ non-coding probe (group 1), 7 clones hybridized with the
K6b 3’ non-coding probe (group 2), while the remaining 20
clones did not hybridize with either probe (group 3). Each group
of genomic clones was further analyzed by digestion of purified
phage DNAs and their hybridization with specific fragments
from the K6b gene. Based on this analysis, the genomic clones
in groups 1 and 3 could be further divided into three and four
subgroup(s), respectively. Subsequently, hybridization-positive
restriction fragments were isolated from representative clones
in each of the 8 subgroups, subcloned into pBluescript SK(+),
and analyzed by DNA sequencing. The sequence data obtained
was compared with those reported for the human K6a partial
c¢DNA and K6b gene (21, 22).

Group 1 clones, which hybridized to the K6a 3’ non-coding
probe and included three restriction mapping subgroups, con-
sisted of the human K6a gene and two novel K6-encoding
genes, named K6c and K6d. Subsequent analyses indicated
that these three genes shared virtually identical 3’ non-coding
sequences (see below). Group 2 clones, which hybridized to the
K6b 3’ non-coding probe, were independent isolates of the
human K6b gene. The four subgroups identified among group 3
clones were found to include: (i) another potential K6-encoding
gene (albeit partial); (ii) the K5 gene; and (iii) two full-length
genes whose sequence display features characteristic of both
the human K5 and K6 genes, designated K5/6-a and K5/6-.

Structural Organization of Keratin 6-Encoding Human
Genes and Characterization of Their mRNAs—We completed
the sequencing of the coding region, 5'- and 3'-flanking se-
quences and intron-exon junctions of the genomic clones poten-
tially encoding K6-like proteins. Comparison of these se-
quences with the previously reported human K6b gene
sequence (21) enabled us to locate all exons and define the 5’
regulatory sequences. Overlapping phage clones yielded full-
length genes for K6a, K6b, and K6c¢, and restriction digestion/
Southern blotting analyses of suitable phage clones allowed us
to assign each of them to a specific hybridization product in
human genomic DNAs processed in parallel (Fig. 1). The K6d
genomic clone, on the other hand, lacked 198 bp at the 5’ end of
exon 1, thus preventing assignment to a specific product in
digested human genomic DNA. All K6 isoform genes except one
are ~6-7 kbp long (Fig. 2) and thus are analogous to other
known human type II keratin genes (21, 32-34). In contrast,
the K6c gene is remarkably long for a type II keratin gene,
extending over 17 kbp. The K6 genes all contain nine exons
interrupted by eight introns. The position of all eight introns
(A-H) is identical in the K6a, K6¢c, and K6d genes and in the
previously characterized human K6b, K7, and K5 genes (21, 32,
35). The introns are located within the protein-coding regions,
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Fic. 1. Southern blot analysis of human genomic DNAs and
cloned phage DNAs. Restricted DNAs were resolved by 0.8% agarose
gel electrophoresis, blotted onto nylon membrane, and hybridized with
a radiolabeled 283-bp probe derived from exon 1 of the cloned human
K6b gene. The probe used did not contain the recognition motif for any
of the enzymes used in these analyses, nor did it hybridize with the
human K5 gene (not shown). The position of size markers in kilobase
(kb) is indicated at left. Lanes 1-4, 10 pg of genomic DNA from a normal
human subject were digested with the Hincll (lane 1), Pstl (lane 2), Pstl
and Sacl (lane 3), Pst] and Hincll (lane 4). Lanes 5-8, 10 pg of genomic
DNA from four randomly selected human subjects were digested as in
lane 4. Lanes 9-11, 10 pg of the cloned K6a (lane 9), K6¢ (lane 10), and
K6b (lane 11) phage DNAs were digested as in lanes 4-8. Between
three and five hybridizing products were detected in the human
genomic DNAs tested. After PstI-Hincll double-digestion, fragments of
corresponding sizes can be found in genomic DNAs (lanes 4-8) and in
the cloned DNAs for K6b, K6¢, and K6a (polymorphisms are obvious in
this latter case). These fragments are identified by dots in lane 4.

and the sequences of the exon-intron boundaries conform to the
consensus splicing signal (36). From restriction mapping and
Southern blotting analyses of purified genomic DNAs, we de-
duced that the K6d and K6c genes exist in tandem with the
same transcriptional orientation and separated by approxi-
mately 12 kbp. Likewise, we found that the K6-related gene
K5/6-a (see below) is positioned immediately 3’ downstream
from the K6b gene (Fig. 2).

We estimated the size of all introns in the K6 isoform genes
by a combination of sequencing and PCR amplification between
neighboring exons in cloned DNAs, and found significant dif-
ferences only for introns A and F (Fig. 2). The size of intron A,
located between exon 1 and 2, is ~11 kbp in the K6c gene, while
it is ~1.7 kbp in all other human K6 genes. Southern blot
analysis of genomic DNA from randomly selected individuals
with an intron A-specific probe confirmed the presence of this
unusually long intron A in the general human population (data
not shown). The size of intron F, located between exon 6 and 7,
also varied among human K6 genes, and is ~0.6 kbp in Kéd,
~0.8 kbp in K6b, and ~1.5 kbp in both K6a and K6c (Fig. 2).
The size of introns B, C, D, E, G, and H appears very similar
among K6 genes, and are of approximately 360, 90, 200, 500,
220, and 200 bp, respectively. These size differences in intron F
were exploited in the context of a PCR assay to further confirm
that the various K6 genes cloned from the human genomic
DNA library used also occur in the general population. A set of
oligonucleotide primers corresponding to segments of exon 6 (5
exon 6; Table I) and exon 7 (3’ exon 7; Table I) that are perfectly
conserved among K6 a, b, ¢, and d genes were used to amplify
the entire intron F and flanking exon (~200 bp) sequences from
the genomic DNA of several individuals, followed by electro-
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Fic. 2. Genomic organization of human keratin K6 and K6-related genes. The human K6a, K6b, K6c, and K6d genes contain 9 exons
(black boxes, labeled 1-9 for K6a) separated by 8 introns (white boxes, labeled A-H for K6b). Intron F, whose length varies between 0.6 and 1.5 kb
among K6 genes, and the unusually long intron A (11 kb) in the K6c gene are marked by diagonal lines. Direction of transcription in K6 genes is
indicated by an arrow at the beginning of exon 1. Two genes with high sequence homology to both K5 and K6, K5/6-« and K5/6-p, have been only
partially characterized. The location of the recognition sequence for some of the restriction enzymes used for the organization of phage library
clones into subgroups is indicated for the K6 genes (B, BamHI; E, EcoRI; N, Ncol; S, Sacl; Sm, Smal; with the exception of Sacl, not all sites are
depicted). Restriction mapping showed that the K6d and K6c genes, and the K6b and K5/6-« genes, are located in tandem in the same locus. A scale
is given in kilobase pairs.

TABLE 1
List of oligonucleotide primers and probes

Oligonucleotide

probe/primer Nucleotide sequence

Target sequence Use

K6a 5'-GTGCTGGCCATGGTTCCAGGAGATGAGAGA-
5" K6-primer 5'-CCGGAATTCCAGGGGCAGTGGTGGCCTG-3’
3" K6-primer 5'-CCGGAATTCGTCCTCCACCAGGTCCTGCAT-

5" exon 6-primer
3’ exon 7-primer

5'-CCTGCGCAACACCAAGCAGG-3'
5'-CCTCCAGCAGCTTGCGGTAG-3'

Probe A 5'-TGGATGGTGGGATCGATTTGC-3'
Probe B 5'-TGGATGGCGGGGTCAATTTGC-3'
Probe C 5'-GCCGCAGCTTATATG-3'

Probe D 5'-GCCGCAGTCTGTATG-3’

Probe E 5'-TCTGGAAACAAAGTG-3'

Probe F 5'-TCTGGACACCAAGTG-3’

Probe G 5'-ACGGGGCCGCCTGGA-3'

Probe H 5'-CTGCTTCTTGACGTGGTCGA-3’

Primer extension of Izéa mRNA

3" +11 to —19
+121 to +141 PCR amplification of K6 cDNAs
3’ +745 to +724 PCR amplification of K6 ¢cDNAs

+1119 to +1138

+1411 to +1392
+470 to +450
+470 to +450
+173 to +187
+173 to +187
+570 to +584
+570 to +584
+693 to +717

+1203 to +1184

PCR amplification of K6 genes

PCR amplification of K6 genes
Identify K6a

Identify Kéb, K6c, K6d, K6e and K6f
Identify K6c and K6e

Identify K6a, K6b, and K6f

Identify K6a and Kéc

Identify K6b, K6d, K6e and K6f
Identify K6a, K6c, K6d and Kée
Identify all K6 isoform genes

phoresis and Southern blotting with a coding sequence-specific
oligonucleotide probe (probe H; Table I). Hybridization-positive
products of 1.7 kb (K6a and ¢), 1.0 kb (K6b), and 0.8 kb (K6d)
were detected within each individual genomic DNA tested (Fig.
3), further supporting the notion that the K6 genes discovered
in the genomic DNA library are present in the general human
population.

The nucleotide and predicted amino acid sequences of the
K6a gene, whose mRNA predominates among K6 isoforms in
human skin tissues and cell lines, are shown in Fig. 4. The
relationship between gene structure and protein domain struc-
ture in K6a is identical to that of K6b and several other human
type II keratin genes (21, 32, 35). Exon 1 (588 bp) encodes the
entire 5’ non-coding region and the protein-coding region
extending from the amino-terminal head domain (160 amino
acids) to the midpoint of the 1A segment in the «-helical (rod)
domain. Exons 2-7 (215, 61, 96, 165, 126, and 221 bp, respec-
tively) encode the bulk of the central rod domain sequence,
consisting of four a-helical segments (1A, 41 amino acids; 1B,
101 amino acids; 2A, 40 amino acids; 2B, 99 amino acids)
featuring heptad repeats of hydrophobic residues (37), sepa-
rated by short non-helical linker segments (.1, 11 amino acids;
L12, 14 amino acids; 1.2, 10 amino acids). The small exon 8 (39
bp) encodes the last two residues of the rod and the first 11
residues of the non-helical tail domain. The reminder of the tail
domain (78 amino acids) and all of the 3’ non-coding region are

1 2 3 4 5 Kéa b c d K5

Fic. 3. PCR amplification experiment from human genomic
DNAs and cloned phage DNAs. A set of universal K6 primers was
used to amplify the intron F and flanking exon sequences from all
known K6 genes in genomic DNA from randomly selected individuals
(lanes 1-5) and from the cloned K6a, K6b, K6¢, K6d, and K5 genes. PCR
products were resolved by agarose gel electrophoresis (bottom panel,
ethidium bromide stain), transferred onto nylon membrane, and probed
with a radiolabeled (universal) K6 probe H (Table 1) (upper panel).
Positively hybridizing products of ~0.8 kb (K6d), ~1.0 kb (K6b), and
~1.7 kb (K6a and K6c) were detected in the five human genomic DNAs
tested (marked by dots in upper panel). The corresponding amplified
product from the human K5 gene (~0.5 kb) did not react with the K6
oligoprobe, indicating the specificity of the assay.

encoded by exon 9 (approximately 780 bp).
The nucleotide sequence of the coding region, 5'- and 3'-
flanking sequences, and intron-exon junctions of the human
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ctatgactaaggaagccaaaaagcaatcttcatatttcatacctt nggg ctgggtgtgatctcactgttggtaaaggccgggggttcccaacctgc
AP-1 PEA3 CH=8 p53 EGF-RE
Exon 1
gdcgcageccatgctetecatatataggetgetgeceegagectgattectagtectgettectotteect et CTCCTCCAGCCTCTCACACTCTCCTCAGCTCTCTCATCTCCTGGAACC
NF1  AP-2 TATA box +1 40

M A S T s T T1I R S H S S S R RGP F S A NS A RUL PGV S R S G F S8 8§ VvS V S5 R
ATGGCCAGCACATCCACCACCATCAGGAGCCACAGCAGCAGCCGCCGGGGTTTCAGTGCCAACTCAGCCAGGCTCCCTGGGGTCAGCCGCTCTGGCTTCAGCAGCGTCTCCGTGTCCCGL
80
S R G S G G L GGACGGAGT FSGSRSL Y GL GG S KURTI SIGGG S CATI s
TCCAGGGGCAGTGGTEGCCTGGGTGETGCATGTGGAGGAGC TGGCTTTGGCAGCCGCAGTC TGTATGGCCTGGGGGGCTCCAAGAGGATCTCCATTGGAGGGGGCAGCTGTGCCATCAGT
120
G G Y G S R A G*G S Y G F GG AGSGPFGFGGGAG I GF GL GG G A G L A G
GGCGGCTATGGCAGCAGAGCCGGAGGCAGCTATGGCTTTGGTGGCGCCGGGAGTGGAT TTGGTTTCGEGTGGTGGAGCCGGCATTGGCTTTGGTCTGGGTGGTGGAGCCEGGCCTTGCTGGT
160
G F 6 G P G F PV CPPGGIOQEWV TVNYQSLIL TU®P L NULOQOQTIDU®PT™I Q¢ R V R
GGCTTTGGGGGCCCTGGCTTCCCTGTGTGCCCCCCTGGAGGCATCCAAGAGGTCACCGTCAACCAGAGTCTCCTGACTCCCCTCAACCTGCARATCGATCCCACCATCCAGCGGGTGCGG
180
A E ERE ¢ I K TL NN KF A S F I D K
GCTGAGGAGCGTGAACAGATCAAGACCCTCAACAACAAGTTTGCCTCCTTCATCGACAAGgtgagecagtgecatgecctccatgggy Intron A (approx. 1.7 kbp)
Exon 2 208
V R F L E @ @ N K V L EXT K W T L L Q E ¢ G T K T V R Q
ttgcctggtaaaatgatcatcttgtetetetttcagGTGCGGTTCCTGGAGCAGCAGAACAAGGTTCTGGAAACAAAGTGGACCCTGCTGCAGGAGCAGGGCACCAAGACTGTGAGGCAG
248
N L E P L FEQ Y I NNLRIROQULDSI V GEIZRGIZRULDSETLIZRGMQ DUL V E D
AACCTGGAGCCGTTGTTCGAGCAGTACATCAACAACCTCAGGAGGCAGCTGGACAGCATTG TCGGGGAACGGGGCCGCCTGGACTCAGAGCTCAGAGGCATGCAGGACCTGGTGGAGGAC

F* X N K
TTCAAGAACAAgtgagttaaacaggagaaatggactcagtttectgragracacacttcaagactattgggtgacaggg Intron B (approx. 360bp) cccaggcetget
Exon 3 272
Y E D E I N KR T™AAENEF V T L K K
ttteotgtttcatcectaccecactggetcaaatgtgteccatgectttcttectgt agATATGAGGATGAAATCAACAAGCGCACAGCAGCAGAGAATGAATTTGTGACTCTGAAGAAGGLY

Exon 4 277
D V D A A
agcagatgaagccgggggttcaaattcatttaga Intron C {(approx. 90bp) gtgagctcaggtaactccaggttgttggetctttccccagGATGTGGATGCTGCC

304
Y M N K V EL 9 A K A DTUL TUDE I NV FL R AL Y D &
TACATGAACAAGGTTGAACTGCAAGCCAAGGCAGACACTCTCACAGACGAGATCAACTTCCTGAGAGCCTTGTATGATGCAgtaagecatctccaccatecttectgtttactetgatgggg

Exon 5 320

E L S Q M ¢ T HTI s DTSV V L

tctg Intron D (approx. 200bp) ggaagtgaagttgatcttatgacctictgttcotgecagGAGCTGTCCCAGATGCAGACCCACATCTCAGACACATCTGTGGTGCTG
359

$ M D NN RNUILDILDS I I A EV KA AUOQY EE I AOQ R S RAEAE S W Y Q T K
TCCATGGACAACAACCGCAACCTGGACCTGGACAGCATCATCGCTGAGGTCAAGGCCCAATATGAGGAGATTGCTCAGAGAAGCCGGGCTGAGGCTGAGTCCTGGTACCAGACCAAGYLY
Exon 6
Y E E
agcagggagtgggcagcecegctgaggaatectgtgeea Intron E {(approx. 500bp) gaacccgtagacactgtetcteteotecacctetgggetgecagTACGAGGAG
401
L Q vwT A G R H G P DL RNTI K  E I A EINIZRMTIOQIRTULIU RS E T DUH V KK Q
CTGCAGGTCACAGCAGGCAGACATGGGGACGACCTGCGCAACACCAAGCAGGAGATTGCTGAGATCAACCGCATGATCCAGAGGCTGAGATCTGAGATCGACCACGTCAAGAAGCAGgGta
Exon 7
C A
tggtgagggacaatggaggagagaagcatttecttgteca Intron F {approx. 1.5kbp} gaagaccggatgacaagtttcttctattectttectettoccagTGCGCC
443
N“L Q A A I A DA E QR G EMATIL K DA AI KNI KULZESGTLEU DA ATLIGQI KAI K QDL A R
AACCTGCAGGCCGCCATTGCTGATGCTGAGCAGCGTGGGGAGATGGCCCTCAAGGATGCCAAGAACAAGCTGGAAGGGCTGGAGGATGCCCTGCAGAAGGCCAAGCAGGACCTGGCCCGE
475
L L K E Y ¢ E L M NV KL AL DV E I AT YR KIULILEGEE CR
CTGCTGAAGGAGTACCAGGAGCTGATGAATG TCAAGCTGGCCCTGGACGTGGAGATCGCCACCTACCGCAAGCTGCTGGAGGGTGAGGAGTGCAGgt gggt aactgacacgaactectte

Exon 8 485

L N G E G V¥ G Q V N

aacagctgagtccatce Intron G (approx. 220bp) ctctetgaggtcetcacccteectgtgttectctecacagGCTGAATGGCGAAGGCGTTGGACAAGTCAAC
Exon 9

I* s Vv
ATCTgtaagtacctttgcttgecttectecectgecetegocacte Intron H (approx. 200bp) ccatggcttecttgtgtecttgteccectecccatcacagCTGTG
528

vV Qg s T VWws 8 G Y G GA S§G VG S G L 6L GGG S 5 Y S Y G 8 6L G VFG G G F 8

GTGCAGTCCACCGTCTCCAG TGGCTATGGCGETGCCAGTGE TG TCGGCAGTGGCTTAGGCC TGGGTGGAGGAAGCAGCTACTCC TATGECAGTGG TCTTGCCGTTGCAGGTGGC TTCAGT
564 (A.A.)

s $ 8 G R A I*G GGG L $SsS VGG G6 G S s TTIKVYTTTS S S SR K S Y K H *
TCCAGCAGTGGCAGAGCCATTGGGGGTGGCCTCAGCTCTGTTEGGAGGCGGCAGTTCCACCATCAAGTACACCACCACCTCCTCCTCCAGCAGGAAGAGC TATAAGCACTAAAGTGCGTCT
GCTAGCTCTCGGTCCCACAG TCCTCAGGCCCCTCTC TGEGCTGCAGAGCCCTCTCCTCAGG TTGCCTGTCCTCTCCTGGCCTCCAGTC TCCCCTGC TG TCCCAGGTAGAGCTGGGCATGAA
TGCTTAGTGCCCTCACTTCTTCTCTCTCTCTCTATACCATCTGAGCACCCATTGCTCACCATCAGATCAACCTCTGATTTTACATCATGATG TAATCACCACTGGAGCTTCACTGTTACT
AAATTATTAATTTCTTGCCTCCAGTGTTCTATCTCTGAGGC TGAGCATTATAAGAAAATGACCTCTGCTCCTTTTCATTGCAGAAAATTGCCAGGGGCTTATTTCAGAACAACTTCCACT
TACTTTCCACTGGCTCTCAAACTCTCTAACTTATAAGTGTTGTGAACCCCCACCCAGGCAG TATCCATGAAAGCACAAGTGACTAGTCCTATGATGTACAAAGCCTGTATCTCTGTGATG
ATTTCTGTGCTCTTCACTGTTTGCAATTGC TAAATAAAGCAGATTTATAATACATATATTC TTT TACTTTGCCTTGC T TTGGGGCCAAAGTTTTGGGCTTAAACTTTTTTATCTCATAAG
TGAATAGTTGTTTTTAAAAGATAATCTA poly A

Fic. 4. Nucleotide sequence of exons and flanking regions for the human K6a gene. Sequences corresponding to the coding strand of
exons 1-9 are shown in upper case letters, and the predicted amino acid encoded (one-letter code) is indicated directly above. Amino acid residues
are numbered 1-564 starting with the initial methionine, and positions which differ among K6 isoforms are identified with asterisks. The
transcription initiation site was mapped and defines the 5'-end of of exon 1 (+1). Sequences corresponding to the 5’-upstream region and to intron
boundaries are shown as lower case letters. Intron sequences were not completely determined; the approximate size of each intron is indicated
between parentheses. As the precise 3'-end of the K6a mRNA remains to be determined, the sequence beyond the canonical poly(A) signal sequence
(underlined AATAAA) is shown as upper case letters. In the 5'-upstream sequence, the canonical TATA sequence is underlined, as are potential
binding sites for known transcription factors.
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TaBLE II
Nucleotide sequence identity among human K6 isoform genes

Segments compared

Isoform compared

Exon 1-exon 9 5" Sequence” Exon 1 only® Exon 2-exon 8 Exon 9 only”

% % % % %
K6a versus K6b 84.6 84.7 98.3 974 60.2
K6a versus Ké¢ 97.9 84.7 97.6 100 99.9
K6a versus K6d? 98.1 ND? 97.4 97.7 99.9
K6b versus Kéc 84.9 87.6 98.1 97.3 60.2
K6b versus K6d? 84.4 ND¢ 99.1 98.9 60.2
K6c¢ versus K6d? 98.9 ND< 100 97.7 100

“The 5' leader sequence extends from the TATA box to the translation initiation codon.

® The exon 1 segment analyzed does not include the 5’ leader (untranslated) sequence.

“ The exon 9 nucleotide sequence includes the 3’ non-coding segment up the poly(A) (AATAAA) signal sequence.
4 The K6d genomic clone lacks 198 bp at the 5’ end of protein-coding exon 1.

K6b, K6c, and K6d genes have also been determined. The gene
and corresponding protein domain structure of the K6c and
K6d isoforms are identical to those found in K6a (this study)
and K6b (21) (data not shown). We calculated the nucleotide
sequence identity between all pair combinations of human K6
genomic clones for the entire coding sequence (exon 1-exon 9)
as well as specific segments of the coding and 5'-upstream
sequences (Table II). This revealed remarkable trends in the
conservation and divergence of particular exons among human
K6 isoform genes. The K6a and K6c¢ genes display a completely
identical nucleotide sequence in the protein coding region cov-
ered by exons 2-9, while a single nucleotide difference was
found in the 3’ non-coding sequence of exon 9. In contrast, the
coding segment of their exon 1 and especially their proximal
5'-upstream sequence are more different (Table II). The K6d
gene, on the other hand, is identical to the K6c gene over exon
1 (our K6d genomic clone lacks 198 bp coding sequence at its 5’
end) as well as exon 9, while it is 97.7% identical over exons
2—-8. The K6b gene sequence is clearly different over all the
segments analyzed, although its exon 1l-exon 8 segment is
related to K6d. These data have significant implications for the
evolution of human K6 genes, as discussed below.

To examine the expression of these K6 isoform genes, we
performed Northern analysis on RNA extracted from cultured
epithelial cells. Hybridization of normal human epidermal ke-
ratinocyte RNA with probes derived from the 3’ non-coding
portion of the K6a or K6b genes each gave rise to a single band
of ~2.3 kb (Fig. 5A). The signal obtained using the K6a 3’
non-coding probe is a mixed one with contributions by the K6a,
K6c, and K6d mRNAs. Identical size mRNAs were detected
when these probes were used on RNA prepared from SCC-4, a
tongue squamous cell carcinoma line (Fig. 5A). These results
indicate that conventional Northern analysis allows only par-
tial discrimination among K6 isoform mRNAs.

Primer-extension analysis was carried out to define the 5’
termini of the K6a mRNA. The 5’ termini of the K6b, K6¢, and
K6d mRNAs could not be mapped using primer extension,
either because the genomic clone lacked the required 5’ end
sequence (K6d) or the existence of additional isoform-encoding
mRNAs with highly related sequences (see cDNA cloning sec-
tion below). In contrast, the 3'-nucleotide of the K6a primer
used for this analysis (Table I) was completely specific for the
K6a isoform sequence. One major primer-extended product was
seen for K6a in total RNA extracted from human epidermal
cells in primary culture (Fig. 5B). On the basis of the gene
sequence data, the 5’ terminus of the K6a mRNA was assigned
at 48 bp upstream from the translation initiation site. Inspec-
tion of the 5’ sequence in K6a revealed the presence of a
“TATAA” motif located 50 bp upstream from the putative tran-
scription initiation site (Fig. 4). Also, the nucleotide sequence
surrounding the ATG start codon in the K6a gene agrees well
with the consensus sequence (38). Based on this and our North-

285~

probe:  Ké6a 3'NC K6b 3'NC

FiG. 5. RNA blot-hybridization and primer-extension analysis
of K6 isoform mRNAs. A, total RNAs (5 pg) extracted from primary
cultured human skin keratinocytes (lane 1) and the tongue squamous
cell carcinoma line SCC-4 (lane 2) were electrophoresed, transferred
onto nylon membrane, and probed with genomic fragments correspond-
ing to the 3’ non-coding sequence of the human Ké6a (K6a 3'NC) and
K6b (K6b 3'NC) genes. Migration of ribosomal RNA (28 S, 18 S) is
shown at left. Both these probes detect a single band of ~2.3 kb (arrow)
in both RNA extracts. B, for primer extension analysis, a radiolabeled
oligonucleotide complementary to the 5’ portion and specific for the K6a
gene was hybridized to total RNA extracted from skin keratinocytes (30
ug, lane 1) and reverse-transcribed. The same oligonucleotide primer
was used for the sequencing of the corresponding genomic DNA by the
chain termination method and the four reactions (loaded as A, C, G, T
from left to right) were ran in parallel with primer-extended product(s).
Yeast tRNA was used as a negative control (lane 2). A major primer
extended product was present only in lane 1, as indicated by the arrow.
The position of the TATA box is indicated at left.

ern blot data, we estimate the length of the 3’-untranslated
region of the K6a mRNA to be ~500—600 nucleotides. Consistent
with this, there is a single potential polyadenylation/processing
signal, AAUAAA (39), located ~520-530 nucleotides down-
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Fic. 6. Expression of full-length human K6 genes in cultured epithelial cells. The genomic inserts of K6a (8 kbp), Kéb (18 kbp), and K6c
(20 kbp) were subcloned in a cytomegalovirus promoter-based expression vector and transiently transfected into the kidney epithelial cell line
PtK2. At 72 h post-transfection, cells were fixed and double-labeled with a rabbit anti-K6 antiserum followed by fluorescein isothiocyanate-
conjugated goat anti-rabbit IgG, and a mouse anti-K8-K18 antibody followed by a biotin-conjugated goat anti-mouse IgG and streptavidin-Texas
Red. Frames A and B, double-immunofluorescence labeling of a human K6a-transfected cell, with the anti-K6 signal shown in A and the
anti-K8-K18 signal shown in B. The signals for both K6a as well as the endogenous PtK2 K8/K18 filament network co-localize perfectly at this level
of resolution. Similar results were obtained when the K6b (frame C) and K6c¢ (frame D) genes were transfected (only the anti-K6 stainings are
shown). For all three genes, a subset of transfected cells showed a slightly altered organization of their endogenous filament network (see

arrowheads in D). Bar = 25 pm.

stream from the translation stop codon in the K6a gene (Fig. 4).

We analyzed the proximal ~200 bp of 5'-upstream sequence
of the K6a gene for the presence of potential binding sites for
transcription factors involved in keratin gene expression or in
the response to wounding (Fig. 4). Upstream from the TATA
box, we found two potential binding sites for AP2, a transcrip-
tion factor of neural and epidermal lineages playing a crucial
role in the regulation of epidermal keratin gene expression
(40). A site known to be involved in the up-regulation of the
K6b gene upon epidermal growth factor treatment of cultured
human epidermal keratinocytes (41) is conserved in sequence
and location in the K6a gene upstream sequence. There are
several additional potential regulatory sequence elements in
the 5'-flanking region analyzed, including AP-1 (response to
phorbol esters, cAMP, transforming growth factor-g, retinoic
acid, interleukin-2; Ref. 42), PEA3 (response to epidermal
growth factor, phorbol esters, serum; Ref. 42), GAS (response to
interferon-y; Ref. 42), and NF-1 (response to transforming
growth-B; Ref. 42). These elements are of interest in the context
of a gene whose expression is induced by wounding. Additional
studies will be required to determine whether these sequence
elements and their cognate transcription factors play a role in
the regulation of K6a gene expression.

The K6a, K6b, and K6c Genomic Clones Give Rise to a K6
Protein When Expressed in Cultured Cells—The genomic in-

serts of K6a, K6b, and K6c were subcloned in a cytomegalovi-
rus promoter-based expression vector and transiently trans-
fected into PtK2 cells (K6—, K7+, K8+, K18+, K19+, vimentin
+; Ref. 24). At 72 h post-transfection, cells were fixed and
processed for immunofluorescence microscopy (30). Mock-
transfected PtK2 cells showed no reactivity with the anti-K6
antiserum (not shown). In contrast, each of these clones gave
rise to an antigen immunoreactive with the anti-human K6
antiserum in transfected cells. In a majority of cells, the signal
was filamentous and co-localized with that for the endogenous
K8-K18 filaments (Fig. 6, A, B, and D). In each case, however,
a subset of cells featured an abnormal keratin filament net-
work (note the retracted IF network in the K6c-transfected cell
in Fig. 6D). Additional studies will be required to characterize
this phenomenon, and compare the assembly properties of
these human K6 isoforms. These data further support the
notion that the K6a, K6b, and K6c genomic clones contain
functional genes.

Isolation of Other K6-related Genomic Clones—We isolated
an additional phage clone containing a partial K6-encoding
gene, whose sequence extended from the 5'-upstream region to
intron C. Over exons 1-3, the sequence of this clone is identical
to that of K6b; however, the intron B nucleotide sequence
slightly differs between the two clones (data not shown). In the
absence of a full-length clone for this gene, we cannot deter-
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TasLe IIT
Expression of human K6 isoforms
No. of clones Isoform profile”
examined Kéa K6b Kéc Kéd Kée Kéf

Skin ¢DNA library® 64 % 13% 0% 0% 5% 5%
Tissue samplesd K6a K6b + Kéf Kée Kéd + K6e

Scalp skin 155 66% 31% 0% 3%

Sole skin 86 84% 14% 1% 1%

SCC skin 115 69% 27% 1% 3%
Cultured samples®

Foreskin 88 99% 1% 0% 0%

NHSK 51 80% 14% 2% 4%

SCC-13 28 96% 0% 4% 0%

SCC-9 53 83% 7% 4% 6%

¢ This column refers to the total number of independent K6 ¢cDNA clones examined in each sample.
5 Different experimental strategies were used to discriminate among K6 isoforms in the ¢cDNA library and in tissue and cell samples. See text

for details.

¢ The skin ¢cDNA library was prepared using poly(A) mRNA extracted from a squamous cell carcinoma of the leg.
“ Human tissue samples were obtained as discarded materials in the course of surgery, and were immediately frozen and stored at —80 °C until

use.

¢ NHSK refers to primary cultured normal human skin keratinocytes. SCC-13 and SCC-9 are cell lines derived from squamous cell carcinomas

of the skin and tongue, respectively.

mine with certainty whether it corresponds to a distinct K6
isoform, a different allele of the K6b isoform, or a pseudogene
derived from the functional K6b gene. A partial sequence anal-
ysis of the two K6-related clones K5/6-a and K5/6-8 obtained in
our genomic library screen (Fig. 2) revealed that if functional,
these genes would encode novel type II keratin-like sequences.
The nucleotide sequence of the K5/6-a clone shows ~60% ho-
mology with the head domain of K6, while the K5/6-8 clone
shows ~45% homology with that of K6 (data not shown). In
addition to an exon 1 probe, these two clones hybridize with
several other exon probes derived from the K6a cDNA under
stringent washing conditions. Additional analyses will be nec-
essary to determine the identity and functional status of these
K6-related genes.

c¢DNA Cloning and Comparison of Predicted Amino Acid
Sequences of Human K6 Isoforms—We screened a human skin
c¢DNA library constructed from a patient with squamous cell
carcinoma of the lower leg, utilizing an exon 1 probe derived
from the K6a genomic clone. Positive clones were grouped on
the basis of hybridization with the 3’ non-coding probes used in
the Northern blot analysis, and analyzed by hybridization with
oligonucleotide probes specific for either a single or a subset of
K6 isoforms (Table I) under optimized stringency conditions
(see “Experimental Procedures”). 64 independent K6 cDNA
clones were isolated and analyzed by oligonucleotide hybridiza-
tion and DNA sequencing. Among these, we discovered several
clones with ¢DNA inserts corresponding to either the K6a or
K6b genes. In each case, one clone was selected and its com-
plete sequence determined. We did not find ¢cDNA clones cor-
responding to either the K6c or K6d gene in this particular
library (Table III). On the other hand, we found six clones (out
of 64) whose insert sequence did not exactly correspond to any
of the four K6 genomic clones isolated and characterized. These
six clones could be clearly partitioned into two distinct groups
by sequencing, and the nucleotide sequences were identical
within each subgroup. At the nucleotide sequence level these
two novel ¢cDNAs, designated as K6e and K6f, were, respec-
tively, ~96-98 and ~97-98% identical to the other K6 isoforms
characterized in our genomic cloning effort.

The amino acid sequence predicted from the K6a ¢cDNA clone
is in complete agreement with that predicted from the corre-
sponding genomic clone shown in Fig. 4 (data not shown).
While the amino acid sequence predicted from both our K6b
genomic and cDNA clones are in complete agreement (data not
shown), they differ slightly from the one previously reported

(see Ref. 32).2 Likewise, the protein sequences predicted from
the K6c¢ (complete) and K6d (starting in the middle of exon 1)
genomic clones, and the K6e and K6f ¢cDNA clones, were deter-
mined (data not shown). The K6a, K6b, K6¢c, K6e, and K6f
isoforms are thus all predicted to consist of 564 amino acids,
with calculated molecular weights (M,) of 60,042, 59,996,
60,183, 60,220, and 60,064, respectively. The virtually identical
predicted M, values for the human K6 isoforms provide a good
explanation for the inability to discriminate among them using
regular polyacrylamide gel electrophoresis (16). These calcu-
lated values are slightly larger than the experimentally meas-
ured one, 56 kDa (1; this has been repeatedly described for
human keratins; e.g. Refs. 32, 34, and 35). Each K6 isoform
protein is predicted to show at least 97.6% identity to other
isoforms, and substitutions occur at a total of 16 positions
among K6 a-f. The amino acid residues predicted to occur at
these variable positions in each of the six human K6 isoforms,
and in the corresponding position of a mouse K6 (43) and the
human K5 (32) sequences, are compared on Fig. 7. Substitu-
tions are relatively more concentrated in the non-helical head
and tail domains, with each containing 5 variable positions,
compared to the substantially longer rod domain, which shows
only 6 variable positions (Fig. 7). Within the rod, the substitu-
tions only affect residues located in the «-helical segments.
Remarkably, a maximum of two different amino acid residues
may occur at each of the 16 variable positions among human
K6 isoforms, and in fact, many of these substitutions are very
conservative. At several of these positions, interestingly, the
corresponding amino acid in the human K5 sequence is pre-
dicted to be identical to a subset of K6 isoforms. The two human
K6 isoforms predicted to differ the most are K6a and K6e, with
13 amino acid substitutions. The mouse K6 amino acid se-
quence (43; see Ref. 6) shows ~80—85% sequence identity with
human sequences. However, among the 15 “variable” amino

2 The differences between the human K6b amino acid sequence pre-
dicted from the published genomic clone (see Refs. 21 and 32) and that
predicted from the genomic and ¢cDNA clones characterized in this
study are as follows: A89G90_)G89890; C107G—>107; Pl 16A1 17L118L1190120_
A_)l16G117L118A119G120G121; Aasas_)sm; Y4nlc_)4()2_ Note that the
amino acids predicted to occur at these positions are identical in all K6
isoform genes and ¢DNAs cloned in this study. Note also that at codon
positions 89, 107, 116, 117, 120, 121, 354, and 402 (i.e. 8 out of 10), these
differences make our K6b clone identical to human K5 (32) and all other
human K6 isoforms. Additional studies will be required to ascertain the
reason(s) for these differences.
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Fic. 7. Schematic representation of the secondary structure
and variable amino acid positions among human K6 isoforms.
The tripartite domain organization typical of cytoplasmic IF proteins
and shared by human K6 isoforms is illustrated. A central domain (rod)
contains four sequence segments featuring a heptad repeat of hydro-
phobic residues and predicted to be a-helical (coils 1A, 1B, 2A, and 2B).
This repeat is interrupted at three conserved locations within the rod,
generating the non-helical linker segments L1, .12, and L2. The central
rod domain is flanked by head and tail domains, two nonhelical se-
quences located at the amino- and carboxyl-terminal portion of the
protein, respectively. The location of introns A-H along the protein
coding sequence, and of the PCR fragment used for the determination of
the K6 mRNA profile in human samples, are depicted. Amino acid
differences occur at a total of 16 positions among human K6 isoforms:
their location is depicted with an asterisk along with the amino acid
residue number (see Fig. 4) under the protein structure representation.
The identity of the amino acid residues occurring at each of these
variable positions in the human K6 isoforms a—f, and in the previously
characterized mouse K6 (mK6; Ref. 43) and human K5 (32) are listed
below. In a few cases, it was not possible to determine with certainty the
identity of the amino acid in the mK6 and K5 sequences that corre-
sponded to the same position in human K6 isoform sequences (these are
identified with a “?”). The source of these sequences (gene, cDNA, or
both) is also indicated.

acid positions among human K6 isoforms that could be directly
aligned with the mouse K6 sequence, 11 are identical to Kéa,
including Thrl®® (Fig. 7).

Expression of K6 Isoforms in Selected Human Epithelial Tis-
sues and Cell Lines—To investigate whether the human K6
genes are differentially regulated, particularly in skin, we de-
termined the K6 isoform profile in a variety of human skin
tissue samples and cell lines. First, a combination of colony
hybridization assay (see “Experimental Procedures”) and DNA
sequencing was applied to the 64 independent clones isolated
during our ¢cDNA library screening effort. Given that the clon-
ing strategy was based upon hybridization with an exon 1
probe, we had access to near full-length coding sequences to
ascertain the identity of the K6 isoform encoded. The K6a
isoform was clearly the dominant species in this cDNA library,
constituting 77% (49 out of 64) of the isolated K6 clones (Table
IIT). The K6b, K6e, and K6f isoforms, respectively, accounted
for 13, 5, and 5% of the K6 clones. As mentioned above, no clone
corresponding to either the K6c or K6d isoform was found in
this particular library (Table III). Note that the surgically
excised squamous cell carcinoma of the skin used to construct
the ¢cDNA library included a significant amount of surrounding
normal tissue.

Second, expression of K6 isoform mRNAs was analyzed in
human foreskin, scalp skin, sole skin, and a squamous cell
carcinoma, in cultured primary human skin keratinocytes, and
in human cancer cell lines known to express K6, such as
SCC-13 and SCC-9. The foreskin sample obtained had been
incubated in cultured media, so that K6 induction likely had
occurred by the time mRNA was extracted (16). Reverse-tran-
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scribed ¢cDNAs were subjected to PCR amplication with two
“universal” K6 oligonucleotide primers, generating a 626-bp
fragment covering parts of exons 1 and 2 (Fig. 7). After sub-
cloning, independent bacterial clones were spotted on duplicate
filters and subjected to colony hybridization as described under
“Experimental Procedures.” The oligonucleotide probes used
(Table I) could not unequivocally “resolve” K6b from K6f as well
as K6d from K6e, partly because only one-third of the coding
sequence was available to discriminate among K6 isoforms.
The K6a and K6c isoforms, on the other hand, could be dis-
criminated in this assay. The K6a isoform is the dominant K6
mRNA in all human tissues and cultured cell lines tested (see
Ref. 21), although the extent of its expression varied apprecia-
bly among the samples tested (Table III}). In normal human
scalp skin, where K6 is expressed in hair follicles (14) but not
in epidermis, 66% of K6 mRNAs encode K6a, while 31% encode
either K6b or K6f. A similar partitioning of K6 mRNAs occurs
in a well differentiated squamous cell carcinoma of skin (Table
IIT). In sole skin, where K6 is constitutively expressed in the
differentiating suprabasal layers of epidermis (1, 12), K6a con-
stitutes 84% of K6 mRNAs, while that of K6b+K6f is lower
(14%) compared to scalp skin. In all samples subjected to cul-
ture in vitro, the K6a mRNA is even more dominant, with
proportions ranging from 80% to as much as 99%. This is
especially true in cultured epidermal keratinocytes, e.g. the
foreskin explant and SCC-13 cells (Table III). While the K6c
and K6d+K6e mRNAs are present in the majority of samples
tested, they constitute a minor fraction of the total K6 mRNA
pool (Table III). Collectively these data provide direct evidence
that the K6a and K6c genes cloned in this study are functional,
and that the human genome is likely to contain additional K6
genes, as per our discovery of the K6e and K6f sequences in a
skin ¢cDNA library and in several skin tissue and cell samples.
They also denote considerable heterogeneity in the expression
of K6 genes among the tissues surveyed, although in all cases
K6a is the most abundantly expressed isoform at the mRNA
level.

DISCUSSION

Discovery of Multiple Genes and ¢cDNAs Encoding Highly
Related K6 Isoforms in the Human Genome—We cloned and
characterized multiple human type II keratin genes and
c¢DNAs predicted to encode highly related K6 isoform proteins.
In keeping with the previous human K6 cloning efforts (16) and
the keratin nomenclature (1), we designated the genes cloned
in this study as K6a, K6b, K6éc¢, and K6d. That these genomic
clones represent separate K6 genes is supported by several
lines of evidence. First, the K6b, Ké6c, and K6d genes map to
distinct genomic loci. Second, the K6a, K6b, K6c, and Kéd
genes each display a unique genomic structure, with introns A
and F showing varying lengths. We exploited the variations in
intron F length to show that the K6a/K6c, K6b, and K6d genes
are present in the general population. Third, while the coding
and in some cases, the 3’ non-coding sequences are very similar
among human K6 isoforms, significant differences occur in
their proximal 5'-upstream sequences. Finally, we showed that
the K6a, K6b, and K6¢ genes are differentially regulated in
various skin samples and cell lines (we did not obtain direct
evidence of expression for the K6d genomic clone). The four
human K6 isoform genes cloned show a structure similar to
several other human type II keratin genes (21, 32, 33, 35). The
K6a, K6b, and K6d genes are each contained within 7 kb, and
thus are typical of human type II keratin genes. In contrast, the
human K6c gene appears unique as it extends over 17 kb. The
large size of this gene is due exclusively to the presence of an
unusually large intron A (~11 kb). Only one other human type
II keratin gene, K7, is nearly as long at ~15 kb long (35). We
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further demonstrate that the K6¢ and K6d genes, and the K6b
and K5/6a ones, are located in tandem in the human genome.
Applying probes derived from 3’ non-coding sequences to a
library of somatic cell hybrid DNAs, Rosenberg et al. (44) pre-
viously localized the human K6b gene and the gene encoding
the human K6a ¢DNA to chromosome 12. Given that the K6a
probe they used reacts with the 3’ non-coding region of the K6a,
K6c¢, and K6d genes, this implies that these three genes, along
with the K6b and K5/6a ones, reside on human chromosome 12.
This has obvious implication for the search for K6 mutations in
the human population, as discussed below.

Clones corresponding to the mRNAs encoded by the K6a and
K6b genes were easily retrieved in a ¢cDNA library prepared
from a squamous cell carcinoma of skin. Among a population of
64 K6 cDNA clones, however, none corresponded to the coding
sequences for the K6¢c and K6d genes. The significance of this
absence is doubtful, as only one among 115 partial K6 ¢cDNA
clones found by PCR in another skin squamous cell carcinoma
corresponded to K6c (a similar argument applies for K6d; Table
III). On the other hand, we discovered two novel K6-encoding
sequences in this skin ¢cDNA library. The extent of nucleotide
sequence divergence between these two clones and other K6
isoforms over their coding segment is ~2-3%, exceeding the
known frequency of polymorphism in the human genome (0.2%;
see Ref. 45). It appears likely that the cDNA sequence desig-
nated as K6e is the product of a yet another K6 gene. Compared
to K6a and K6b, K6e shows a unique 3' non-coding sequence as
well as nucleotide differences leading to several amino acid
substitutions (>10; Fig. 7). In contrast, the other cDNA clone,
K6f, shows only three differences with K6b at the protein
sequence level, and the high homology with the K6b sequence
extends to the 3’ non-coding sequence (not shown). At present,
therefore, we cannot be certain that the K6f isoform is the
product of a distinct gene. It is likely that the genes coding for
the K6e and K6f mRNAs were among the population of 57
genomic clones isolated, but were missed because they share a
similar restriction map with one of the representative clones
selected for complete characterization. Further studies will be
required to address this possibility and identify the genes en-
coding these K6 ¢cDNAs.

The nucleotide and amino acid sequence identity among
human K6 isoforms is remarkably high, and certainly accounts
for the underestimation of the multiplicity of K6 sequences in
previous efforts. The occurrence of so many isoform-encoding
genes is unparalleled among keratins and IF proteins in gen-
eral, and is not restricted to the human genome. Two K6
isoform-encoding genes have been found so far in the mouse
genome (20), while three of them have been documented in the
bovine genome (19)® The other known instance of human ker-
atin multiplicity involves K2, a type II keratin, although there
are important differences with K6. While K2e and K2p cannot
be resolved by standard protein electrophoresis techniques,
they show different sizes for the non-helical head and tail
domains and share only 72% amino acid sequence identity in
the rod domain (46). The two genes are also differentially
expressed, with K2e found in epidermis and K2p found pre-
dominantly in the palate and other oral epithelia. The two
human K2 sequences thus probably represent distinct keratins
which originally received a common designation because of
their related size and charge properties (46).

Evolution of Human K6 Genes—The K5 and K6 genes prob-
ably arose from a common ancestral gene by gene duplication
(47). Indeed, not only do the K5 and K6 genes show the highest
sequence homology among type II keratins (32), they are also

3 Dr. Jose Jorcano, personal communication.
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FiG. 8. A model for the evolution of human K6 isoform-encod-
ing genes. This model is based upon the comparison of genomic struc-
ture and nucleotide sequences among the K6 genes cloned in this study.
The K6 and K5 genes are thought to have arisen from a common
ancestral gene. Subsequently, sequential gene duplication events re-
sulted in the generation of at least three distinct primordial K6 genes,
corresponding to the current Kéa, K6b, and K6d genes. More recently,
an unequal crossing-over event took place at the level of intron A
between the postulated primordial K6a and K6d genes, generating a
hybrid gene designated as Kéc. See “Discussion” for additional details.

both expressed in stratified epithelia. We propose that, subse-
quent to the event that gave rise to the primordial K6 gene, a
series of duplication events generated the multiple K6 isoform
genes. This notion is supported by the perfect conservation of
intron positions among K6 isoform-encoding genes, together
with their highly homologous nucleotide sequences.

Our model of K6 gene evolution, presented in Fig. 8, is based
on the assumption that the first duplication of the primordial
K6 gene gave rise to the primordial K6a gene and the ancestor
of the K6b and K6d genes. There are several lines of evidence
supporting the notion that K6a is the most ancient among K6
isoforms genes. The nucleotide sequence of K6a is the one most
related to K5, and furthermore, the sequences of K6b and Kéd
are clearly more related to one another than to K6a, suggesting
that the latter evolved independently. The notion that the
current K6b and K6d genes evolved from a common ancestor
gene is favored by the very high nucleotide identity between
their exons 2-8, and the relatedness of their intron F. After a
postulated duplication event that led to the creation of the
primordial K6b and K6d genes, exon 9 of the K6b gene diverged
considerably, and became unique. Subsequent to the appear-
ance of the primordial K6b and K6d genes, we propose that an
unequal crossing-over event took place at the level of the intron
A between K6a and K6d. The result was a novel hybrid gene
featuring the 5’ end (exon 1) of the ancestral K6d gene and the
3’ end (exons 2-9) of the K6a gene (Table II), corresponding to
the K6c gene discovered in this study. The extensive homology
and the close physical proximity of the K6 genes is expected to
predispose this locus to unequal recombination events, as sug-
gested for the human visual pigment genes (48). An unequal
crossing-over mechanism is further supported by the fact that
the 5’ end of intron A sequence is highly similar in Kéc and
K6d, while its 3’ end is highly similar in K6c and K6a (also,
introns B-H sequences are highly similar in K6a and K6c). This
mechanism could also account for the unusually long size of
intron A in the K6c gene (Fig. 8). We further surmise that the
K6c gene appeared recently during human genome evolution,
since its nucleotide sequence is perfectly conserved with dis-
tinct parts of the K6a and K6d genes. The human K6 genes are
thus probably still evolving, and it is possible that some of the
poorly expressed K6 genes, such as K6c and Kéd (assuming
that their expression in skin reflects that in other epithelia
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tissues), are destined to be inactivated in the future.

Functional Significance of the Existence of Multiple Human
K6 Genes and Relevance to Disease—Understanding the regu-
lation and function of the K6 genes is of considerable biological
and clinical interest, as they are expressed postmitotically in
stratified epithelia showing an enhanced turnover rate. A phys-
iological example of increased mitotic activity is epithelial
wound healing. Injury to human epidermis triggers an induc-
tion of K6 and K16 expression at the wound edge within hours
(16, 49, 50), preceding the onset of enhanced mitotic activity,
which occurs at ~24 h (50, 51). As regeneration is completed,
the K6 and K16 proteins disappear from epidermal tissue (49).
Similar events take place in injured mouse skin.* Induction of
K6-K16 is therefore part of the early transcriptional response
of epidermis to injury, although the mechanisms invelved and
their contribution to regeneration remain unknown. On the
other hand, K6 expression appears “constitutive” in skin dis-
orders featuring epidermal hyperproliferation, such as psoria-
sis, viral infections, and various carcinomas (15, 17). In those
disorders as in regenerating epidermis, abundant expression of
K6 and K16 can be associated with abnormal terminal differ-
entiation (see Ref. 52). Clearly, an understanding of the regu-
lation of the human K6 genes and of the assembly properties of
their products will provide significant insights into the biology
of wound healing and hyperproliferative disorders. The isola-
tion of the human K6a gene and ¢cDNA provides us with useful
tools to examine these important issues.

Amino acid substitutions are predicted to occur at 16 posi-
tions among the human K6 isoforms. Whether any of them
modifies the assembly properties or regulation of the K6 iso-
form(s) concerned is not known. Functional differences could
occur at three distinct levels: (i) structure and interaction be-
tween 10-nm filaments; (ii) regulation of the assembly/disas-
sembly processes; and (iii) interaction with associated proteins.
Amino acid substitutions with potential structural significance
occur at positions 88 and 111 of the head domain: in K6¢, K6d,
and Ke6e, these codons encode oppositely charged residues, i.e.
Arg® and Asp!!l, while in the other isoforms and in K5, they
encode nonpolar Gly residues (Fig. 7). This region of the head
domain otherwise contains few charged residues, and is rich in
glycine and hydrophobic amino acids (Fig. 4). K6 is phospho-
rylated in vivo (53, 54), and substitutions in specific K6 iso-
forms could alter these modifications. Substitutions at posi-
tions 21 and 155 in the head domain, and at position 535 in the
tail, involve the appearance of either a Ser or a Thr residue in
specific isoforms (Fig. 7). In the nonhelical end domains of
many IF proteins including keratins, specific Ser and Thr res-
idues are phosphorylated (55) or O-glycosylated (56) in a cell
cycle-dependent fashion. In lamins, vimentin, and K18, phos-
phorylation of specific serine residues located in the end do-
mains mediates a major reorganization of filaments during and
after mitosis (55, 56). Obviously, experimental testing will be
required to establish whether the various human K6 isoforms
are differentially phosphorylated in vivo.

Mutations in many of the keratin genes constitutively ex-
pressed in skin underlie several dominantly inherited genetic
skin diseases that share trauma-induced blistering of the skin
as their predominant clinical manifestation (reviewed in Refs.
2, 3, and 8-10). These diseases include epidermolysis bullosa
simplex (involving mutations in K5 or K14; Refs. 8-10), epi-
dermolytic hyperkeratosis (K1 or K10 mutations; Refs. 8—10),
ichthyosis bullosa of Siemens (K2e mutations; Refs. 8 and 9),
the epidermolytic (K9 mutations; Refs. 8 and 9), and non-
epidermolytic (K1 mutations; see Ref. 57) variants of palmo-

4 K. Takahashi and P. A. Coulombe, unpublished data.
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plantar keratoderma, and more recently, pachyonychia con-
genita (K16 or K17 mutations; see Ref. 58). The spectrum of
clinical manifestations associated with these diseases depends
on several factors, including the pattern of expression of the
mutated keratin gene as it relates to the anatomical site(s)
subjected to trauma, the position of the amino acid affected
along the keratin polypeptide chain, and the nature of the
substitution (3, 8). In addition to demonstrating a crucial role
for keratin IFs in maintaining the integrity of the epidermis,
these findings raise the important question of whether other
keratin genes are mutated in the human population, and if so,
which disease(s) result from such mutations.

Mutations are thus likely to occur in the human K6 isoforms,
and could lead to a perturbation of normal skin physiology and
resistance to mechanical stress in tissues such as palmar and
plantar epidermis, the outer root sheath or hair follicles, seba-
ceous and sweat glands, nails, oral mucosa, tongue, and per-
haps even in regenerating epidermis. In addition to the deter-
mining factors cited above, however, the clinical manifestations
associated with the a K6 mutation would depend on the stoi-
chiometry between the various isoforms expressed in the af-
fected epithelial tissue(s). Quite possibly, previously discovered
point mutations in the human K5, K1, and K2e genes affecting
residues that are well conserved among type II keratins (e.g.
Ref. 8) may not generate a clinically visible phenotype if they
affect a minor K6 isoform. At present, on the basis of their
co-regulation with the K16 and K17 genes, it appears likely
that mutations in a K6 gene account for a subset of
pachyonychia congenita disease-causing mutations (see Ref.
58). Future efforts should reveal the identity of the diseases
caused by function-disrupting mutations in K6 sequences.
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