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Abstract. In the course of studies on local keratin pheno-
types in the epidermis of the adult mouse, we have identi-
fied a new 65 kD and 48 kD keratin pair. In mouse skin,
this keratin pair is only expressed in suprabasal cells
of adult mouse tail scale epidermis which is characterized
by the complete absence of a granular layer and the
formation of a remarkably compact stratum corneum.
A second site in which the 65 kD and 48 kD keratin
pair is suprabasally expressed and whose morphology
corresponds to that of tail scale epidermis is found in
the posterior unit of the complex filiform papillac of
mouse tongue. The causal relationship of the expression
of the 65kD and 48 kD keratins with this particular
type of a non-pathological epithelial parakeratosis is em-
phasized by the suppression of the mRNA synthesis of
the two keratins during retinoic acid mediated orthoker-
atotic conversion of tail scale epidermis. Apart from tail
scale epidermis and the posterior unit of the filiform
papillae, the 65 kD and 48 kD keratin pair is, however,
also coexpressed with ‘““hard” « keratins in suprabulbar
cells of hair follicles and in suprabasal cells of the central
core unit of the lingual filiform papillae.

The non a-helical domains of the two new keratins
are rich in cysteine and proline residues and lack the
typical subdomains into which epithelial keratins of both
types can be divided. This structural resemblance of the
65 kD and 48 kD keratins to “hard” a keratins is sup-
ported by comparative flexibility predictions for their
non a-helical domains. Phylogenetic investigations then
show that the 65 kD and 48 kD keratin pair has evolved
together with hair keratins, but has diverged from these
during evolution to constitute an independent branch
of a pair of hair-related keratins. In view of this excep-
tional position of the 65 kD and 48 kD keratins within
the keratin multigene family, their expression has appar-
ently been adopted by rare anatomical sites in which
an orthokeratinized stratum corneum would be too soft
and a hard keratinized structure would be too rigid to
meet the functional requirement of the respective epithe-
lia.

* To whom offprint requests should be sent

Introduction

Keratins are a family of about 30 structurally related
proteins that are responsible for the formation of the
10 nm intermediate filaments in almost all cells of epithe-
lial origin. According to the charge properties of the
proteins, one distinguishes between basic to neutral, type
Il keratins and acidic type 1 keratins (for reviews see
[13, 28, 50, 53]). At least one member of each subfamily
is required for intermediate filament formation. Detailed
studies of epithelial keratin expression patterns have re-
vealed that, as a rule, a distinct keratin of one type tends
to be coexpressed with a specific partner of the opposite
type and that the resulting keratin pairs constitute useful
markers for various states or pathways of epithelial dif-
ferentiation [13, 28, 44, 50, 53].

In the mammalian epidermis for example, keratins
K5 (type II) and K14 (type I) are typical for basal cells,
whereas in suprabasal cells the synthesis of this keratin
pair is replaced by the expression of a new keratin pair,
K1 and K10, that is characteristic for mammalian epi-
dermal or “skin type” differentiation [13, 28, 39, 44,
50, 53].

Occasionally, however, deviations from this basic epi-
dermal keratin pattern which consist of the expression
of additional suprabasal members of the keratin family,
are observed in distinct skin sites of various species. This
is, for example, the case for the callus-forming epidermis
of human palmar and plantar skin or its anatomical
equivalents in other species i.e., bovine heelpad on the
posterior side of the hoof or the footpads of some ro-
dents, in which besides keratins K1 and K10 an addition-
al type I keratin — K9 — is expressed in suprabasal cells
[22, 28, 46]. Since K9 is expressed without a new type
IT keratin, it has to compete with K10 for filament for-
mation with K1. This implies the occurrence of two
kinds of differentiation specific keratin pairs, i.e., K1/
K10 and K1/K9, respectively which then specify the lo-
cal epidermal phenotype of callus-forming skin [28, 46].

We have recently described a similar deviation from
the basic epidermal keratin pattern in adult mouse skin.
In this case a type I 70 kD keratin is expressed besides
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K1 and K10 without a defined new type I keratin in
suprabasal cells, thus producing a local keratin pair com-
bination K1/K10 and 70 kD keratin/K10 [36]. Unlike
the keratin K9 expressing epidermal phenotype, the
70 kD keratin expressing phenotype is, however, not re-
stricted to a single, morphologically distinct skin site.
It is found in the thin ear epidermis but also in the
thick epidermis of the sole of the foot proper [36]. More-
over it occurs in the morphologically complex tail skin
in which a remarkable parakeratotic scale epidermis re-
gularly alternates with an orthokeratotic interscale epi-
dermis [40, 41, 45, 49). Whereas the latter represents
the 70 kD keratin expressing local epidermal phenotype
[36], the parakeratinizing scale epidermis even lacks the
expression of keratins K1 and K10 [33] and thus appears
to be fundamentally different from the above named
local epidermal phenotypes of mouse skin. This assump-
tion is supported by the finding that the keratin pattern
of adult mouse tail epidermis contains a genuine type
IT 65 kD keratin which is not only absent from any other
skin site [36, 39, 45] but also acquired postnatally [39,
45] concomitant with the onset of paraorthokeratotic
morphological patterning of tail epidermis [41]. More-
over the expression of the 65 kD keratin is completely
suppressed after orthokeratotic conversion of the scale
epidermis under the influence of excess retinoic acid [45].
These properties of the 65 kD keratin strongly suggest
that its expression is involved in the formation of para-
keratosis in tail scale epidermis. In view of the fact that
non-pathological parakeratosis represents an exception-
ally rare phenotype in mammalian epidermis we have
decided to investigate the nature of the 65 kD keratin
in more detail. In the present study we describe the un-
usual structural properties of the 65 kD keratin. We also
report on the identification of a specific, structurally
equally remarkable type I 48 kD keratin partner of the
65 kD keratin and show that the suprabasal expression
of the 65 kDD/48 kD keratin pair is not restricted to tail
scale epidermis but is also implicated in parakerotic dif-
ferentiation of internal stratified squamous epithelia.

Methods

Isolation of epithelia. Newborn and adult mouse epidermis from
various skin sites, (back, footsole, tail) and internal stratified epi-
thelia (tongue, palate) were generally obtained by shortly incubat-
ing the tissues in 60° C hot water (about 20-30 seconds) and separa-
tion of the epithelia from connective tissue with fine forceps. In
most cases, freshly isolated epithelia were used for the various
purposes, occasionally, however, also lyophilized material was
used.

Isolation of keratins, one and two dimensional gel electrophoresis.
Keratins were isolated from the various epithelia as described pre-
viously [55]. One dimensional SDS PAGE was carried out accord-
ing to Laemmli [24]; two dimensional non equilibrium pH gradient
electrophoresis (NEPHGE) was performed as described by O’Far-
rell et al. [32). Gels were stained with 0.5% Coommassie blue in
40% methanol, 10% glacial acetic acid and destained in the same
solution without the dye.

¢DNA cloning and screening procedures. PolyA™ RNA of adult
mouse tail epidermis was isolated according to the method of

Gough [15] and used for the construction of a ¢cDNA library in
2gt10 [26]. The library was screened by hybridization with a [3*P]-
labeled 535 bp Clal/Kpnl fragment of the previously described
¢DNA clone pkt57 which encodes the type II keratin K4 of internal
stratified epithelia [21]. The fragment spans from position 601 to
1136 of pkt57 and thus contains a portion of the sequence coding
for the a-helical domain of K4 [21]. Hybridization was carried
out for 18 h at 42° C [35% formamide, 5x (0.9 M NaCl, 50 mM
NaH,PO,, pH 7.4, 5mM EDTA, pH 7.4)]; subsequent washing
was at 52° C [final wash with 0.1 x standard salina citrate (§SC)];
0.1% sodium dodecy sulphate (SDS). The resulting positive phage
clones were further hybridized with a mixture of [32P]-labeled spe-
cific 3' cDNA fragments of type II keratin clones pkt70, coding
for the 70 kD keratin [36] and of two clones encoding either the
basal keratin K5 or the suprabasal keratin K1 (unpublished se-
quence data). This hybridization was performed for 18 h at 42° C
(50% formamide, 5 x SSPE) and the final wash was at 68 °C (0.1 x
SCC, 0.1% SDS).

For the isolation of type I keratin clones from the library, an
identical screening procedure was carried out using first a 645 bp
Sac/Sac x-helical fragment (position 82 to 727) of the previously
described cDNA clone pkt47 coding for the type I keratin K13
of internal epithelia [21] and subsequently the specific 3’ cDNA
fragments of type I keratin clones pke59 and pkSCC52 coding
for keratin K10 and K14, respectively [23].

RNA slot hybridization. Inserts of phage clones which did not hybri-
dize with the specific 3’ cDNA fragments of K1, K5 and the 70 kD
keratin (type TI) or of K10 and K14 (type I) were subjected to
slot blot RNA hybridization. Total RNA was isolated as indicated
above from the epidermis of various skin sites, 7,12-dimethyl-
benz(a)anthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/
TPA) - induced benign and malignant skin tumors and internal
stratified epithelia. Slot blots were performed by spotting aliquots
of the RNA preparations on Gene screen plus membranes (Du-
Pont, Dreieich, FRG) using a Minifold 1 system (Schleicher &
Schiill, Dassel, FRG). Hybridization was carried out for 18 h at
42° C (50% formamide, 1 M NaCl, 1% SDS, 50 mM TRIS-C|,
pH 7.6, 104 dextrane sulfate) with the [32P)-labeled phage inserts.
Membranes were washed stringently (0.2xSSC, 0.1% SDS at
68° C) and exposed at —80° C to Kodak X-Omat films,

Subcloning and sequencing. One type II phage clone, AktllI-1 and
one type [ phage clone, 2ktll-2, resulting from the RNA slot blot
screening procedure were chosen for further characterization. The
inserts of AktllI-1 and AktlI-2, attached to EcoRI adaptors were
cloned into the transcription vector Bluescript II KS 4 (Stratagene,
La Jolla, USA). Sequencing of both strands of the resulting plasmid
vectors pktlII-1 and pktll-2 was performed according to the di-
deoxy sequencing method of Sanger et al. [38] using first M13
and T3 primers and subsequently 17mer oligonucleotides as walk-
ing primers. To prepare 3'-specific cDNA probes, a 696 bp Xhol/
Styl fragment of pktlII-1 and a 396 bp HindIIl/Sspl fragment of
pktll-2 was subcloned into Bluescript II KS+. These subclones
were designated pktllI-1-3" and pktll-2-3’, respectively.

In situ hybridization. The protocol used for in situ hybridization
to frozen tissue sections (nominally 6 pm thick) was essentially
as described previously [34, 35], however, with some modifications
[1, 2]. Upon linearization of subclones pktiII-1-3' and pktlI2-3’
with Xhol and HindlIl, riboprobes were obtained that were labeled
with [3°S]-UTP by in vitro transcription with T7 RNA polymerase.
A sense probe was used as negative control. Slides were dipped
in Kodak NTB2 photoemulsion, developed after 1 to 2 days and
stained with H&E.

Hybrid selection analysis and in vitro translation. PolyA* RNA
obtained by oligo(dT) cellulose chromatography of total RNA of
tail epidermis was hybridized to filter bound DNA of the two
3 specific subclones ptklII-1-3' and pktlI1-2-3’. The selected
mRNAs were translated in vitro in the presence of [2°S]-methio-
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Fig. 1a—d. Morphological appearance of adult mouse tail epider-
mis. 2 Whole mount of tail epidermis viewed from the dermal
side. Note the parallel rows of scales (s) which are surrounded
by interscale epidermis (is). The neck region of three hair follicles,
consistently associated with each scale [40, 41] is visible. The large

nine. PolyA* RNA from both footsole epidermis and tongue epi-
thelium was also translated in vitro. One dimensional SDS PAGE
of the in vitro translation products and autoradiography was per-
formed as described [23].

Treatment of mice with retinoic acid and TPA. The topical applica-
tion of both retinoic acid and TPA to adult mouse tail epidermis
has previously been described in detail [41, 45]. Briefly, groups
of mice received either daily applications of 30 pg retinoic acid
in 100 pl acetone or applications of 20 nmol TPA in 100 pl acetone
every two days. Maximal application time was 14 days. Beginning
from day 0, two mice of each group were sacrificed every two
days and RNA was extracted from tail epidermis and used for
slot blot hybridization. At later stages of treatment, portions of
the epidermis were also used for keratin extraction and frozen
sections of skin pieces were prepared for in situ hybridization.

Phylogenetic tree construction. The construction of a phylogenetic
tree on the basis of the sequences of the a-helical 2B subdomains
of various type II and type 1 keratins including the new keratins

arrow points to the tip of the tail. b Longitudinal and ¢ cross
section through tail skin. d Higher magnification of scale epidermis.
All samples are stained with H&E. sr, parakeratotic scale region;
isr, orthokeratotic interscale region. Bars, 100 um in b and ¢, 50 um
ind

described here was performed using program TREE of the HU-
SAR System (Heidelberg Unix Sequence Analysis Resources) of
the German Cancer Research Center. The logic of TREE is essen-
tially described by Feng and Doolittle [11]. TREE produces a mul-
tiple alignment for a set of protein sequences by iteratively acting
at the sequences. An approximate phylogenetic order of the se-
quences is first determined by a series pairwise alignments by the
Needleman and Wunsch method [29]. Any subclusters that may
exist in the set are prealigned before the final alignment. Finally,
the phylogenetic tree of the sequences is plotted in the form of
a dendrogram.

Results

Morphology of adult mouse tail epidermis

Macroscopically, mouse tail epidermis is made up of
a regular system of slightly elevated scales arranged in
rings around the tail’s long axis. When isolated sheets



166

of hematoxilin-eosin stained tail epidermis are viewed
from the dermal side, these scales appear as well outlined
half circles that are surrounded by an interscale epider-
mis (Fig. 1a). Under each scale, consistently groups of
three hairs are located which emerge in the interscale
epidermis between two scale rings [40, 41, 49]. The scale
rings are out of phase so that interscale regions between
two scales of one ring are opposite to the midscale region
of the adjacent rings (Fig. 1a) [30, 41, 49].

Both longitudinal (Fig.1b) and cross sections
(Fig. 1¢) of mouse tail skin reveal that the cells of the
scale epidermis keratinize without passage through a
granular layer (see also Fig. 1d), whereas the interscale
epidermis between the scale rings (Fig. 1b), and also lat-
eral to each scale of one ring (Fig. 1¢) contains a pro-
nounced stratum granulosum. The cells of the scale epi-
dermis keratinize abruptly into a prominent stratum cor-
neum that consists of numerous densely packed, well

Fig. 2a, b. Hematoxilin-cosin staining properties of
adult mouse tail epidermis (a) and of filiform papil-
lae of mouse tongue epithelium (b). Note the red
staining of the orthokeratotic stratum corneum of
the epidermis of the interscale region (isr) and the
pink staining of the parakeratotic stratum corneum
of the scale epidermis (sr) in (a). These differences
are also visible in black and white microphoto-
graphs (sec Fig. 1a, b). In (b) the different compart-
ments of the dorsal tongue epithelium are indicated
by (1), interpapillary lingual epithelium; (2), anterior
unit; (3), central core unit and (4), posterior unit of
the filiform papillae. The three major units of the fi-
liform papillae are equally well visible in the adja-
cent papillae at left. Note the almost unstained
horny spine of the central core unit and the pink
staining of the stratum corneum of the posterior
unit of the two papillae in the center. The arrow
points toward the pharynx. (The microphotograph
in (b) stems from previous work on in situ hybrid-
ization with a specific cDNA probe for keratin K4.
This explains the presence of silver grains in the in-
terpapillary epithelium [35]. Bars, 100 pm

discernable lamellar cell layers in which, however, nucle-
ar remnants cannot be demonstrated (Fig. 1b, c, d, and
[49]). In contrast the stratum corneum formed in the
interscale epidermis appears loose and flaky and exhibits
a typical basket-weave structure (Fig. 1b). The transi-
tional zone between the two differently keratinizing epi-
dermal compartments is relatively sharp. It can best be
visualized by the different staining properties of the cor-
responding cornified layers. Whereas the flaky stratum
corneum of the interscale epidermis stains deeply red
with hematoxilin-eosin, the densely packed stratum cor-
neum of the parakeratotic scale epidermis displays a
weak pink (Fig. 2a).

Keratin pattern of adult mouse tail epidermis

Two dimensional resolution of keratins of adult mouse
tail epidermis results in a body site specific pattern
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Fig. 3a—f. Two dimensional keratin patterns of adult mouse tail
epidermis (a) and mouse tongue epithelium (f). Panels b to e show
the acidic keratins of newborn mouse back epidermis (b), normal
adult tail epidermis (c), tail epidermis treated either daily for two
weeks with 30 pg of retinoic acid (d) or every two days for two
weeks with 20 nmol TPA (e). In (a) the solid arrowhead indicates
the 67.5 kD stratum corncum equivalent of the 70 kD keratin. The
64 kD and 62 kD stratum corneum equivalents of K1 are marked
by open arrowheads. In (f) the solid arrowhead indicates the 56 kD
stratum corneum equivalent of keratin K4, the open arrowhead
denotes the 46 kD stratum corneum equivalent of keratin K13 [31].
Keratins were resolved by non equilibrium pH gradient gel electro-
phoresis in the first dimension (NEPHGE) and by 8.5% SDS
PAGE in the second dimension (SDS)

which, besides the normal suprabasal keratins K1 and
K10/11 (plus their stratum corneum equivalents) and
the basal keratins K5 and K14, exhibits additional
members of the murine keratin family (Fig. 3a). These
members comprise the type II 70 kD keratin, that is ex-
pressed in the interscale epidermis [36] and the type II
65 kD keratin whose occurrence in the integument is
virtually restricted to adult mouse tail epidermis [36,
45). A further unusual feature of the keratin pattern
of tail epidermis which we have payed little attention
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Fig. 4a—g. RNA slot blot hybridization. Total RNA from (a) neo-
natal mouse back epidermis, (b) a 7,12-dimethylbenz(a)anthracene/
12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA) - induced
back skin papilloma, (c), a DMBA/TPA induced squamous cell
carcinoma, (d) mouse footsole epidermis, (¢) mouse tail epidermis,
(f) mouse tongue epithelium, (g) mouse palate epithelium was spot-
ted onto a nylon membrane in a concentration of 2 pg each and
hybridized with the inserts of clones AktlII-1 (Jane 1) and AktllI-2
(lane 2). Lane 3 represents a control lane in which the insert of
a clone coding for keratin K5 was used for hybridization

to in previous investigations [36, 42, 45], is encountered
in the acidic 4748 kD region. In this molecular weight
range, the keratin patterns of other skin sites usually
exhibit a generally faint 47 kD keratin which is slightly
more acidic than K14 (Fig. 3b) [39, 44]. Together with
K5 and K14, this keratin is expressed in basal epidermal
cells [39, 44] and has most probably no counterpart in
human epidermis [39]. In contrast, tail epidermis dis-
plays a prominent 48 kD keratin that partly obscures
the faint 47 kD keratin (Fig. 3a and c).

Identification of cDNA clones

The strategy used for the isolation of cDNA clones en-
coding the 65 kD keratin consisted of an initial selection
of all type II keratin cDNAs present in a Agt10 library
constructed with polyA* RNA of adult mouse tail epi-
dermis. To this purpose, the library was screened with
a cDNA probe corresponding to a portion of the a-
helical domain of the type II keratin K4 of internal strat-
ified epithelia [21]. From the bulk of clones identified
by this procedure we subsequently eliminated those
clones that hybridized with the specific 3' ends of the
¢DNAs of K1 and K5 (unpublished data) and the 70 kD
keratin [36]. Considering that the expression of the
65 kD keratin in mouse skin is obviously restricted to
adult mouse tail epidermis, each of the remaining radio-
labeled clones was subjected to slot blot hybridization
with RNA from various skin sites, epidermal tumors
and internal stratified epithelia. This screening proce-
dure yielded, among others [54], the phage clone AktlII-
1, whose insert strongly reacted with RNA of tail epider-
mis and which also exhibited a weak but significant sig-
nal with RNA of tongue epithelium (Fig. 4, lane 1). At
first glance this finding seems to disclose a relationship
of clone AktlII-1 with the 65 kD keratin. However, pre-
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Fig. Sa-d. Hybrid selection analysis. The mRNA species selected
by hybridization of polyA® RNA of tail epidermis to the filter-
bound subclones pktllI-1-3’ (lane ¢) and pktil-2-3' (lane d) were
translated in vitro in the presence of [>*S]-methionine. The transla-
tion assays were extracted for keratins as described [55] and the
translation products were resolved by one dimensional SDS PAGE
on 9% gels. Lanes a and b represent the keratin profiles obtained
by in vitro translation of polyA* RNA of footsole epidermis (lane
a) and tongue epithelium (lane b). The molecular weights of the
keratins in lane ¢ and d were estimated relative to the molecular
weights of the reference keratins K1 (67 kD), K10 (60 kD), K14
(52 kD) in lane a and K4 (57 kD) and K13 (47 kD) in lane b

vious investigations in our laboratory had shown, that
among the internal stratified epithelia covering the oral
cavity and the upper digestive tract, tongue epithelium
is the only one that also expresses a weak 65 kD keratin
(Fig. 3f) [35]. Coelectrophoresis of keratins from tail
epidermis and tongue epithelium revealed that the re-
spective 65 kD keratins comigrate in two dimensional

gels (results not shown), thus indicating that the two -

keratins are identical. Further evidence that clone AktIII-
1 contains sequence information for the 65 kD keratin
was gained from hybrid selection analysis of polyA™*
RNA of tail epidermis with subclone pktlII-1-3'. As
shown in Fig. 5, lane c, upon release and in vitro transi-
tion, the selected mRNA yields a 65 kD protein.

In order to investigate whether the 65 kD keratin pos-
sesses a distinct type I partner, the Agt10 library was
screened for type I keratin cDNAs by means of cDNA
fragment encoding a portion of the a-helical domain
of the type I keratin K13 [21]. After elimination of clones
which hybridized with the specific 3’ ends of the pre-
viously isolated cDNAs of keratin K10 and K14 [23],
the remaining clones were again subjected to RNA slot
blot hybridization as described for type II clones. As
shown in Fig. 4, lane 2, one type I clone Aktll-2, virtually
exhibited the same hybridization pattern as type II clone

AktlII-1, including the difference in the intensity of the
hybridization signals between tail and tongue RNAs.
Hybrid selection analysis with subclone pktlI-2-3" specif-
ically selected a mRNA which encodes a 48 kD protein
(Fig. 5, lane d). It therefore appears that the 48 kD kera-
tin of adult tail epidermis (Fig. 3a, c) represents the type
I partner of the 65 kD keratin. In this context it should
be mentioned that due to the strong expression of the
differentiation specific type 1 47 kD keratin K13 in
tongue epithelium, the 48 kD keratin is apparently not
detectable in two dimensionally resolved keratins of this
epithelium (Fig. 3f).

Sequence characteristics of the clones coding for the
65 kD and 48 kD keratins

The nucleotide sequence of the 1598 bp insert of pktlII-1
(plasmid clone of 1ktlII-1) and the deduced amino acid
sequence of the encoded keratin are shown in Fig. 6.
The insert comprises 573 nucleotides coding for the heli-
cal domain (179 amino acid residues), 357 nucleotides
coding for the carboxyterminus (119 amino acid resi-
dues), the stop codon TGA, an extraordinary long 3’
noncoding tract which contains the polyadenylation sig-
nal and the poly A tail. The primary structure of the
65 kD keratin is remarkable in that its carboxyterminus
is distinctly different from that of all known type II
epidermal keratins. First, it does not contain a conserved
H2 subdomain adjacent to the a-helical region [50, 52].
Moreover, although the entire carboxyterminus is gener-
ally rich in serine residues, it is, however, devoid of the
typical accumulation of GGG or GGX motifs (with X
being predominantly serine) [50, 52]. Only seven of these
motifs are present that are, however, dispersed through-
out the sequence and exhibit rather unusual amino acid
residues in the third position (Fig. 6). It is therefore not
possible to delineate a defined carboxyterminal V2 sub-
domain of the 65 kD keratin [50, 52]. Instead the car-
boxyterminus is strikingly rich in cysteine and proline
residues (5 cysteines and prolines each) that are normally
absent from or, at most, represent rare amino acids of
the carboxytermini of epidermal keratins.

The nucleotide sequence of the 829 bp insert of clone
pktll-2 (plasmid clone of AktlI-2) and the deduced amino
acid sequence of the encoded protein is shown in Fig. 7.
The insert contains 366 nucleotides coding for the a-
helical domain (122 amino acid residues) 228 nucleotides
encoding the carboxyterminus (76 amino acid residues),
the stop codon TAG, the entire 3'-noncoding tract with
the polyadenylation signal and the poly A tail. Again
the carboxyterminus of the encoded 48 kD keratin is
rich in serine residues, however, completely lacks GGG
or GGX motifs. Relative to the length of the carboxyter-
minus of the type II 65 kD keratin, the corresponding
region of the type I 48 kD keratin contains even higher
amounts of cysteine and proline residues (9 prolines,
2 cysteines) (Fig. 7).
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Fig. 6. Nucleotide sequence and deduced amino acid sequence of
the insert of clone pktllI-1. The arrow indicated the end of the
a-helical domain. Proline residues in the carboxyterminal domain
are encircled, cysteine residues are boxed. GGX motifs are under-

In situ hybridization to tail skin

To investigate the site of expression of the mRNAs of
the 65 kD and 48 kD keratins, radiolabeled riboprobes
complementary to the 3’-terminal regions of the corre-
sponding mRNAs were used for in situ hybridization
to frozen sections of mouse tail skin.

As shown in Fig. 8a, b and c, the expression of the
65 kD keratin mRNA is restricted to suprabasal cells
of the parakeratotic scale epidermis. No hybridization
signals occur in the orthokeratotic interscale epidermis.
Moreover, control sections of other orthokeratinizing
skin sites (i.e., newborn mouse back skin, adult mouse

169

tca gag aca tct gtc atc gtg aag atg 75

] E T S v I v K M 25
gca cag tat gag gag gtg gcg agg cgg 150
A Q Y E E V A R R 50
cgg gtg acc gct ggc cag cac tgt gac 22%
R v T A G Q H [ D 75
cag agg ctg aaa gca gag atc gag cat 300
Q R L X A E I E B8 100
cag cag ggt gaa gca gcc ctc aat gat 375
Q Q G E A A L N o] 12%
cag gac atg goc agg cag ctg cgg gag 450
Q D M A R Q L R E 150
ace tac\ngg agg ctg ctg gag ggc gag 525
T Y R R =1 L E G E 175
agc t& cga gga ggt gtg ctg tgt ggg 600
S s R G G v L [ 200
ttc tcc acc agc age age atc cgt gec 675
F S T S S s 1 R A 225
ctg agc tct ggg tcc aga gga ggc tca 750
L S s G s R G G s 250
act gag gga ggc ttc agt agc tgc agt 825
T E G G F S S s 275
acc tcc cgc agg acc agg tac tga gca 900
T S R R T R Y . 299
tgc tcc tat cecc ctg agg tgc aca gac 975
tag ccc atg tcc tce tga aga tte t;: 1050
ttt cag cac tac tac cga aag cag tgc 1125
aag atc tgc agg cat cct tag ccc ate 1200
ccc ctg acc cca aag ggc &cCa cag tcc 1278
tgq ttc gtc cgg gecc att tct ctt atg 1350
ata tgg aga ggt ggt ctc ttt age tee 1425
gtg gtt gca gca ggg ttg tgt ctg caa 1500
att tet ggg ttt tcs ata a&c ttg cca 157%

lined by a broken line, the polyadenylation signal is marked by
a solid line. The small arrowheads indicate the ¢cDNA fragment
inserted in subclone pktliI-1-3’ that was used for hybrid selection,
slot blot hybridization and in situ hybridization

footsole skin) were equally devoid of hybridization sig-
nals in the corresponding epidermis (results not shown).
Virtually identical results were obtained by in situ hy-
bridization with the 3-riboprobe of the 48 kD keratin
clone pktlI-2 (Fig. 8d). There is a clear cut gradient with
regard to the intensity of the hybridization signals within
the suprabasal compartment of tail scale epidermis
(Fig. 8a, ¢, d). Whereas generally, parabasal and lower
suprabasal cells show low grain counts, the highest den-
sity of grains clearly occurs in the uppermost living cells
and abruptly ceases at the transition from living to dead
cell layers (Fig. 8c). It is worth mentioning that in situ
hybridization with both probes to skin sections which
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1 tgg ttc atc gct cag acc gag gag ctg aac cag cag gtg gta tcc age

1 W F I A Q T E E L N Q Q v v S S
76 gag atc att gag ctg aga cgc act agt caa ctC ctg gag atc gag ctg
26 E I 1 E L R R T s Q L L E 1 E L
151 ctg gaa tct acc ctg gct gag aca gag gcc cge tac agc tcc cag ctg
51 L E S T L A E T E A R Y s S Q L
226 gtg gaa tcc cag ctg gct gag att cgt tgt gac ctg gag cgg cag aac
% Vv E S Q L A E I R [+ D L E R Q N
301 aag gcc cgg ctg gag tca gag att gcc acc tac ¢gt cgc ctg ctg gat
101 K A R L E s E I A T Y R R L L D
376 cct tgt tcc acg gaa tgc aag cct gct gtt aag agt acc tta tat ccc
126 @ B s 1 £ @ «x  » v x 5 1 1. Y @®
451 ctg cac ccc agc tgg gec ctg cac cce agec tcc tca agt cag cac cca
151 L H ® s w A L H @® s s 5 s Q@ H P
526 gga tgg aag agt cat ct¢ ctc cag gga gca cgt ggt gec ccg gge aat
176 G ®w K S H L L Q@ G A R 6 A ® ¢
601 aca gga agg agg aca cct tgt ggt tct tgg cag cta aat gat ctt gca
676 ggt ttt tct act caa att cat cta ttg ttt ctg gtc tta act gtg ctt
751 tgg aaa¥tat tcc caa taa agt gtt ctc ttg gca tag caa aaa aaa aaa
826 aa 827

tca gag cag ctg cag tgt tgc cag aca 5
s E Q L Q C [ Q T 25
cag gct cga cag agc atg agg cat tct 150
Q A R Q S M R H S 50
ggc cag atg cag tgc ctg atc acc aag 225
G @ M Q@ € L I T K 75
cat gag tat cag gtg tta ctg gat gtc 300
)] E Y Q v L L D v 100
ggg gag gac tgc !ag ctt cct gee cac 375
G E D ¢ XK L @® A H 125
ttc tac aac ctg cac tcc agec tgg gcc 450
F Y N L H S S L] A 150
gat ccg gac cat cac cga gga gat cag 525
>  p B #H R G D Q 175
gtg agc agc cac cag agg goc tag gec 600
v s S H Q R A * 199
ctt ctc tag ggc cct cct tge tta tca 675
ttt acg cca tgc aaa acc agg ttc ccc 750
aaa aaa aaa aaa aaa aaa aaa aaa aaa 825

Fig. 7. Nucleotide sequence and deduced amino acid sequence of the insert

Fig. 8a—d. In situ hybridization with the [**S]-labeled riboprobes
of subclones pktlll-1-3’ (a—¢) and pktll-2-3' (d) to frozen sections
of adult mouse tail skin. b is a dark field illumination of a; ¢

contain hair follicles in the dermal part (i.e., newborn
mouse back skin, tail skin) also reveals weak hybridiza-
tion signals that seem to be located over suprabulbar
cells of the hair follicles (Fig. 9a, b, ¢). The localization
of this label is reminiscent of that recently observed by

of clone pktll-2. For the key of signs, see legend to Figure 6

is a higher magnification of a. ISR, interscale region; SR, scale
region. Bars, 100 uym throughout

in situ hybridization with a specific 3’ cDNA probe of
a murine type II hair keratin to hair follicles [54]. On
the other hand, the hair keratin specific probe did not
label tail scale epidermis [54].
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Fig. 9a—c. In situ hybridization with the [**S]-labeled riboprobes
of subclones pktllI-1-3" a, b and pktll-2-3’ ¢ to frozen sections
of newborn mouse back skin. The arrow in b denotes a cross section
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Fate of the 65 kD and 48 kD keratins in retinoic acid
or TPA treated tail epidermis

We have previously shown that the continuous treatment
of adult mouse tail epidermis with retinoic acid leads
to the induction of a generalized epidermal hyperplasia
and the complete orthokeratotic conversion of the par-
akeratotic scale epidermis [41, 45]. Concomitant with
the progressive orthokeratinization in the scale epider-
mis, we observed a gradual disappearance of the 65 kD
keratin protein which was no longer detectable electro-
phoretically after two weeks of regular retinoic acid ap-
plication [45]. However, in this study, the fate of the
48 kD keratin was not explicitely followed, although we
noticed a strong reduction of the keratin proteins in
the 47-48 kD molecular weight range [45]. In the present
study we have therefore investigated changes in the tran-
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of a hair follicle in which the suprabulbar localization of hybridiza-

tion signals is well visible. dp, dermal papillae. Bar, 100 um
throughout

Fig. 10a, b. Slot blot hybridization. RNA was iso-
lated from adult mouse tail epidermis after different
time intervals of treatment with retinoic acid (RA)
(panel A) and TPA (panel B) and hybridized with
the specific cDNA probes for the mRNAs of the
48 kD keratin (panel A) or the 65 kD keratin (panel
B). The time intervals are indicated at the left side
of each panel. The different RNA concentrations
are given on top of each panel. RNA isolated from
mouse brain was used as control

scriptional activity of both the 65 kD and 48 kD keratin
genes during retinoic acid mediated orthokeratotic con-
version of tail scale epidermis. To this purpose we used
the specific 3' cDNA probes of the corresponding kera-
tins for slot blot hybridization to tail epidermis RNA
isolated at different time intervals of retinoic acid treat-
ment. We observed an essentially identical time course
with regard to the suppression of the synthesis of both
mRNAs which is shown here for the 48 kD keratin
mRNA in Fig. 10, panel A. It can be seen that already
after 10 to 12 days of treatment with the vitamin, the
synthesis of the 48 kD keratin mRNA is completely sup-
pressed (Fig. 10, panel A). Two dimensional resolution
of keratins obtained 14 days after retinoic acid treatment
reveals the complete absence of the 48 kD keratin in
the acidic low molecular weight region, in which besides
the basal keratin K14 and the hyperproliferation asso-
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Fig. 11a—c. In situ hybridization with the [*°S]-labeled riboprobes
of subclones pktlII-1-3' a-b and pktll-2-3’ ¢ to frozen sections
of tail skin treated either daily for two weeks with retinoic acid
a, b or every two days for two weeks with TPA c¢. b is a dark
field illumination of a. The dashed line indicates the epidermal-
dermal junction. The small arrows in b denote the stratum corneum.
Note the strongly undulated dermal epidermal junction in the scale
epidermis of TPA treated tail skin ¢. Bars, 100 pm throughout

ciated keratin K17 only the faint 47 kD keratin is visible
(Fig. 34d).

In our previous study we were also able to show that
a two week treatment of tail epidermis with the hyper-
plasiogenic phorbol ester TPA did not alter the para-
orthokeratotic epidermal patterning and hence did not
suppress the synthesis of the 65 kD keratin [45]. Conse-

quently, under these conditions, the expression of its
mRNA is not affected (Fig. 10, panel B), although we
observed a slight decrease in the expression of the
mRNA at days 4 and 6 of TPA treatment which coin-
cides with the onsct of epidermal hyperplasia {40, 42,
45]. Essentially the same results were obtained with re-
gard (o the expression of the mRNA of the 48 kD kera-
tin (results not shown). Moreover the 48 kD keratin can
easily be detected in keratin extracts of TPA treated
tail epidermis (Fig. 3e).

The suppression of the synthesis of the 65 kD and
48 kD keratin mRNAs in retinoic acid treated orthoker-
atotic tail epidermis and the maintainance of their syn-
thesis in TPA trcated tail epidermis can also be demon-
strated by in situ hybridization to frozen sections of the
corresponding skins (Fig. 11a—c).

In situ hybridization 1o 1ongue epithelium

The morphologically complex mouse tongue epithelium
displays distinct areas in the filiform papillae that exhibit
a strikingly similar type of parakeratosis to mouse tail
scale epidermis. Threce major units with different types
of keratinization can be distinguished in the murine fili-
form papillae [7, 8, 9, 35]: an anterior orthokeratinizing
unit whose loose and flaky stratum corneum resembles
that of the parapapillary epithelium, a central core unit
with a hook-shaped horny spine and a posterior unit
(Fig. 2b). Both the central and the posterior units com-
pletely lack a granular cell layer (Fig.2b, and [8]).
Whereas the solid spine of the central core unit is almost
refractory to hematoxilin-eosin staining (Fig. 2b), the
stratum corneum formed in the posterior unit — just as
that of parakeratinizing tail scale epidermis (Fig. 2a) -
consists of numerous denscly packed cell layers without
nuclear remnants [49] and stains a weak pink with hema-
toxilin-eosin (Fig. 2b).

It should be emphasized that a clear cut distinction
of the three units of the murine filiform papillae depends
essentially on the plane of section. In Fig. 2b, the three
papillary units are entirely visible only in the two central
papillae, whereas in the two lateral papillae, only the
living cells of the central core unit are detectable.

Previous studies have shown that basal cells of the
murine filiform papillae express kerating K5 and K14
[35]. In suprabasal cells of the anterior unit, K13 is ex-
pressed together with a still unknown type II keratin
[9, 35]. Recent immunofluorescence and in situ hybrid-
ization studies have revealed that suprabasal cells of the
central core unit presumably express the entire set of
hair keratins [9, 54].

The results of the in situ hybridization with the specif-
ic 3’ riboprobes of the 65kD and 48 kD keratins to
frozen sections of tongue are shown in Fig. 12a-d. It
is evident that as in tail epidermis the orthokeratinizing
areas of the dorsal tongue epithelium, including fungi-
form papillae (Fig. 12d) are unlabeled. The hybridiza-
tion signals clearly occur over suprabasal living cells of
the two parakeratinizing papillary units (Fig. 12a-d). In
appropriately sectioned papillae, it can readily be seen
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Fig. 12a-e. In situ hybridization with the [*S]-labeled riboprobes
of subclones pktllI-1-3" a—d and pktll-2-3’' e to frozen sections
of mouse tongue. b is a dark field illumination of a; ¢ and d show
two filiform papillae at- higher magnification in order to better
visualize the hybridization pattern in the posterior and central core

that living cells of the central core unit generally occupy
a higher position than the corresponding cells of the
posterior unit (see Fig. 2b). Moreover, the uppermost
living cells of the central core unit ascend along the
boundary to the anterior papillary unit, whereas the cor-
responding cells of the posterior unit preferentially as-
cend along the boundary to the interpapillary epithelium
(Fig. 2b). This positional difference is clearly reflected
by the hybridization pattern of the two papillae that
are marked with an asterisk in Fig. 12a, and the magni-
fied papillae in Fig. 12¢ and d.

Discussion

In this study we present a new murine 65 kD and 48 kD
keratin pair whose suprabasal expression in stratified

unit (small arrows). Filiform papillac with a similar pattern are
indicated by asterisks in a. fp, filiform papillae; ipe, interpapillary
epithelium; pcu, posterior and central core unit; au, anterior unit;
dp, dermal papillae; fup, fungiform papillae. Bars, 100 pm through-
out

squamous epithelia is associated with a particular type
of parakeratotic differentiation. This epithelial pheno-
type is characterized by the complete absence of a granu-
lar cell layer and the formation of a multilayered, conspi-
cuously compact stratum corneum without nuclear rem-
nants. In mouse skin, this epithelial phenotype is en-
countered in tail scale epidermis of the adult animal,
however, it also occurs in the posterior unit of the fili-
form papillae of murine lingual epithelium. The causal
relationship of the 65 kD and 48 kD keratins with the
formation of this parakeratotic phenotype is emphasized
by the retinoic acid-mediated suppression of the synthe-
sis of the two keratins which leads to an orthokeratotic
conversion of the scale epidermis concomitant with the
re-expression of the normal “skin type” keratin pattern
of the orthokeratinizing neonatal mouse tail epidermis
[33, 42, 45].
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Fig. 13A-F. Schematic presentation of the flexibility of the carbox-
yterminal domains of murine type IT and type I ““soft™ and *““hard”
o keratins in comparison with the corresponding regions of the
65 kD and 48 kD keratins. A epidermal keratin K1 [52]; B 65 kD
keratin; C hair keratin Hb4 [54, 56]; D epidermal keratin K10
[51}; E 48 kD keratin; F hair keratin Ha1 [4]. The secondary struc-
ture of the protein sequences was determined according to Garnier
et al. [14]. Flexibility predictions were calculated by the method

The regulation of expression of the 65 kD and 48 kD
keratins appears to be essentially different from that of
suprabasal keratins in orthokeratinizing epithelia. In the
latter, the highest rate of the expression of the mRNAs
of differentiation specific keratins occurs in parabasal

of Karplus and Schulz [20]. Basic flexibility index was set to 1.040.
This value is graphically recorded by the oval sign indicated by
an arrow in each panel. Flexibility indices >1.040 are reflected
by the size of the signs. In keratins K1 and K10 (panels A, D),
sites of highest flexibility occur in the glycine-serine rich V2 subdo-
main. In the carboxyterminus of the 65 kD keratin (panel B) the
seven GGX motifs (see Fig. 6) colocalize with or are close to sites
of high flexibility

and lower spinous cells and gradually decreases toward
the uppermost living cell layers [23, 30, 35, 37] in which
the genes for loricrin [27, 30] and filaggrin [12] are succe-
sively activated. In contrast, the synthesis of the mRNAs
of the 65 kD and 48 kD keratin pair in tail scale epider-
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Fig. 14. Sequence homology comparisons between the «-helical 2B
subdomains of the type II 65 kD keratin and various type II kera-
tins expressed in mouse epithelia [A] and the murine type II keratin
Hb4 [B]. Also shown are the corresponding comparisons between
the type I 48 kD keratin and various type I keratins expressed

mis increases steadily from parabasal to the uppermost
living cells in which neither loricrin [30] nor filaggrin
(B. Dale, personal communication) are synthesized. The
absence of an orthokeratogenous zone with pronounced
intracellular autolytic processes in tail scale epidermis
may explain why, unlike orthokeratinization-associated
keratins, the 65 kD and 48 kD are apparently not subject
to posttranslational modifications.

The most striking difference of the new murine 65 kD
and 48 kD keratins with those expressed in orthokeratin-
izing epithelia concerns the amino acid composition and
structural organization of their non a-helical domains.
It is evident that the carboxyterminal sequences of the
65 kD and 48 kD keratins are devoid of the typical sub-
domains into which the tail portions of epithelial type
Il and type I keratins can usually be divided [50, 52].
Interestingly the absence of defined non a-helical subdo-
mains is also a characteristic feature of the “hard” o
keratins of wool, hairs and nails [4, 5, 10, 48, 54, 56].
Similarly, the 65 kD and 48 kD keratins share a conspi-
cuously high content of carboxyterminal cysteine and
proline residues with “hard™ a keratins [4, S, 10, 48,
54, 56]. However, both the overall content of cysteine
and proline residues and, in particular, the occurrence
of the two amino acids as multiple proline-cysteine tan-
dems is clearly below that of “hard” « keratins [4, S,
10, 48, 54, 56]. Moreover, the carboxyterminus of the
type II 65 kD keratin has maintained a certain number
of dispersed GGX motifs, typical for the non a-helical
V2 subdomain of type II epithelial keratins [50, 52] and
practically absent from the carboxyterminal tail portion
of type II hair keratins [48, 54, 56]. On the other hand,
comparative flexibility calculations for the carboxyter-
mini of type II and type I epithelial and hair keratins
and the 65 kD and 48 kD keratins suggest a closer rela-
tionship of the latter with hair keratins. As can be seen

I L T L O L L R R L R S L T T T T

in mouse epithelia [C] and two murine type I hair keratins, Hal
and Ha4 [D]. Under each of the multiple comparisons a consensus
sequence is indicated. The sequences are taken from MK1 [52],
MK4 [21], 70 kD keratin [36], Hb4 [54, 56], MK10 [51], MK13
[21], MK 19 [25], MHa1 [4], Ha4 [5]

from Fig. 13, with regard to both the number of flexible
sites and the flexibility indices of these sites, the 65 kD
and 48 kD keratins display a higher resemblance to hair
keratins than to epithelial keratins. The apparent struc-
tural relationship of the 65 kD and 48 kD keratins with
hair keratins is further emphasized by sequence homolo-
gy comparisons of their terminal « helical 2B subdo-
mains with the corresponding sequences of murine
“soft” and “hard” a keratins. Such an analysis reveals
a much higher homology of the 65 kD and 48 kD kera-
tins with hair keratins (about 80%) than with epidermal
keratins (about 55%) (Fig. 14). If the a-helical 2B subdo-
mains listed in Fig. 14 (supplemented by the «-helical
2B subdomain of sheep wool type II keratin 7¢ [48])
are used to investigate the evolutionary relationship of
the keratins [6], the resulting phylogenetic tree (Fig. 15)
clearly shows that the 65 kD and 48 kD keratins have
evolved together with hair keratins from a common an-
cestor, however have diverged during evolution to con-
stitute a separate branch of hair-related keratins.
Considering that the high percentage of cysteine resi-
dues in the apparently rather unflexible head and tail
portions of “hard” « keratins essentially contributes by
extensive disulfide protein bridging to the formation of
the hard keratinized structures of hairs and nails, one
would expect that stratified epithelia that differentiate
via the expression of the hair-related 65 kD and 48 kD
keratin pair with a distinctly lower cysteine content in
more flexible non a-helical end domains should display
less compact keratinized structures. This is clearly the
case with regard to the consistence and morphological
appearance of the stratum corneum formed in tail scale
epidermis and the posterior unit of the murine filiform
papillac. Both exhibit well discernable parallel or
obliquely staggered arrays of cornified cells whose affini-
ty to hematoxilin-cosin is intermediate between that of
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Fig. 15. Phylogenetic tree constructed for various murine type IT
and type | “soft” and ““hard ™ « keratins and the 65 kD and 48 kD
keratins on the basis of the a-helical 2B subdomains [6] of the
proteins. Numbers above the branches indicates branch lengths in
amino acid replacements. For the references of the sequences, see
legend to Fig. 14; the sequence of the sheep wool type 11 keratin
7c (SWhc) was taken from reference [48]

an orthokeratinized stratum corneum and the horny
substance formed by “hard” « keratins. These proper-
ties are especially well visible in the murine filiform pa-
pillae in which the three types of keratinization are adja-
cent to each other [8, 9, 19, 49].

In this context it should be mentioned that the murine
filiform papillae also expresses the skin type keratins
K1 and K10 [9, 35). Both indirect immunofluorescence
and in situ hybridization studies suggest that these kera-
tins may be expressed in the parakeratinized parts of
the filiform papillae {9, 35]. Recently Dhouailly et al.
have tentatively assigned the skin type keratins to the
posterior papillary unit [9]. This is, however, highly im-
probabile since the expression of these keratins can hard-
ly be reconciled with parakeratotic differentiation. We
do not exclude that the three dimensional structure of

the murine filiform papillae is more complex than pre-
sently assumed and that it contains small lateral com-
partments that, similar to the hair surrounding cuticle
[16, 17], may express these keratins.

Our investigations have also shown that under certain
circumstances i.c., in the central core unit of the murine
filiform papillae and in the suprabulbar portion of hair
follicles, the hair-related keratin pair is apparently coex-
pressed with true “hard” o keratins. The demonstration
of the mRNAs of the 65kD and 48 kD keratins in
mouse hair follicles is particularly important in view of
recent investigations on keratin expression in these skin
appendages. Two dimensional resolution of in vivo [**S]
methionine labeled keratins of murine hair roots, not
only yielded the eight members of the murine hair kera-
tin family, but also revealed the presence of a minor
acidic protein “ of unknown identity” [4, 5]. The protein
clearly exhibits a molecular weight of 48 kD [4, 5]. This
strongly suggests that it corresponds to our 48 kD hair-
related keratin, in as much as the isoelectric points of
the two proteins appear identical [4]. Interestingly, re-
cent work by Heid et al. has shown that besides hair
keratins, both human and bovine hair follicies also ex-
press low amounts of an additional keratin pair that
was designated Hbx (type II) and Hax (type I), respec-
tively [16, 17). SDS PAGE size estimates of the two
proteins are strikingly close to the murine 65 kD and
48 kD hair-related keratins. Hbx, both human and bo-
vine, exhibits a molecular weight of 64 kD, whereas the
human Hax (about 54 kD) is slightly larger than its bo-
vine 50 kD analogue [17]. Moreover, immunofluores-
cence studies of human and bovine hair follicles with
an antibody that specifically recognized Hax in Western
blots, revealed a weak reaction in upper cortex cells [17],
thus being reminiscent of the site of expression of the
65 kD and 48 kD mRNAs in murine hair follicles. The
obvious conclusion that can be drawn from these data
is that Hbx and Hax may represent the human and bo-
vine analogues of the murine 65 kD and 48 kD hair-
related keratins. This would imply that keratinized struc-
tures of human epithelia that express Hbx and Hax as
differentiation specific keratin pair, should be morpho-
logically close to those of mouse tail scale epidermis
or the posterior unit of the murine filiform papillae. This
assumption is confirmed by investigations of the human
filiform papillae [9, 18] which is structurally distinct
from its murine analogue [3, 9, 18]. In particular, cells
of the core unit differentiate into a tapering projection
that virtvally lacks the horny and rigid aspect of the
stiff spine formed in the murine papillary core unit [3,
9, 18]. Rather its flexible tip displays a tier of flattened,
cresent-shaped cornified cells which exhibit a reduced
affinity to hematoxilin-eosin in comparison to the adja-
cent orthokeratinizing epithelium [3, 47]. Recently Heid
et al. were able to show that Hbx and Hax are expressed
in suprabasal cells of the core unit of the human filiform
papillae, however, clearly in the absence of hair keratins
synthesis [18], and H.W. Heid, personal communica-
tion). These findings were recently confirmed by
Dhouailly et al. who reported on the identification of
a new ‘‘hair-related” suprabasal type I 51 kD keratin



~ obviously corresponding to Hax - in the papillary core
unit [9]. Also these authors were unable to demonstrate
concomitant “hard” a keratin synthesis in the human
filiform papillae [9]. We take these biochemical and mor-
phological data as most convincing evidence for an orth-
ologous relationship between the human Hbx/Hax kera-
tin pair and the murine hair-related 65 kD and 48 kD
keratins.

In summary this investigation has led to the identifi-
cation of a new keratin pair that has evolved together
with hair keratins. During evolution, however, it has
diverged from hair keratins and constitutes an indepen-
dent pair of hair-related keratins. The highly specialized
epithelial phenotype which is associated with the expres-
sion of the hair-related keratins in different species is
exceptionally rare. Apparently it has been acquired by
anatomical sites in which an orthokeratinizing epitheli-
um would be too soft and a hard keratinized structure
would be too rigid to optimally meet the functional re-
quirements of the respective epithelium. Thus the func-
tion of the mouse tail as a prehensile tail which not
only necessitates an acceptable skin flexibility but also
requires protection against mechanical wear is fulfilled
through the solid parakeratotic scale epidermis in combi-
nation with an extensible orthokeratotic hinge region.
The murine lingual filiform papillae are important for
grooming the hair coat, rasping coarse food, transport-
ing food particles toward the pharynx and for the lap-
ping up of water [9, 49]. For all these functions the

exceptionally stiff horny spine of the central core unit

plays a pivotal role. It is, however, essentially supported
in its manyfold functions by the adhering collar of dis-
tinctly more elastic cornified cells formed in the posterior
unit which is, not without cause, also called the “buttress
unit” [19]. The diversification of the filiform papillae’s
morphology and keratin expression as a result of adapta-
tion to different functions is best exemplified by the hu-
man filiform papillae.

At present the functional significance of the expres-
sion of the hair-related keratins in ‘“hard” o keratin
expressing epithelial appendages is unknown. Prelimi-
nary investigations by Heid et al. on human hair follicles
indicate that the hair-related keratins are not obligatory
coexpressed with “hard” « keratins [17]. Rather their
synthesis seems to occur at later stages of trichocyte
differentiation [17]. Further studies with monospecific
antibodies against the carboxyterminal end regions of
the hair-related keratins are needed to unravel their func-
tional involvement during the formation of hard keratin-
ized structures of hairs, nails and also the central core
unit of some filiform papillae.

Finally, since there is obviously no evidence for the
existence of more than one pair of hair-related keratins,
we propose, by analogy with the nomenclature for hair
keratins, to designate the type II member of this keratin
pair by HRb-1 (Hair Related basic) and the type I
member by HRa-1 (Hair Related acidic). Appropriate
prefixes may then identify the respective species-specific
keratin pair.
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