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Summary

In order to understand the molecular mechanisms
underlying the regenerative ability of the urodele limb, it
is important to identify regeneration-associated proteins
and to study their regulation. We have recently shown
that the anti-cytokeratin monoclonal antibody LP1K
reacts strongly with newt blastemal cells, while its
reactivity is restricted in normal limbs. By screening a
cDNA expression library from the newt blastema with
LP1K, we have identified cDNA clones coding for a type
II keratin (NvKH) expressed both in the mesenchyme
and the specialized wound epithelium of the blastema.
While the rod domain of the protein is highly conserved,
the homology between NvKII and mammalian type II
keratins drops markedly at the N- and C-terminal
regions. The expression of this keratin was analysed by
Northern blotting and RNAase protection analysis of
various newt tissues, and appears to be organ specific,
since it is restricted to normal and regenerating limbs

and tails. In particular, we have investigated the
expression of this keratin mRNA in normal and
regenerating limbs. The transcript is barely detectable
in the proximal portion of the normal limb, but its level
is high in the distal one. After amputation, NvKII
mRNA is expressed both in proximal and distal
blastemas, although at higher levels distally, indicating
that this keratin is regeneration associated. The NvKII
transcript is detectable both in mesenchyme and in the
wound epithelium of the regenerate, while no transcript
is detectable in normal epidermis. The level of NvKII
mRNA is markedly down-regulated both in normal and
regenerating limbs following intraperitoneal injection
with retinoic acid, a putative endogenous morphogen in
limb regeneration.
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Introduction

Adult urodeles such as the newt and axolotl are the only
vertebrates that can regenerate their limbs and tails,
although all vertebrates can repair tissues such as
epithelia, muscle, bone and liver (for reviews see
Thornton, 1968; Goss, 1969; Wallace, 1981; Sicard,
1986). The first event that occurs after limb amputation
is migration of basal cells at the cut edge of the
epidermis, and within a few hours the amputation plane
is covered by an epithelial sheet whose thickness
subsequently increases to form a specialized wound
epithelium. This epithelium is distinct from the wound
epidermis that forms during normal healing in that it
lacks a basement membrane, and therefore maintains
direct contact with the underlying mesenchyme. Undif-
ferentiated mesenchymal cells (blastemal cells) are
generated from the stump mesoderm in a way that is not
fully understood (Ferretti and Brockes, 1991), and
accumulate beneath the wound epithelium. The blas-
temal cells begin to divide within 4-5 days after

amputation to form a mound of undifferentiated cells
called the blastema. The blastema subsequently under-
goes differentiation, which occurs in a proximal-to-
distal sequence, and morphogenesis leading to recon-
struction of the limb tissues in a spatially organized
structure. The nerve supply and the wound epithelium
control cell proliferation, and the wound epithelium
may also maintain a gradient of differentiation in the
underlying mesenchyme and control the direction of
outgrowth (Thornton, 1968; Wallace, 1981).

Keratins represent the more complex subclasses of
the intermediate filament gene family, since both a type
I and a type II keratin gene need to be expressed in
order to have filament assembly (Moll et al. 1982; Weiss
et al. 1984; Cooper and Sun, 1986; Steinert and Roop,
1988). The expression of specific keratin pairs has been
regarded as a marker for different epithelial cell types
and for epidermal differentiation (Lane et al. 1985;
Osborn and Weber, 1986; Fuchs et al. 1987). More
recently, however, some instances of non-epithelial
expression of keratins have emerged, although in some
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cases the levels of expression are rather low (Franko et
al. 1987; Jahn et al. 1987; Bader et al. 1988; Jahn and
Franke, 1989; Achstaetterefa/. 1989). We have recently
shown, by using a panel of monoclonal antibodies, that
the undifferentiated mesenchymal cells of the regener-
ating newt limb express high levels of the keratin pair 8
and 18 both in vivo and in vitro (Ferretti et al. 1989).
One of the monoclonal antibodies used, LP1K (Lane et
al. 1985), reacted on Western blots of blastemal
cytoskeletal fractions with a 52000Afr protein, the
putative newt keratin 8, and with another cytoskeletal
protein of 57 000Mr. By immunocytochemistry, reac-
tivity was observed in the majority of blastemal cells
and in scattered cells of the wound epithelium, but the
normal epidermis was negative. Since these keratins
appear to be expressed at a high level in the blastema,
we became interested in the possible correlation
between the expression of such an atypical mesenchy-
mal phenotype and the regenerative capacity of the
urodele limb.

The idea that intermediate filaments are not simply
'housekeeping' constituents of the cell, but that their
expression is probably related to the specific function of
a certain cell type, has gained increasing popularity in
the last few years (Franke et al. 1987; Pondel and King,
1988). Furthermore, the expression of specific keratins
is regulated by retinoic acid (RA), a potent modulator
of epithelial differentiation (Pitt, 1971; Fuchs and
Green, 1981; Stellmach and Fuchs, 1989). There is
currently great interest in the effects of RA on limb
regeneration, where its most striking effect is to
provoke duplication of structures along the proximodis-
tal axis by changing the positional value of the blastema
(Niazi and Saxena, 1978; Maden, 1982; Stocum, 1984;
Brockes, 1989). For example, after RA treatment a
wrist blastema will give rise not only to a hand, but also
to more proximal structures (Stocum and Crawford,
1987). It is not yet understood how these effects are
mediated and which cell populations are the main target
of RA action. We therefore became interested in
analyzing the expression and regulation of blastemal
keratins in order to study molecular and cellular events
characteristic of regeneration and to identify cell
populations responsive to retinoic acid.

We report here that the 57 000 Mr protein recognized
by the monoclonal antibody LP1K is a type II keratin
that appears to be organ-specific, since its expression is
restricted to normal and regenerating limb and tail.
This keratin is expressed both in the mesenchyme and
in the wound epithelium, but not in the epidermis, and
is regulated by RA.

Materials and methods

Animals
All the experiments were carried out on regeneration
blastemas and cultured cells derived from the limb of the newt
Notophthalmus viridescens (Lee's Newt Farm, Tennessee,
USA). The animals were maintained in the laboratory at 23°C
and fed shredded bovine heart on alternate days. Regener-
ation blastemas were obtained by anesthetizing the newts in

0.1% tricaine (3-aminobenzoic acid ethylester methanesul-
phate salt, Sigma) and amputating their limbs bilaterally
either at the level of the mid-humerus (proximal amputation),
or of the mid-radius/ulna (distal amputation). For compari-
son of proximal and distal blastemas, newts were amputated
proximally on one side, and distally on the other as described
previously (Brown and Brockes, 1991). The animals were
allowed to recover in 0.5 % sulfamerazine (Sigma) for 18-24 h
before being returned to the tank. Long-term newt cultures
were started from cells that had migrated from small explants
of normal limb and grown and passaged as previously
described (Ferretti and Brockes, 1988). Pleurodeles waltlii
embryos, stage 32-35 (Gallien and Durocher, 1957) were
supplied by Blades Biologicals Ltd.

Retinoic acid (RA, Sigma) treatment was performed by
injecting intraperitoneally (i.p.) 10 fi\ of a RA-DMSO solution
(20 or 30mgml~') as described previously (Savard et al.
1988). Control animals were injected i.p. with lOyul of DMSO.
Newts were injected either with RA or DMSO 12 days after
distal amputation, and both controls and RA-treated blas-
temas were harvested one week later. A few animals were
allowed to regenerate in order to verify that retinoic acid had
effectively proximalized the regenerating limbs. The effect of
RA was also tested in unamputated limbs 4 days after
injection.

Tissues for RNA extraction were dissected, pooled and
stored in liquid nitrogen. Skin or epidermis from normal limbs
and the torsos was mechanically separated from the underly-
ing tissues; the tissues from which underlying mesenchyme
was carefully removed are defined 'epidermis', while the word
'skin' is used to indicate the presence of subepidermal tissues
including some muscle contamination. The blastemal mesen-
chyme and the wound epithelium were mechanically separ-
ated after brief immersion in 0.1M EDTA (pH8).

Screening of blastema Xgtll library
The forelimb blastema cDNA library in Agtll (7.7x10*
plaque forming units, pfu) described by Savard et al. (1988)
was screened for cytokeratin proteins recognized by the
monoclonal antibody LP1K. 2.5xl06pfu of the amplified
library were plated onto E. coli strain Y1090rk~ and after
3-4 h incubation at 37°C nitrocellulose filters, previously
soaked in 10 mM IPTG and dried, were laid over the plates.
The filters were removed after 12-16 h incubation at 37 °C,
rinsed three times in 100mM Tris-buffered saline pH8 (TBS),
and incubated in 1 % low-fat milk protein (Marvel) in TBS for
lh. After three washes in TBS containing 0.5% Tween 20
(TBS-Tween), the filters were incubated for 1 h in 5 % rabbit
serum in TBS-Tween to block false positives, and then
overnight at 4°C with LP1K hybridoma supernatant diluted
1:2 with TBS-Tween. Extensive washes in TBS-Tween were
followed by 4h incubation with affinity-purified alkaline
phosphatase-conjugated rabbit anti-mouse IgG (AP-Rba-
MlgG, Miles) in 1 % rabbit serum in TBS-Tween. The filters
were thoroughly washed and alkaline phosphatase activity
was detected by using bromochloroindolyl-phosphate as a
substrate.

Analysis of cDNA clones
Selected LP1K positive plaques were purified, cloned into the
bluescribe vector (Stratagene Corporation) and analyzed for
their size, restriction map and nucleotide composition. The
dideoxy sequencing reactions were performed using the
Sequenase DNA sequencing kit (United States Biochemical
Corporation).
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Northern blot and RNAase protection
RNA was extracted from newt tissues by the guanidine
isothiocyanate procedure as described by Brown and Brockes
(1991). 5/<g of poly(A)+ RNA were used for Northern blot
analysis, which was performed essentially according to
Casimir et al. (1988). Hybridization was performed in 50%
formamide at 42 °C, and the filters were washed twice for
15min at 55°C with 0.2 M SSC. A 140bp Pstl-Pstl fragment,
which encodes part of the o--helix IB, was used to probe
Northern blots (see Fig. 1). The same fragment was tran-
scribed to give a riboprobe for the RNAase protection
experiments (performed essentially as described by Casimir et
al. 1988) and was hybridized with 5 fig of total RNA. In some
experiments, a 231 bp Sacl-Fokl fragment, which encodes
part of the C terminus, was used as a template (Fig. 1). The
protected fragments were separated on 6% polyacryl-
amide-urea gels. The satellite 2 DNA probe pSP6D6
(Epstein and Gall, 1987) was used to standardize all RNA
samples, in conjunction with measurments of the OD at
260 run.

Immunochemistry
Detection of LP1K immunoreactivity either on nitrocellulose
by Western blotting of cytoskeletal fractions, or on 10//m
cryostat sections of different stages of regeneration blastemas,
was performed as previously described (Ferretti et al. 1989)

Results

Isolation and analysis of newt keratin clones
As previously observed, the LP1K mAb reacted with a
protein of apparent relative molecular mass of 52 000 in
cytoskeletal fractions of cultured limb cells, while in
blastemal cytoskeletal fractions it reacted in addition
with a 57 000 MT protein (Fig. 1A). When LP1K was
used to screen an expression cDNA library from
forelimb blastema, reactivity was observed with about
65 plaques of the 2.5xlO6 screened. Of the ten clones

purified, seven represented keratin cDNAs, while the
other three coded for non-keratin proteins, which
presumably express the antigenic determinant recog-
nized by LP1K. The seven keratin clones had the same
Pstl and Sad restriction map, and three of them (3B3,
1B3 and 4D3) were chosen for further analysis on the
basis of their length and 5' extent. These were
overlapping clones coding for the same polypeptide of
the type II (basic) cytokeratin family, which we named
NvKII (newt keratin type II). 3B3 (-1950bp) and 1B3
(1554 bp) extended into the 3' untranslated region,
while the 4D3 clone (1334 bp) was contained within the
coding region, but extended further towards the 5' end
than the other two (Fig. IB).

When poly(A)+ RNA from limb blastema and
various other tissues was analyzed by Northern blotting
using the Pstl-Pstl fragment as a probe, a single mRNA
transcript of ~2.9kb was detected (Fig. 2).

Nucleotide and amino acid sequence
The nucleotide and deduced amino acid sequences of
NvKII determined by the analysis of clones 1B3, 3B3
and 4D3 are shown in Fig. 3. None of the clones
analyzed coded for the complete protein. The predicted
amino acid sequence contained part of the N-terminal
domain, the complete rod domain characteristic of type
II cytokeratins, which is rich in basic and neutral amino
acids and consists of ar-helical tracts 1A, IB and 2
connected by non-helical linkers, and the complete
C-terminal region. The overlapping sequences of 3B3,
1B3 and 4D3 were identical except for four nucleotides
in the helical tract 2 of clone 1B3, which identified 4
amino acid substitutions. This probably represents a
naturally occurring polymorphism, since these four
amino acids are found in many mammalian type II
keratins.

B

57 < ._,

4D3

1B3

3B3
Prt Pstl Sad Sad Fokl

100 bp.

Bl C

Fig. 1. (A) Western blotting of cytoskeletal fraction from blastema and cultured limb cells with mAb
LP1K. The antibody reacts with a 52 and a 57(xlO3A/r) protein in the blastema (Bl), but only with the
52xlO3Mr protein in cultured cells (C). (B) Schematic representation of the type II keratin (top)
translated from the cDNA clones (bottom) purified from a blastema expression library screened with
LP1K. The restriction sites used in this study are indicated. The three overlapping clones code for the
same polypeptide of the type II cytokeratin family, named NvKII for newt keratin II. None of these
clones contains the complete N-terminal sequence, and this is represented in the polypeptide as a dotted
line.
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Fig. 2. Northern blot analysis of the NvKII transcript in
poly(A)+ RNA from different tissues probed with the
Pstl-Pstl fragment. After probing with Pstl-Pstl, the blot
was stripped and probed with pl60 to check for the
presence of RNA in all samples. Note that only normal
limbs and tails, and their respective blastemas contain a
single NvKII mRNA transcript of approximately 2.9 kb.
ADNA Hindlll fragments and the transcript of pl60
(Savard et al. 1988) were used as molecular weight
markers.

Comparison with other proteins
When the NvKII polypeptide was compared with type
II keratins from different species, the highest percent-
age of amino acid identity observed was with keratins 5,
6 and 8 (Fig. 4). The identity with each of these keratins
was very high in the rod domain, leaving no doubt that
NvKII RNA codes for a newt type II keratin (Table 1).
The percentage of identity in the entire rod domain was

67-68% for Xenopus K5/6 (XK5/6, Foquet et al.
1988), Xenopus K8 (XK8, Franz and Franke, 1986),
human K6B (HK6B, Tyner et al. 1985) and human K5
(HK5, Lersch et al. 1989); XK8 exhibited a particularly
high percentage of identity (100 %) in the tf-helical tract
1A. At the N-terminal region, the available sequence of
NvKII, and, in particular, a stretch of 29 amino acids
flanking the rod domain (HI, Table 1) presented
somewhat similar percentages of identity with HK5,
HK6B and XK8 (66-72%). The amino acid identity
between the newt and other type II keratins dropped
markedly in the C-terminal region. Analysis of the
different subdomains of this region (Table 1) showed
significant differences in the percentage of identity
between NvKII and various keratins. The H2 sub-
domain (Steinert and Roop, 1988), a relatively highly
conserved stretch of 20 amino acids flanking the rod
domain, had higher identity with HK5 and HK6B than
with the Xenopus keratins. At the C terminus, which
usually contains distinctive sequences for different type
II keratins, the motive TTTS present in XK5/6 and
HK6B was observed. The variable region V2 at the C
terminus of NvKII presented very low identity with
other type II keratins, but it was rich in inexact glycine
and serine repeats which are typical of epidermal
keratins in mammals, and they are also found in simple
epithelium keratins in goldfish (Giordano et al. 1989),
Xenopus (Franz and Franke, 1986) and chick (Charle-
bois etal. 1990).

Tissue distribution of NvKII mRNA
RNA was prepared from a variety of tissues and organs
for analysis by Northern blotting and by RNAase
protection. All preparations used in this study were
normalized for both procedures by parallel analysis of
probes that are ubiquitously expressed (see Materials
and methods). The probes for NvKII message hybrid-
ized at detectable levels only with normal limbs and
tails, and their respective blastemas (Figs 2, 5, Table 2).
Among the negative RNA preparations were epithelial
tissues such as liver, esophagus, stomach, which are
known to express non-epidermal keratins, and tissues
such as brain, cultured newt mesenchymal cells and
Pleurodeles embryos. Preparations from limb skin
showed very low but detectable levels of NvKII
mRNA, whereas no transcript was detected in skin
from the torso and in the normal limb epidermis (Fig. 5,

Table 1. Comparison of NvKII with other type II
keratins expressed as % of amino acid identity

Keratin

HI*
HELIX 1A
LINKER 1
HELIX IB
LINKER 2
HELIX 2
H2*

XK5/6

55
89
60
69
67
64
50

XK8

55
100
45
67
88
63
20

HK6B

53
89
55
73
67
63
65

HK5

58
92
55
76
63
65
75

* HI and H2 refer respectively to the 29 amino acids flanking
the rod at the N terminus, and to the 20 amino acids flanking the
rod at the C terminus.
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Fig. 3. Sequence and translation of overlapping NvKII cDNA clones. The enclosed blocks define the helical parts of the
molecule.

Table 2). The tissue distribution of NvKII transcript in
the limb blastema was further analyzed after separating
the wound epithelium from the underlying blastemal
mesenchyme. RNA preparations from both sources
gave a significant signal on RNAase protection analysis,
although the blastemal mesenchyme was lower than the
wound epithelium. It should be noted that the levels of
expression in both blastemal tissues was significantly
higher than in limb skin. The RNAase protection
analysis of the various RNA samples was repeated
using a non-overlapping probe (Sacl-Fokl, see Fig. 1)
with identical results (not shown).

LP1K reactivity in the wound epithelium
Cryostat sections from 3 and 7 day newt limb

regenerates were stained with LP1K (Fig. 6). No
staining was observed either in the blastemal cells or in
the wound epithelium 3 days after amputation (Fig. 6A,
B), although, as previously reported, antibody reac-
tivity was observed in the mesenchyme 7 days after
amputation and the majority of blastemal cells were
positive at 15 days. LP1K reactivity was consistently
observed within the wound epithelium in 7-day
(Fig. 6C) and 15-day (not shown) regenerates, but with
a certain variability among different animals. While the
wound epithelium showed little LP1K reactivity in
some blastemas, others had many positive cells and, in a
few cases, the majority of the epithelial cells within this
structure were brightly stained. Immunoreactivity in 15-
day wound epithelium was consistent with the presence



502 P. Ferretti and others

NvKI I SGLVXGLQV-DFQHAPL

XK5/6 MAFNSRQSSFSTRSA VPNAGFSQMRISSTRSSSGGSGLGREGGNFSSSSLSNLGSVKR SVSYGVSSGRS—GGAGF
XK8 MSVRSTKVTYRT SSAAPRSGGFSFSSYSGAPMASRAS SASFSL GSSY

K6B ASTSTTIRSHSSSRRGFSASSARLPGVSRSGFSSISVSRS-RGSGGLGGACGGAGFGSRSLYGLGGSKRISIGGGSCAISGGYGSRAGAGYGFGGAGSGF

K5 FRNRFGAGAGGGYGFGGGAGSGF GFGGGA GGGF

101

NvKI I GITNVTVNQSIiTPI^IJIDPTFERVRKDZIKQIKTIJnnCTASFIDKV»ri£QQHKMIJBTiannj^DQ
XK5/6 GGAGFGGAGYGGSG FGGGV--AYSGPGIQEVTINQ3IiSPIJnaiDPTIQTVR2EKR£QIKTIJraKFASriDKVHrLKQQNRVLKTKWELLQNQ
XK8 GGASRFGSGYR-SG FGGAG--V^SAGITSVSVSQ3IJJ^IJnJIDPSIQQVRTEXimQIRTI^NJUfASriDKVIgIJ0aHKMLgnareLLaNa

K5 GLGG—GAGFGGG

3 0 1

NvKI I
XK5/6
XK8
K6B
K5

401
QRAKIXAXISEAXDRC3S

G
SGFQNLSIQTKTVSGVSSGF

5 0 1
NvKI I GGYGST--GEYGSG-SGLQHGGGFSGSSGGIVGGSRFSST8GYSSGGVGSRGGSGGAQRSGSRYNSGDGY-GVSTITKTTTSATRXM*
XK5/6 GG—SS—SGFGSG YSGGSSYGAGGFGNSSARFGSGGSS GVKSYSVTTTSSSRSFRQ*
XK8 GG-GIS—SGFSNG DSSGFGGGYGGG YGGGYSYSSNDSSYIGDTKTS-KRRLLVKTVETKEX3RVLSESSDVFSKP*
K6B SGVGSG—LGLGGG SSYS YGSGLGVG-GGFSSSSGRATGGGLSSVGGG SSTIKYTTTSSSSRKSYKH*

Fig. 4. Amino acid comparison with Xenopus keratin 5/6 (XK5/6), Xenopus keratin 8 (XK8), human keratin 6B (K6b)
and human keratin 5 (K5).

Table 2. Distribution of NvKII mRNA in newt tissues
assayed by Northern blotting or RNAase protection

-

Limb epidermis
Cartilage
Muscle
Cultured limb cells
Tongue
Viscera
Esophagus
Stomach
Liver
Spleen

Heart
Torso
Torso skin
Brain
Embryos

+ / "

Limb skin
Proximal limb

+ +

Distal limb
Proximal limb blastema
Distal limb blastema
Limb blastema mesenchyme
Limb blastema epithelium
Normal tail
Tail blastema

of NvKII mRNA as demonstrated by RNAase protec-
tion (Fig. 5).

Axial distribution of NvKII transcript and its
modulation by retinoic acid
The proximodistal distribution of the NvKII transcript
was analyzed by RNAase protection using RNA from
paired samples of normal limbs or from blastemas
(Brown and Brockes, 1991). In normal limbs, there was
a striking difference between proximal samples (mid-
humerus to elbow), where a faint signal could only be
detected after long exposures, and distal samples (wrist-
hand), where the NvKII transcript was readily detect-
able (Fig. 7). Following amputation, the transcript was
expressed at high levels both in proximal and distal
blastemas. The proximodistal difference observed in
normal limbs was also present in the blastema, although
it was less marked (Fig. 7). These results were obtained
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Fig. 5. RNAase protection of total RNA preparations from
various limb tissue using the Pstl-Pstl probe (Fig. 1).
NvKII transcript is present in total limbs, but not in
muscle, cartilage and epidermis; low levels of the transcript
are detectable in the skin. In the 15 day blastema NvKII
mRNA is detected both in the wound epithelium and in
the mesenchyme.

with both the Pstl-Pstl and the Sacl-Fokl fragment
probes (Fig. 7).

When RNA samples from blastemas were analyzed 7
days after RA or DMSO injection (see Materials and
methods), the levels of the NvKII transcript was much
lower in blastemas from RA-treated animals than in
controls (Fig. 8A). Strong inhibition of NvKII tran-
scription was also observed in unamputated limbs 4
days after RA injection (Fig. 8B). It should be noted
that the dose of RA used in these experiments produces
proximal respecification of distal blastemas.

Discussion

NvKII is the first newt keratin to be cloned, and its
homology with type II keratins in other species further
exemplifies the high degree of conservation within this
gene family. The NvKII protein is one of two newt
keratins recognized by the LP1K mAb. These keratins

Fig. 6. LP1K immunostaining of the wound epithelium 3
days (A), with corresponding nuclear staining (B) and 7
days (C) after limb amputation. No staining is observed at
3 days, while scattered LPlK-positive cells are present at 7
days. The staining observed at the epidermis edge is due to
autofluorescence. Scale bars are 50 /zm.

have apparent relative molecular masses of 52 and 57K
and we have previously suggested on the basis of
monoclonal antibody reactivities that the 52K keratin is
the newt homologue of mammalian keratin 8. This
keratin is expressed in the undifferentiated mesenchy-
mal cells of the regenerating limb both in vivo and in
vitro. NvKII message is not detected in newt limb
cultures, which express only the 52K keratin (Fig. 1), or
in the liver, a tissue that shows LP1K immunoreactivity
(Ferretti, unpublished observation). The discrepancy
between the presence of antibody reactivity and the
lack of NvKII mRNA in these tissues indicates that the
NvKII cDNA does not code for the newt keratin 8, but
for the 57K keratin.

The percentage of amino acid identity of NvKII with
keratin 5 and 6 from various species is very similar, but
the fact that the NvKII transcript is not present in
normal epidermis suggests a closer relation of NvKII to
HK6 than to HK5. Nonetheless, since no other newt
keratin cDNA has been analyzed, and since the tissue
distribution of NvKII is rather unusual, it is presently
unjustified to classify this protein as the homologue of
mammalian keratin 6.

Keratin NvKII presents the peculiar feature of being
organ specific, since it is detectable only in normal and
regenerating limbs and tails, rather than tissue specific
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Pstl-Pstl probe Sacl-Fokl probe Satellite probe DUSO RA DUSO RA

Pltl-PtU probl

Sacl-Fokl prob*

r 231 bp

140 bp

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Fig. 7. RNAase protection analysis of proximal and distal
fragments from normal limb and proximal and distal limb
blastema using the Pstl-Pstl and Sacl-Fokl probes
(Fig. 1). The same samples were also reacted with the
satellite probe pSP6D6 to normalise them. In proximal
limbs the NvKJI transcript is almost undetectable, while
high levels are observed in distal limbs. A proximal-distal
difference is also observed in the blastema, but is less
dramatic than in normal limbs. Lanes: (1) proximal normal
limb; (2) distal normal limb; (3) proximal blastema;
(4) distal blastema; (5) tRNA.

as described for intermediate filaments in general. The
only other example of a keratin filament that is
indicative of regional specialization has been recently
described in the chick (Charlebois et al. 1990). During
neurulation the levels of the type II keratin CHsel
increase dramatically in the trunk ectoderm, while
remaining low in the contiguous head ectoderm and in
the neural ectoderm. Interestingly, during development
this keratin is also expressed in endoderm and in the
heart, but its distribution in the adult has not been
reported. We do not know if NvKII is more widely
expressed at early developmental stages and later

LIUB BLASTEMA

Fig. 8. RNAase protection analysis of total RNA
preparation of normal limb and limb blastemas derived
from animals treated either with RA or its vehicle, DMSO,
using both the Pstl-Pstl and Sacl-Fokl probes. Four days
after treatment of unamputated newts, NvKII mRNA
levels are strongly decreased in the limbs of RA-injected
animals. The same result is observed in distal blastemas
from animals injected 12 days after amputation, and
harvested 7 days later.

becomes restricted to limbs and tails, or whether it is
always specific to these organs. The next step will be to
analyze NvKII expression at different developmental
stages in order to establish whether this keratin is
regulated both temporally and spatially during early
development as described for some Xenopus keratins
(Jonas etal. 1985; Jamrichef al. 1987; Foquetef al. 1988;
Dawider al. 1988).

Both normal limbs and limb blastemas express a high
level of NvKII mRNA as shown by RNAase protection
analysis. In the normal limb, NvKII is not expressed in
the epidermis, but low levels of mRNA are detectable
in the skin, which contains subepidermal glands,
capillaries, nerve fibers and smooth muscle embedded
in the dermis. The stripped skin might also contain
some contamination from the underlying mesodermal
tissues. The LP1K mAb does not stain the epidermis,
but stains subepidermal glands, blood vessels and
perineurium (Ferretti et al. 1989), and the presence of
NvKII transcript in the skin is consistent with these
immunoreactivities. The lack of NvKII message in
striated muscle is also consistent with negative antibody
staining in this tissue, while the fact that NvKII is not
expressed in cartilage from the normal limb, although
immunoreactivity is observed in regenerating cartilage,
might indicate that this tissue expresses only the 52K
keratin. Since LP1K reacts with both the 52 and the 57K
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keratins, it is not possible to assess which of the cell
types stained by the antibody expresses NvKII. We are
currently attempting to analyze the distribution of the
transcript by in situ hybridization, in order to localize
more precisely the cellular distribution of the NvKII
mRNA expecially in distal normal limbs (wrist and
hand), where dissection of the different tissue com-
ponents does not give sufficient resolution.

In the limb blastema, NvKII is expressed both in the
undifferentiated mesenchymal cells and, at somewhat
higher levels, in the wound epithelium. The NvKII
transcript is apparently induced after amputation of the
limb at the proximal level, where only a very low level
of mRNA is detectable prior to amputation. Expression
of this keratin appears therefore to be associated with
the regenerative process. The presence of NvKII
mRNA in the blastemal mesenchyme indicates that a
population of blastemal cells expresses this keratin, and
that NvKII may be a useful marker for identifying and
analyzing such a population in order to gain further
insight into the origin and fate of blastemal cells. Since
no NvKII mRNA is detected in the normal epidermis,
its expression in the wound epithelium appears to be
induced following amputation and to be regulated at
the level of stable mRNA. Expression of the keratin 6
proteins in human epidermis is induced by wounding
but unlike NvKII, HK6A and HK6B mRNAs are also
present in normal epidermis, indicating that the
expression of these keratins in vivo is partly regulated at
the translational level (Weiss et al. 1984; Tyner and
Fuchs, 1986). We have not yet determined if NvKTI is
induced only in the wound epithelium of the regenerat-
ing limb, or also in the epidermis of unamputated limbs
after wounding. The time course of NvKII expression,
however, suggests that its induction is specific to the
wound epithelium, since wound healing occurs within
24h after amputation, and no antibody staining has
been detected in the wound epithelium of a 3 day
regenerate. LP1K reactivity within the thickened
wound epithelium has been observed at later stages of
the regenerative process, when the 57 x 103 Mr protein is
detected in the wound epithelium also by Western
blotting. These results indicate the presence of NvKII
in the wound epithelium, although they do not rule out
the possibility that a subpopulation of the LP1K
positive cells might express the 52xlO3Mr keratin.

The pattern of expression of NvKII in the skin
identifies a difference in cell composition between the
specialized wound epithelium of the regenerating limb
and the skin epidermis. To our knowledge, the only
other example of a protein with a similar pattern of
distribution, is the antigen recognized by WE3mAb
(Tassava et al. 1986). Since a difference in molecular
composition is likely to reflect the different physiologi-
cal role of skin epidermis and wound epithelium, NvKII
might be a marker for the epithelial cells which play a
role in maintaining blastemal cell cycling or their de-
differentiated state.

The NvKII clone seems to be a good molecular
marker in the newt limb for the effects of a morphogen-
etic dose of RA. While neither newt NvHBox 1 nor

NvHBox 2 mRNA levels are affected by RA treatment
(Savard et al. 1988; Brown and Brockes, 1991), NvKII
mRNA is significantly reduced in early blastemas
harvested 7 days after RA injection, and in normal
limbs 4 days after injection. The RA-induced changes in
NvKII expression are manifest as changes in the level of
stable RNA, but further experiments will be required to
demonstrate that they are transcriptional. We do not
know if such changes reflect a direct or indirect
response to RA, but many reports suggest an indirect
regulation of keratin expression in mammalian tissues
by RA (Kim et al. 1987; Stellmach and Fuchs, 1989),
and it is likely that a similar mechanism operates in the
regulation of newt keratins. The decrease in NvKII
mRNA levels upon RA treatment may reflect a change
in the differentiation progTam in NvKII-positive cells. It
is also interesting to speculate that the different
proximodistal levels of NvKII transcript observed in
normal limbs and blastemas might reflect local differ-
ences in the endogenous RA levels along this axis. The
negative effect of RA on NvKII is consistent in this
respect with the proximalising action of RA, and the
observation that NvKII expression is higher in a distal
blastema. More work will be necessary to assess
whether RA equally affects NvKII expression in the
wound epithelium and in the mesenchyme, how its
expression is regulated, and which of the recently
cloned RA receptors (RARs) mediates this effect
(Ragsdale et al. 1989; Ragsdale and Brockes, 1990).
The fact that the <5RAR is preferentially, although not
exclusively, expressed in the limb (Ragsdale and
Brockes, 1990) makes it an interesting candidate for
such a role.

On the basis of the results discussed here, it is
tempting to speculate that there might be a relationship
between the organ-specificity, the axial distribution of
NvKII in the limb and the regenerative potential of
newt limbs and tails. NvKII is found both in the wound
epithelium and in the blastema mesenchyme, and the
fact that RA regulates its expression suggests that
NvKII-positive cells are responsive to RA, and might
therefore be involved in specifying positional infor-
mation. Characterization of this cell population should
provide additional insights into these important issues.

Wewish to thank DrE. B. Lane for the gift of LP1K and for
useful discussions, Dr L. L. Crews for the dissection of
blastemal mesenchyme and wound epithelium, and Dr C. M.
Casimir for reading the manuscript.

References

ACHSTAETTER, T . , FOUQUET, E . , RUNGCER-BRAENDLE, E . AND
FRANKE, W. W. (1989). Cytokeratin filaments and desmosomes
in the epithelioid cells of the penneurial and arachnoidal sheaths
of some vertebrate species. Differentiation 40, 129-149.

BADER, B. L., JAHN, L. AND FRANKE, W. W. (1988). Low level
expression of cytokeratins 8, 18 and 19 in vascular smooth
muscle cells of human umbilical cord and in cultured cells
derived therefrom, with analysis of the chromosomal locus
containing the cytokeratin 19 gene. Eur. J. Cell Biol. 47,
300-319.



506 P. Ferretti and others

BROCKES, J. P. (1989). Retinoids, homeobox genes, and limb
morphogenesis. Neuron 2, 1285-1294.

BROWN, R. AND BROCKES, J. P. (1991). Identification and
expression of a regeneration-specific homeobox gene in the limb
blastema. Development 111, 489-496.

CASIMIR, C. M., GATES, P. B., ROSS-MACDONALD, P. B., PATIENT,

R. K. AND BROCKES, J. P. (1988). Structure and expression of a
newt cardio-skeletal myosin gene. Implications for the C value
paradox. J. molec. Biol. 202, 287-296.

CHARLEBOIS, T. S., SPENCER, D. H., TARKINGTON, S. K., HENRY, J.
J. AND GRAINGER, R. M. (1990). Isolation of a chick cytokeratin
cDNA clone indicative of regional specialization in early
embryonic ectoderm. Development 108, 33-45.

COOPER, D. AND SUN, T.-T. (1986). Monoclonal antibody analysis
of bovine epithelial keratins. Specific pairs as defined by
coexpression. /. biol. Chem. 261, 4646-4654.

DAWID, I. B., REBBERT, M. L., ROSA, F., JAMRJCH, M. AND

SARGENT, T. D. (1988). Gene expression in amphibian
embryogenesis. In Regulatory Mechanisms in Developmental
Processes (ed. G. Eguchi, T. S. Okada, and L Saxen) pp.
67-74. Ireland: Elsevier Scientific Publishers.

EPSTEIN, L. M. AND GALL, J. G. (1987). Self-cleaving transcripts
of satellite DNA from the newt. Cell 48, 535-543.

FERRETTI, P. AND BROCKES, J. P. (1988). Culture of newt cells from
different tissues and their expression of a regeneration-
associated antigen. J. exp. Zool. 247', 77-91.

FERRETTI, P. AND BROCKES, J. P. (1991). Cell origin and identity in
limb regeneration and development. Clia (in press).

FERKETTI, P., FEKETE, D. M., PATTERSON, M. AND LANE, E. B.

(1989). Transient expression of simple epithelial keratins by
mesenchymal cells of regenerating newt limb. Devi Biol. 133,
415-424.

FOQUET, B., HERAMANN, H., FRANZ, J. F. AND FRANKE, W. W.

(1988). Expression of intermediate filament proteins during
development of Xenopus laevis. III. Identification of mRNA
encoding cytokeratins typical of complex epithelia. Development
104, 533-548.

FRANKE, W. W., HERGT, M. AND GRUND, C. (1987). Rearrangment
of the vimentin cytoskeleton during adipose conversion:
formation of an intermediate filament cage around lipid
globules. Cell 49, 131-141.

FRANKO, M. C , GIBBS, C. J., RHOADES, D. A. AND GAJDUSEK, D.

C. (1987). Monoclonal antibody analysis of keratin expression in
the central nervous system. Proc. natn. Acad. Sci. U.S.A. 84,
3482-3485.

FRANZ, J. H. AND FRANKE, W. W. (1986). Cloning of cDNA and
ammo acid sequence of a cytokeratin expressed in oocytes of
Xenopus laevis. Proc. natn. Acad. Sci. U.S.A. 83, 6475-6479.

FUCHS, E. AND GREEN, H. (1981). Regulation of terminal
differentiation of cultured human keratinocytes by vitamin A.
Cell 25, 617-625.

FUCHS, E., TYNER, A., GIUDICE, G. J., MARCHUK, D.,
RAYCHAUNDHURY, A. AND ROSENBERG, M. (1987). The human
keratin genes and their differential expression. In Current Topics
in Developmental Biology: the Molecular and Developmental
Biology of Keratins (ed. R. H. Sawyer) pp. 5-34. London:
Academic Press.

GALLIEN, L. AND DUROCHER, M. (1957). Table chronologique du
developpement chez Pleurodeles waltlii michah. Bull. biol. FT.
Belg. 2, 97-114.

GIORDANO, S., GLASGOW, E., TESSER, P. AND SCHECHTER, N.

(1989). A type II keratin is expressed in glial cells of the
goldfish visual system. Neuron 2, 1507-1516.

Goss, R. J. (1969). Principle of Regeneration. New York:
Academic Press.

JAHN, L., FOUQUET, B., ROHE, K. AND FRANKE, W. W. (1987).
Cytokeratins in certain endothelial and smooth muscle cells of
two taxonomically distant vertebrate species, Xenopus laevis and
man. Differentiation 36, 234-254.

JAHN, L. AND FRANKE, W. W. (1989). High frequency of

cytokeratin-producing smooth muscle cells in atherosclerotic
plaques. Differentiation 40, 55-62.

JAMRICH, M., SARGENT, T. D. AND DAWID, I. B. (1987). Cell-type-
specific expression of epidermal cytokeratin genes during
gastrulation of Xenopus laevis. Genes and Dev. 1, 124-132.

JONAS, E., SARGENT, T. D. AND DAWID, I. B. (1985). Epidermal
keratin gene expressed in embryos of Xenopus laevis. Proc.
natn Acad. Sci. U.S.A. 82, 5413-5417.

KIM, K H., STELLMACH, V. M., JAVORS, J. AND FUCHS, E. (1987).
Regulation of human mesothelial cell differentiation: opposing
roles of retinoids and epidermal growth factor in the expression
of intermediate filament proteins. J. Cell Biol. 105, 3039-3052.

LANE, E. B., BARTER, J., PURKJS, P. E. AND LEIGH, I. M. (1985).
Keratin antigens in differentiating skin. Ann. N.Y. Acad. Sci.
445, 241-258.

LERSCH, R., STELLMACH, V., STOCKS, C , GIUDICE, G. AND FUCHS,
E. (1989). Isolation, sequence and expression of a human
keratin K5 gene: transcriptional regulation of keratins and
insights into pairwise control. Molec cell. Biol. 9, 3685-3697.

MADEN, M. (1982). Vitamin A and pattern formation in the
regenerating limb. Nature 295, 672-675.

MOLL, R., FRANKE, W., SCHILLER, D. L., GEIGER, B. AND
KREPLER, R. (1982). The catalog of human cytokeratins: pattern
of expression in normal epithelia, tumours and cultured cells.
O//31, 11-24.

NIAZI, I. A. AND SAXENA, S. (1978). Abnormal hindlimb
regeneration in tadpoles of the toad, Bufo andersoni, exposed to
excess vitamin A. Folia Biol. (Krakow) 26, 3-11.

OSBORN, M. AND WEBER, K. (1986). Intermediate filament
proteins: a multigene family distinguishing major cell lineages.
TIBS 11, 469-472.

PITT, G. A. J. (1971). Vitamin A. In Carotenoids (ed. O. Isler),
pp. 717-742. Basel und Stuttgart: Birkhauser Verlag.

PONDEL, M. D. AND KJNG, M. L. (1988). Localized maternal
mRNA related to transforming growth factor fi mRNA is
concentrated in a cytokeratin-enriched fraction from Xenopus
oocytes. Proc. natn. Acad. Sci. U.S.A. 85, 7612-7616.

RAGSDALE, C. W. AND BROCKES, J. P. (1990). Retinoic acid
receptors and vertebrate limb morphogenesis. In Nuclear
Hormone Receptors (ed. M. G. Parker), pp. 269-295. London:
Academic Press. In press.

RAGSDALE, C. W., PETKOVICH, M., GATES, P. B., CHAMBON, P.
AND BROCKES, J. P. (1989). Identification of a novel retinoic acid
receptor in regenerative tissues of the newt. Nature 341,
654-657.

SAVARD, P., GATES, P. B. AND BROCKES, J. P. (1988). Position
dependent expression of a homeobox gene transcript in relation
to amphibian limb regeneration. EMBO J 7, 4275-4282.

SICARD, R. E. (1986). Regulation of Vertebrate Limb Regeneration.
Oxford: Oxford University Press.

STEINERT, M. P. AND ROOP, D. R. (1988). Molecular and cellular
biology of intermediate filaments. A. Rev. Biochem. 57,
593-625.

STELLMACH, V. M. AND FUCHS, E. (1989). Exploring the
mechanisms underlying cell type-specific and retinoid-mediated
expression of keratins. New Biol. 1, 305-317.

STOCUM, D. L. (1984). The urodele limb regeneration blastema.
Determination and organization of the morphogenetic field.
Differentiation 11, 13-28.

STOCUM, D. L. AND CRAWFORD, K. (1987). Use of retinoids to
analyse the cellular basis of positional memory in regenerating
amphibian limbs. Biochem. Cell Biol. 65, 750-761.

TASSAVA, R. A., JOHNSON-WINT, B. AND GROSS, J. (1986).
Regenerate epithelium and skin glands of the adult newt react
to the same monoclonal antibody. J. exp. Zool. 239, 229-240.

THORNTON, C. S. (1968). Amphibian limb regeneration. Adv.
Morph. 7, 205-249.

TYNER, A. L., EICHMAN, M. J. AND FUCHS, E. (1985). The
sequence of a type II keratin gene expressed in human skin:
conservation of structure among all intermediate filaments.
Proc. natn. Acad. Sci. U.S.A. 82, 4683-4687.



Keratin gene expression in the newt limb 507

TYNER, A. L. AND FUCHS, E. (1986). Evidence of WEISS, R. A., HEICHNER, R. AND SUN, T.-T. (1984). Monoclonal
posttranscriptional regulation of keratins expressed during antibody analysis of keratin expression in epidermal diseases: a
hyperproliferation and malignant transformation in human 48- and a 56-kdalton keratin as molecular markers for
epidermis. /. Cell Biol. 103, 1945-1955. hyperprohferative keratinocytes. J. Cell Biol. 98, 1397-1406.

WALLACE, H. (1981). Vertebrate Limb Regeneration. Chichester: J.
Wiley. (Accepted 2 November 1990)


